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Abstract

Cancer is the third leading cause of death worldwide and the targeted therapy of
tumours is considered a promising treatment avenue. However, off-target effects occur
because many targetable receptors are present not only on tumour cells but, at a lower
level, also on healthy cells. The present work seeks to improve the specificity of
targeting by developing superselective probes that sharply discriminate cells by the
density of a target receptor. The superselective targeting of gangliosides is here
considered as a proof-of-principle application given the broad upregulation of

gangliosides on tumour cells.

To achieve superselective targeting, multivalent lectin-on-polymer probes were
constructed. The probe was built upon a hyaluronan (HA) polysaccharide scaffold.
Carbohydrate-binding module 40 (CBM40) ligands, recognizing gangliosides, were
conjugated to HA at defined degrees of substitution (DS) by the tetrazine-norbornene
click reaction to produce HA-g-(CBM40)ps probes. The molar mass, radius of
gyration and dispersity of the probes were characterized using size-exclusion
chromatography multi-angle light scattering. To validate probe functionality, cell
surface models presenting tuneable densities of gangliosides GM3 and GM1 were
established. Ganglioside surface densities were quantified by analysing CBM40
monomer binding with spectroscopic ellipsometry. Superselective binding of HA-g-
(CBM40)ps on cell surface models was demonstrated using quartz crystal
microbalance and spectroscopic ellipsometry, for GM3 and GML1. In agreement with
a current theoretical model for superselective targeting, the dependencies of probe
binding on ganglioside surface density were comparable for GM3 and GM1 once the
effect of the distinct binding affinities of the two gangliosides for CBM40 was

accounted for.



The HA-g-(CBM40)ps probes represent a successful proof of principle for
superselective lectin-on-polymer probes. The approach can now be expanded to other
lectins for the superselective targeting of other cell surface glycans, for tumour
targeting and other applications. The HA-g-(CBM40)ps probes, which specifically
recognize high ganglioside densities, have potential for targeting specific tumours

with upregulated gangliosides.
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isopropyl B-D-1-thiogalactopyranoside
isothermal titration calorimetry
lysogeny broth

static light scattering

maleimide

mannose
2-(N-morpholino)ethanesulfonic acid
mass spectrometry
methyl-B-cyclodextrins

norbornene

N-Hydroxysuccinimide

phosphate buffered saline

poly-N-acetyllactosamine

quartz crystal microbalance with dissipation monitoring

quasi-elastic light scattering
quadrupole time-of-flight
radius of gyration

sialic acid

spectroscopic ellipsometry
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SEC size exclusion chromatography

SEC-MALS z::za(ié)r(ic;lgsion chromatography — multi-angle light
SLBs Supported lipid bilayers
SLe? sialyl Lewis A
SLe* sialyl Lewis X
SPR surface plasmon resonance
T antigen Thomsen-Friedenreich antigen
B terrific broth
TCEP Tris(2-carboxyethyl)phosphine
AD adamantane
DOX doxorubicin
TEA triethylamine
TFA trifloroacetic acid
PTX paclitaxel
SAM self-assembled monolayer
GD2 anti-disialoganglioside
Tz tetrazine
Fab fragment antigen-binding site
Fc ferrocenes
WFA wisteria floribunda agglutinin
Xyl xylose
3’-SL a(2,3’)-sialyl lactose
DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
GUVs Giant unilamellar vesicles
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PTFE Polytetrafluoroethylene

B-CD B-Cyclodextrin
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1.1 Cancer

1.1.1 Cancer disease

Cancer is a major cause of mortality worldwide, ranking second only after
cardiovascular diseases (Ferlay et al., 2010, Ferlay et al., 2021). Its key feature is non-
stoppable abnormal cell growth and the potential for metastasis. Cancer generally
refers to malignant tumour cells (Patel, 2020), that develop from normal cells and is
often triggered by the activation of oncogenes, which can be caused by various factors
such as exposure to chemicals, radiation or virus infection (Golemis et al., 2018, Nagai
and Kim, 2017, Siemiatycki et al., 2004). Cancer cells are aggressive and can invade
other organs through the blood or lymphatic systems, which makes it difficult to treat
and consequently leads to a high mortality rate (Kelley and Aronowitz, 2022, Fares et

al., 2020).

Gene mutations lead to certain special antigens being found exclusively on cancer cells
(Alice et al., 2019, Loffler et al., 2019, Bassani-Sternberg et al., 2016). However, as
cancer cells originate from normal cells, they share most of their components
(Antignani et al., 2020, Senbanjo and Chellaiah, 2017, Daniels et al., 2005). To meet
the needs for fast proliferation, more nutrients and higher levels of signal transduction
are required in cancer cells (Vander Heiden and DeBerardinis, 2017, Hensley et al.,
2016). Consequently, many receptors involved in signal pathways that modulate
proliferation, attachment and metastasis, have been found to be upregulated on cancer
cells in comparison to normal cells (Daniels et al., 2005, Kazarian et al., 2003, Chang

etal., 1992).
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1.1.2 Cancer associated antigens

Exclusive or overexpressed receptors on cancer cells are potential targets for cancer
therapy or cancer diagnosis and they are known as cancer associated antigens. Two
main categories of these antigens that have been explored are proteins and
gangliosides. (Liuetal., 2017a, Harao et al., 2015, Groux-Degroote et al., 2017, Sasaki

etal., 2021)

1.1.2.1 Protein antigens

Proteins are important components in human cytoplasmic membranes and are
presented in various ways, spanning through the bilayer of a cell membrane, attaching
on the non-cytosolic or cytosolic monolayers through hydrophilic interactions or
covalent bonds to lipids (White, 2009). They play significant roles in physiological
processes, including molecules transportation, signal transduction and catalysis of
enzymatic reactions (Yamashita et al., 2005, Palczewski et al., 2000, Sakai et al.,
1996). During oncogenesis, the expression levels increase for some membrane
proteins in order to meet the requirements for high proliferation and migration of
tumour cells. For example, the transmembrane protein CD19 is upregulated on B cell
leukemias and lymphomas (Uckun et al., 1988). The expression of vascular
endothelial growth factor receptor was elevated in colorectal tumours (Hurwitz et al.,
2004). The upregulated protein antigens can be promising targets to design anti-
tumour treatments. Antibody-protein interactions have been a popular choice for
achieving active targeting of tumours, due to their high affinity and specificity, and
have thus been the prevalent choice in disease diagnosis and treatment (Peters and

Brown, 2015, Owen and Sykes, 1984, Tugce Yaman et al., 2023) (Kopp et al., 2023).

Glycoproteins are an important member of protein antigens on the plasma membrane

and are composed of glycan chains covalently linked to the polypeptide backbone at
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specific sites (Goochee et al., 1991). Based on the linkage site, one can distinguish O-
linked glycoproteins where the connection occurs between N-acetyl-D-galactosamine
(GalNACc)/xylose and serine/threonine, and N-linked glycoproteins where the linkage
happens between N-acetyl-D-glucosamine (GIcNAc) with asparagine which belongs
to the sequence Asn-X-Thr/Ser (X means any amino acid) (Pinho and Reis, 2015).
The principal constituents of glycan chains in glycoproteins include galactose (Gal),
mannose (Man), fucose (Fuc), xylose (Xyl), GIcNAc, GalNAc, and N-

acetylneuraminic acid (Sialic Acid or Neu5Ac), as shown in Figure 1.1.
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p-D-Gle B-D-GlcNAc a-D-NeuNAc
OH OH
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o] o) 3 o
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p-D-Gal p-D-GalNAc a-L-Fuc
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o
HO OH
HO OH "o o
B-D-Man B-D-Xyl

Figure 1.1. The principal monosaccharides found in glycoproteins.

O-linked glycan antigens

Truncation in the carbohydrate chain frequently occurs in O-linked glycans in tumour
cells and the truncated glycan residue has been found to be one of the most common
features of tumours, such as Thomsen-Friedenreich antigen (T antigen), Tn antigen,

and also its sialylated forms ST and STn (structures shown in Figure 1.2). (Kudelka et
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al., 2015) The most popular STn antigen was detected at increased expression in
diverse tumours including in pancreas, breast, stomach, bladder, colorectum and ovary
tumours and are rarely expressed in normal cells. They were revealed to play crucial
roles in the regulation of cell cycle, recognition, apoptosis, migration, invasion and
other important process in cancer. For example, Fereira et al. found the STn antigen
overexpressed in bladder tumour cells which had a concomitant increase of cell
motility and invasive capability (Ferreira et al., 2013). Pjiho et al. demonstrated that
the STn antigen was able to modulate a malignant phenotype triggering more

aggressive cell behaviours in gastric carcinoma cells (Pinho et al., 2007).

In addition, increased sialylation is widely occurring in cancer, resulting in high levels
of sialylated glycans antigen, like sialyl Lewis A (SLe?), sialyl Lewis X (SLe*) and as
well as the truncated STn mentioned above (Figure 1.2) (Pinho and Reis, 2015). SLe?
and SLe* are composed of the same constituents, but the linkages between the Gal and
Fuc to GIcNAc are different. They can be found in glycoproteins and glycolipids. SLe?
is highly expressed on human pancreatic, gastric, and colon cancer cells, modulating
tumour growth, invasion, and metastasis (Ugorski and Laskowska, 2002). For
instance, Ugorski et al. revealed that SLe? is associated with tumorigenicity in human
urothelial cells (Ugorski et al., 1990). Shimono et al. found SLe? is overexpressed in
colorectal carcinoma and associated with the incidence of recurrence (Shimono et al.,
1994). Furthermore, SLe* was revealed to be able to regulate the metastatic cascade

by interacting with selectins, a class of vascular cell adhesion molecules.
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Figure 1.2. Principle tumour-associated Glycans. Figure reprinted from ref. (Pinho and

Reis, 2015).

N-linked glycan antigens

The up-regulated expression of B-1,6-branched N-linked glycans (Figure 1.2)
frequently happens in malignant transformation processes, and is an hallmark of
cancer cells. The increased branching is due to increased activity of mannoside
GlcNAc-transferase 5 (GnT-V) which adds a GIcNACc residue to the mannose residue
of Man3-GIcNAc-GIcNAc-. The branched GIcNAc is further modified with Gal by
Gal-transferase, and through several cycles of GIcNAc and Gal modification poly-N-
acetyllactosamine (polyLacNAC) is established, which is further capped with fucose
or sialic acid. The repeat LacNAc structure is able to interact with galectins and
involved in tumour metastasis (Bumba et al., 2018, More et al., 2015, Srinivasan et
al., 2009). Research into regulating the expression of transferases related to this
branching process demonstrated the vital role of these polyLacNAc attached to a -

1,6-branching point (Yoshimura et al., 1995, Zhao et al., 2008).
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Increased fucosylation (fucosyl) of the core GIcNAc residue of N-linked glycans is
also associated with several cancer cells. The FUT8 fucosyl-transferase attaches the
Fuc residue to GIcNAc linked to Asn of the polypeptide backbone (Figure 1.2). Up-
regulated core fucosylation has been discovered in lung cancer and breast cancer,
associated with oncogenesis, cancer cell growth and malignancy (Liu et al., 2011,
Potapenko et al., 2010, Takahashi et al., 2009). Moreover, increased core fucosylation
of o-fetoprotein has been approved as a biomarker used to detect early-stage

hepatocellular carcinoma (Sato et al., 1993).

In addition to branching and over-fucosylation, poly-sialic acid has often been found
at the end of glycoprotein glycan chains and is associated with the aggressiveness of
cancer cells (Falconer et al., 2012, Tanaka et al., 2001). There is also a special
disaccharide GaINAc-GIcNAc (LacdiNAc, shown in Figure 1.3) which predominantly
occurs at the end of carbohydrate chains of N-glycans although a few studies have
shown its existence in O-glycan chains (Hirano et al., 2014). LacdiNAc was found in
many mammalian glycoproteins in a very small amount, but expression was enhanced
in cancer cells, such as prostate, ovarian and pancreatic cancer cells, which makes it a

good target for active tumour targeting (Hirano et al., 2014, Sakiyama et al., 1998).

OH OH
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Figure 1.3. The structure of LacdiNAc.
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1.1.2.2 Ganglioside antigens

While gangliosides are relatively young antigens being explored in comparison to
protein antigens, they have drawn increasing attention in the past few decades due to
their crucial roles in tumour development being uncovered. Glycolipids can be divided
into different sub-groups, such as glycosphingolipids and glyceroglycolipids
containing sphingosine and glycerol, respectively (Kolter et al., 2002, Schomel et al.,
2020, Jarrell et al., 1987). Gangliosides are a subgroup of glycosphingolipids, which
contain one or more sialic acids on the carbohydrate chain (Breiden and Sandhoff,
2018). The chief monosaccharides of gangliosides are Glc, Gal, GaINAc and sialic
acid. The Glc and Gal residues form the lactose disaccharide which is the ‘core
carbohydrate’ of most gangliosides linked to a ceramide chain apart from GM4
composed of NeuS5Ac-Gal-Ceramide. Gangliosides are categorized further according
to the sialylation level of the ‘core carbohydrate’ Gal: the series asialo, a, b and ¢
denote no-sialylation, mono-sialylation, di-sialylation, and tri-sialylation on the core

lactosyl group, respectively (Figure 1.4) (Krengel and Bousquet, 2014).
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Figure 1.4. Structures and biosynthetic pathways of gangliosides. The
glycosyltransferases catalysing the synthesis of gangliosides are shown in italics. Cer,

ceramide; SA, sialic acid. Figure reprinted from ref. (Krengel and Bousquet, 2014).

Gangliosides containing only one sialic acid are given the GM prefix. GM3 consists
of the plain core carbohydrate lactose with mono-sialylation and is the simplest
ganglioside with lactose core, serving as an ancestor of the other gangliosides. As the
total number of sialic acid residues present in the ganglioside increases from one to
five, the prefix changes from GM to GD, GT, GQ, GP. The terminal number
correspond to the order in which mono-sialogangliosides elute on a thin layer
chromatogram and indicates structure of the non-sialic acid portion of the glycan: 1
for Gal-£(1,3)GalNAc-£(1,4)Gal-$(1,4)Glc; 2 for GalNAc-B(1,4)Gal-5(1,4)Glc; 3

for Gal-g (1,4)Glc (Krengel and Bousquet, 2014, Svennerholm, 1963). Ganglioside
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profiles change during development where simple gangliosides are predominant in the
embryonic period while complex ganglioside species predominate in adults (Yuki,
1997, Vajn et al., 2013). Gangliosides are present widely throughout the human body,
particularly abundant in the nervous and immune systems (Schnaar, 2016, Cutillo et
al., 2020). They play important roles in various physiological processes. For example,
they participate in the maintenance, repair and regeneration of neurons, and in synaptic
transmission and memory formation (Rahmann, 1995, Palmano et al., 2015, Ohmi et
al., 2011). They are also essential for protecting host structures from autologous
immune attacks (Meri, 2016). In cells, gangliosides have been found ubiquitously in
the outer layer of cell membranes substantially in all vertebrates, participating in the
regulation of cell adhesion, migration and cell-cell interactions (Luis et al., 2016). For
instance, Okada et al. (1984) found that GM3 downregulated the cell attachment of
baby hamster kidney cells. Besides, Kim et al. (2014) revealed that GM3 was able to
inhibit the expression of intracellular adhesion molecule-1 and vascular cell adhesion

molecule-1 and consequently could control cell migration.

Gangliosides have been found as significant regulators of tumour development in
various cancer diseases (as summarised in Figure 1.5) (Sasaki et al., 2021). They can
affect tumour progression by participating in diverse signal pathways. For example,
GM3 was revealed to inhibit epidermal growth factor (EGR) signalling in human
epidermoid carcinoma and human bladder cancer, and could subsequently influence
cell growth and differentiation (Kawashima et al., 2016, Wang et al., 2013). GM1 was
found to activate the TrkA receptor, to promote cell differentiation in neuroblastoma,
(Chiricozzi et al., 2019) and to induce the dispersion of platelet-derived growth factor

receptors from glycolipid-enriched microdomains (Mitsuda et al., 2002a). Besides,
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GD3 was found to be able to activate the CD95-mediated apoptosis pathway in

lymphoid and myeloid tumour cells (De Maria et al., 1997).
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Figure 1.5. Gangliosides involved in different types of human cancers. Reprinted from ref.

(Sasaki et al., 2021).

Following the exposure of the important roles of gangliosides in tumour cells,
gangliosides have been applied in developing anti-tumour therapeutic strategies. For
example, Fucosyl-GM1 has been employed as a target in the immunotherapy of lung
cancer (Ponath et al., 2018). Chimeric antibodies and CAR T cells (chimeric antigen
receptors contained T cells) were designed based on the anti-GD2 antibody to target
neuroblastoma cells (Yu et al., 2010, Esser et al., 2012). A GM2-containing multi-
functional vaccine was produced to induce the generation of antibodies and showed
potential for breast cancer treatment (Zhu et al., 2009).

Up-regulation of gangliosides such as GM3, GM2, GM1, GD3 and GD2 has been

widely found in diverse cancer tissues. For example, GM3 was revealed to be

upregulated on melanoma cells and bladder cells (Hirabayashi et al., 1985, Taniguchi,
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1984, Kawamura et al., 2001). GM2 has high expression on pancreatic cancer cells
(Sasaki et al., 2019). Fucosyl-GM1 has been shown to be significantly increased on
human small lung cancer cells (Brezicka et al., 1989). The expression of di-sialylated
GD2 and GD3 is often found to be elevated in neuroectoderm-derived tumours,
including neuroblastoma, melanoma, and breast cancer (Shahrizaila and Yuki, 2011,
Cheresh et al., 1987, Peguet-Navarro et al., 2003). Interestingly, Taniguchi et al.
uncovered a monoclonal antibody M2590 directed to GM3 that only reacted with
melanoma cells but not with any other cancer cells or healthy cells, despite the fact
that GM3 also existed on their surfaces (Hirabayashi et al., 1985, Taniguchi, 1984).
Following this, the group found that M2590 binding depended on the density of GM3
present (Nores et al., 1987, Harada et al., 1989). This indicated that the upregulation
of gangliosides in tumour cells could be a powerful feature that can be utilized to
distinguish tumour cells from normal cells despite the presence of the same type of

gangliosides on normal cells.

1.1.3 Cancer therapy

Cancer poses a big threat to human health, and researchers from various fields,
including biologists, chemists, and physicists, have devoted decades of effort to
studying and developing cancer therapies. Over time, cancer treatment has evolved

from non-specific traditional therapies to more targeted therapies.

1.1.3.1 Traditional cancer therapy

Surgery. Surgery is the earliest method applied to treat tumours. It works well for
localised benign tumours and tumour cells can be killed in lesions with different
methods, such as electron current or lasers. In this way, it is possible to remove all the
tumour mass and the recurrence of the tumour cells rarely occurs. However, this

method cannot be applied to remove metastasised tumours.

Radiotherapy. Since the advent of radiotherapy in the 1920s, it has been widely used
to kill tumour cells and almost half of cancer patients will receive radiotherapy

(Urruticoechea et al., 2010, Citrin, 2017). It can be used to treat both benign and
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malignant cancers and can work alone or in combination with surgery or
chemotherapy. The way to exert radiation has progressed significantly and developed
from applying an external beam, to implanting radioactive sources in tumour-
containing tissue, and most recently employing systematic administration of radio-
pharmaceutical agents (Yilmaz et al., 2015, Otter et al., 2019). The first two methods
are often applied for localized tumours, and systemic radiation is used to treat
metastasised tumours (Sgouros et al., 2020). The development of radio-target receptor
conjugates have significantly improved the defining of the target volume and

enhanced the target delineation (Almuhaideb et al., 2011, Bradley et al., 2004).

Chemotherapy. Chemotherapy is a treatment that uses chemical agents to combat
cancer. Since its advent in the 1940s, chemotherapy has been one of the most
commonly adopted cancer treatments (Urruticoechea et al., 2010). Over time, a variety
of chemotherapy drugs have been developed to kill the tumour cells through diverse
working mechanisms, including alkylating agents, antimetabolites, anti-tumour
antibiotics, topoisomerase inhibitors, mitotic inhibitors (Cronstein, 1997, Speth et al.,
1988, Abu Samaan et al., 2019). These chemotherapy drugs have shown high
efficiency in Killing tumour cells. However, they also damage healthy normal cells
due to their non-specific killing of cells in body, and consequently lead to severe side-
effects, such as hair loss, neurotoxicity and cardiotoxicity (Zraik and Hel3-Busch,
2021, Jain and Aronow, 2019, Oun et al., 2018). Strategies to deliver chemotherapy
drugs specifically to tumour cells would significantly improve the outcomes of

chemotherapy, such as completely killing cancer cells and avoiding side effects.

1.1.3.2 Targeted therapy
Targeted therapy represents the treatments that aim to work specifically on tumour

cells. Various tumour-target therapies have been developed based on the features of
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tumour cells, such as the enhanced permeability and retention of vessels, aberrant
metabolism, immune responses towards tumour cells, and antigens profiles on tumour

cells.

Passive targeting

Passive targeting employs the enhanced permeability and retention (EPR) effect of
blood vessels in tumour sites to achieve extravasation into the neoplasm region (Peer
et al., 2007). EPR denotes the phenomenon where nanoparticles or other substances
are able to preferentially accumulate in tumour sites due to the unique characteristics
of the tumour vessel, such as defective lymphatic drainage and a leaky blood
vasculature (Matsumura and Maeda, 1986, Rosenblum and Peer, 2014). Passive
targeting currently is one of the most widely explored approaches in achieving tumour
targeting. The first passively targeting drug (Doxil) was approved for clinical use two
decades ago (Barenholz, 2012). So far, there have been 15 anti-tumour drugs with
passive targeting approved in clinic use, including Abraxane in the US, Margibo in
Europe, Genexol-PM in Korea, SMANGCS in Japan, etc. (Shi et al., 2016). However,
a recent meta-analysis revealed that less than 1% of passively targeting drugs are able
to accumulate in tumour regions even in high-EPR xenograft tumours (Wilhelm et al.,
2016). The low specificity is quite likely to result in multiple drug resistance in cancer
treatment and inaccuracy in cancer detection, becoming a big limitation for passive

targeting in practical applications (Peer et al., 2007).

Active targeting
Active targeting engages a targeting moiety, a peptide, a glycan or other ligands, to
target antigens that are present on cancer cells or in the cancer microenvironment, or

involved in cancer metabolism or cancer-induced immune responses (Wilhelm et al.,
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2016, Clemons et al., 2018, Li et al., 2020, Neri and Bicknell, 2005, Zhang and Zhang,

2020).

Aberrant antigen profiles on tumour cells have made targeting tumour antigens a
popular approach for drug delivery systems and antibody-drug conjugates (ADC).
Drug delivery systems are nanomaterials modified with ligands on their surfaces and
chemotherapy drugs loaded into them that can be transported into tumour sites for
direct killing of tumour cells (Guthi et al., 2010, Nasongkla et al., 2006, von Maltzahn
etal., 2011). ADCs are conjugates composed of a chemotherapy drug and an antibody
that are able to guide the chemotherapy drug to work on tumour lesions (Bradley et
al.,, 2013, Ko et al.,, 2020, Gazzah et al., 2019). Through the antibody-antigen
interactions on the tumour surface, the accumulation of chemotherapy drugs at tumour
sites has been greatly increased in comparison with using free drugs and the efficiency
of applied drugs is significantly improved (Xiao et al., 2012, von Maltzahn et al., 2011,
Guthi et al., 2010). It could also reduce the risk of drug resistance (Song et al., 2017,
Vakil and Trappe, 2021, Haider et al., 2020). However, most tumour antigens are
overexpressed on tumour cells, as described on section 1.2, but still present on normal
cells in lower amounts. The drug loaded objects can still bind to normal cells through
the small amount of antigens present, resulting in damage to healthy cells during
tumour treatment (Sawant and Torchilin, 2012, Sapra and Allen, 2003). The lack of
specificity for tumour cells have restricted the advance in tumour-targeting therapy. A
strategy that can achieve precise tumour targeting will greatly advancing tumour-
targeting therapy. Superselective recognition, a receptor density-dependent binding,
would be a promising way to achieve this, as it has potential to discriminate cancer
cells from normal cells based on the difference in antigens’ density on cancer cell vs

healthy cells.
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1.2 Superselective recognition

1.2.1 Definition and origins

Superselectivity denotes the ability of multivalent entities to bind specifically to
substrates with a density of receptors above a certain threshold, but leaving substrates
with receptors below the threshold density essentially unaffected (Carlson et al.,
2007). This is illustrated in Figure 1.6A, where binding increases more strongly than
linearly with the increase of receptor density. In a double-log axis (Figure 1.7B), the
linear increase of bound probes (y axis) with receptor surface density (x axis) is
presented with a slope o = 1 so that o > 1 can be well used to depict the more-than
linear increase and serves as the indicator of superselective binding. The receptor
densities where o > 1 are defined as the superselectivity range. This sharp
discrimination based on receptor densities has long been known in physiological and
pathological processes (Lawrance et al., 2016, Zahn et al., 2016, Overeem et al., 2020,
Vachieri et al., 2014), but the underpinning physical mechanisms remained unclear
until the concept was highlighted by Martinez-Veracoechea et al. (2011). They

investigated the theory of superselectivity for multivalent nanoparticles and developed
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the first model to predict superselective binding that was used to help design

superselective nanoparticles.
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Figure 1.8. Schematics of superselective binding. A) The binding profile of multivalent
probes on surfaces with various receptors coverages; B) The same data as in A with
logarithmic axes. The slope o= 1 is presented for reference, it implies a linear increase, and o
> 1 implies a superlinear increase. The receptor density where o reaches a maximum can has
been defined as the ‘threshold receptor density’, and is labelled with red star in the graph (Curk

etal., 2018).

1.2.2 Requirements on a superselective probe

Over the past decade, there has been increasing interest in superselective interactions
and quantitative investigation of the theory of superselective recognition. The essential
requirements for producing superselectivity have been identified to include
multivalency, combinational entropy and weak interactions (Joshi et al., 2008,
Martinez-Veracoechea and Frenkel, 2011, Dubacheva et al., 2015, Curk et al., 2018,

Dubacheva et al., 2023).
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1.2.2.1 Multivalency
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Figure 1.9. Scheme of monovalent and multivalent interactions. Figure reprinted from ref.

(Mammen et al., 1998).

Multivalent interaction denotes that one entity with multiple ligands binds to another
one with multiple receptors (Figure 1.9) (Dubacheva et al., 2019, Mahon and Barboiu,
2015, Mammen et al., 1998). Under the collective interaction of ligand-receptor pairs,
the clusters produce greatly increased avidity compared to individual monovalent
interactions. In particular, binding between the clusters may become almost
irreversible even though the individual ligand-receptor interactions are reversible. For
example, this effect resulting from multivalent interaction was revealed by Lee and
Townsend et al., who found that the inhibition effect of triantennary oligosaccharides
over on a glycopeptide-lectin interaction was enhanced million fold compared to that
of monoantennary oligosaccharides (Lee et al., 1983). Wang et al. (1999) found strong
interaction of anti-Gal antibody with multivalent arrays of a-Gal but weak interaction

with a single (monovalent) a-Gal epitope (Wieslander et al., 1990, Wang et al., 1999).

Multivalent interaction plays a vital role in diverse biological processes. For example,
the adhesion of many viruses and bacteria to host cells or extracellular matrix is
mediated by the multivalent interaction between lectins on the virus / bacterium and
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carbohydrates on the host cells (Mammen et al., 1995, Sigal et al., 1996, Brennan et
al., 1984, Delguste et al., 2018). Furthermore, multivalent interactions play a crucial
role in the recognition and clearance of viruses, bacteria and other pathogens through
antibodies. Antibodies, a vital part of the adaptive immune system, recognize
pathogens through multiple interaction sites on variable regions of the antibody, two
for IgD, IgE, 1gG, two, four or six for IgA, and ten for IgM. The multivalent interaction
products between antibodies and pathogens then bind to macrophages through the
interaction of their Fc part with receptors on macrophages, thus activating clearance
procedures. It is not possible for single antibody to induce this clearance process

(Boyce and Holdsworth, 1989, Dower et al., 1981).

As research on multivalent interactions emerged, a distinctive phenomenon attracted
much attention: multivalent binding showed a more than linear increase with the
density of receptors (Nores et al., 1987). This phenomenon is here denoted as
superselectivity (Curk et al., 2018). Multivalency is a necessary requirement for
superselectivity. It allows the entropy of the binding system increases steeply as the
acceleration of receptor densities and enhances the binding avidity of multivalent
probes to the receptor-presenting surface. Consequently, the binding of the probe

increases sharply with the increased receptors.

1.2.2.2 Combinational entropy

Combinational entropy (also named as avidity entropy) occur in the multivalent
interaction systems when multiple ligands can bind to receptors in different
combinations and implies the disorder or randomness of the system. The magnitude
of combination entropy can become substantial as the rise of the receptor densities or

ligand valency and consequently generate steeply increased avidity. The sharply
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enhanced avidity as the elevated receptor densities can achieve the receptor density-

dependent binding (superselective binding).

The flexible tethers for ligands can be applied to achieve combinational entropy, which
will allow each ligand to bind different receptors on the surface and produce diverse
binding configurations. 12 140141 It should work the other way around with the flexibly
tethered receptors. While there is a lack of the flexible tethering for ligands or
receptors, the combination entropy will occur if the receptors are immobile on the
surface as it also provides diverse possibilities for the binding of the multivalent
ligands on the surface (Curk et al., 2018, Dubacheva et al., 2015, Dubacheva et al.,
2014). Besides, the combinational entropy can be generated by the disordered
deployment of ligands or receptors, which also allow the ligands to bind to receptors
in different combinations (Dubacheva et al., 2023). Diverse strategies can be
employed to achieve combinational entropy, which can be chosen according to the
research objectives and the easy of generating specific entities with multivalent

ligands or the specific surface presenting receptors.

1.2.2.3 Weak individual bonds

Apart from multivalency, weak affinity between ligands and receptors is also
indispensable to generate superselectivity. Here, affinity denotes the interaction
between an individual ligand and its receptor; avidity denotes the interaction between
the probe containing multiple ligands and the substrate presenting multiple receptors.
If the binding of ligand with receptor is very strong, it becomes almost irreversible and
ligand clusters would readily attach to the substrate with even one receptor on the
surface. So if a strongly binding ligand-receptor pair is employed, the probe can bind
tightly on the surface even under low receptor densities and density-dependent binding

(superselective binding) would not happen (Curk et al., 2018). Hence, ligand-receptor
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pairs with strong interactions are not suitable for superselective systems. Conversely,
low affinity enables the interactions of ligands and receptors to be reversible. When
the receptor coverage is low, one or a few weak interactions would be unable to hold
the ligand cluster. When the receptor coverage increases, multiple bonds are formed
simultaneously, boosting the strong collaborative effect among the individual
interactions and allowing the attachment of the ligands cluster on the receptors covered
surface. This weak affinity requirement has been confirmed both in practical research
and in theoretical models. For example, Carlson et al. (2007) achieved specific
targeting of cancer cells utilizing multivalent weak interactions between anti-Gal
antibody and galactosyl-a(1-3)galactose (a-Gal) with Kg = 1 x 10 M. They created
a bifunctional conjugate of a-Gal and arginine-glycine-aspartate (RGD) tripeptides, of
which the RGD can bind to the a, 5 integrin tightly. The a-Gal-RGD conjugate
induced the specific killing of cells presenting high expression of «, 5 but leave the
normal cells with less a,8; expression unaffected, because only high presence of a-
Gal can recruit anti-Gal and subsequently trigger the complement-mediated lysis.
Also, Dubacheva et al. (2014) demonstrated superselective targeting using the weak
interaction between B-cyclodextrin and ferrocene (Kg = 200 uM). In addition, the
superselectivity theoretical models constructed by Martinez-Veracoechea and Frenkel
(2011), Dubacheva et al. (2015), or Curk et al. (2018) all told that low affinity is a

necessary requirement for generating superselectivity.
1.2.3 Superselective binding modulation

The modulation of the superselective binding has been investigated with both
experimental and theoretical models. Several factors have been found to change the
superselective binding curve, including: a) ligand valency, b) affinity of the ligand-

receptor interaction, c) probe size and concentration, d) the length of the linker
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(Dubacheva et al., 2015, Dubacheva et al., 2023). Changes in those factors caused
shifts in the superselectivity range (the receptor concentration range in which
superselectivity is present) but did not generate major impact on the quality of
superselectivity (the sharpness of the increase in bound probes, indicated by the
binding slope a), showing on the binding curve as shifts along the receptor density

axis with the same curve shape.

Dubacheva et al. (2023) introduced a scaling variable (x,) to evaluate the influence of
ligand valency (ny,), the binding affinity of the ligand-receptor pair (Ky), and the size

of the probe (depicted by the configurational volume, vqs) on the superselectivity

. r .
range and the correlation x; = % was attained, where 'y represents the receptor
efffd

surface density. The correlation was confirmed with the experimental results obtained
on the B-cyclodextrin/guests interaction systems (Dubacheva et al., 2015). The scaling
variable is expected to predict the influence of affinity and ligand valency on
superselectivity range well. However, changes in probe size and concentration were
not encompassed well in the introduced scaling variable and they altered not only the
superselectivity range but also the quality of superselectivity and the influences
resulted. In the future, the scaling variable could be an efficient theoretical tool to
design and generate probes with specific targeting range of receptor densities by
adjusting probe valency, ligand-receptor affinity or varying the configuration volume

of the probe.

1.3 Superselective targeting of tumour cells through up-regulated gangliosides

1.3.1 Prior art

The phenomenon of superselective targeting of tumour cells by the overexpressed

gangliosides was already shown four decades ago while the observed behaviour was
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not called ‘superselective targeting’ at the time and the physical mechanisms behind
were not understood. Taniguchi et al. found a monoclonal IgM antibody M2590,
which bound against GM3 and showed specifically targeting to melanoma cells whilst
leaving other cancer cells and healthy cells unaffected (Hirabayashi et al., 1985,
Taniguchi, 1984). Following this, they demonstrated that the specific binding of
M2590 was based on the density of GM3 on the cell membrane and only when the
GMa3 coverage exceeded a certain threshold value was M2590 able to bind effectively.
(Nores et al., 1987). The binding between M2590 and GM3 is shown in Figure 1.10A
and it was re-adapted to a log-log graph as shown in Figure 1.9B. The maximum
binding slop a was found as 6.6. The steep transition serves as convincing evidence

of superselective targeting of tumour cells.
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Figure 1.10. The interaction of M2590 monoclonal antibody with GM3 analysed by solid-
phase radio-immunoassay. A) The binding of labelled M2590 to GM3, figure reprinted from
ref. (Nores et al., 1987). B) The binding between M2590 and GM3 in the double logarithmic

axis. Data were taken from (A) and reproduced in a double-log plot. When the density of GM3
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is above 2.5 pmol/well, o reached maximum as 6.6. The superselective range was between 2.5

pmol/well and 10 pmol/well.

This superselective phenomenon was not noted or investigated further at the time, as
the theory behind it was still unclear. In the recent decade, as the theory and
determinants of superselectivity was revealed, the concept of superselectivity has
grown in popularity. However, many superselectivity researches published were of
theory exploration and clarification through analytic model and computer simulation,
and experimental studies of superselectivity are less presented. So far, no

gangliosides-oriented superselective targeting has been published.
1.3.2 A limitation in investigating selective binding to upregulated gangliosides

The molecular mechanisms underpinning affinity and selectivity enhancement
through multivalent recognition of gangliosides are only partially understood and
studies with real cells have provided limited insight. The limited external control over
the ganglioside presentation by cells, and the complexity of the cell surface (e.g., its
membrane composition and organization) make it difficult to quantitatively
investigate the effects of each interaction parameter on the binding strength. In order
to study the effect of individual parameters on binding, simplified in vitro models that
recapitulate selected properties of the cell surface are desirable. In particular, a cell
surface model presenting gangliosides with tuneable surface densities would be an
essential tool to explore and mechanistically understand the role of ganglioside

densities in ganglioside recognition.
1.3.3 Aims of this project, and outline

In this project, we aim to produce a probe which is able to achieve ganglioside density-

dependent binding. There are three main objectives along this project:
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1) Design and produce superselective probes against gangliosides, following the

requirements for superselectivity as described in section 1.2.2.

2) Establish cell membrane models presenting target gangliosides at tuneable surface

densities to provide platform for demonstrating the superselective binding.

3) Validate the superselective recognition of the target gangliosides by the probe on

cell membrane models.

In this thesis, Chapter 2, 3 and 4 describe the work accomplished towards objectives
1, 2 and 3 respectively, and Chapter 5 provides a conclusion of achieved work,

perspectives on future work and potential applications of the superselective probe.
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Chapter 2. Design and production of a HA-g-(CBM40)ps
probe with potential superselective recognition over

gangliosides
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2.1 Introduction

In this chapter, we aim to develop a superselective probe that can bind to gangliosides
in a density-dependent manner, in alignment with the requirements of the
superselective binding. A comprehensive methodology has been devised for

producing, purifying, and characterizing the probe.
2.1.1 Design criteria for superselective probes to target tumours

Firstly, the design of a superselective probe must meet the requirements on
superselective recognition, elaborated earlier (Chapter 1.1.2). Besides, the
superselective probe must be safe for human use, meaning that it should be non-toxic,
and non-immunogenic. In particular, the probe must have multiple ligands and enable
multivalent interactions to meet the basic requirement on superselectivity (Curk et al.,
2018, Martinez-Veracoechea and Frenkel, 2011). Furthermore, it would be ideal if the
scaffold of the probe is flexible, or the linker between the scaffold and the ligand is
sufficiently long to provide conformational flexibility (Curk et al., 2018). Last but not
the least, the affinity of the ligand-receptor interaction must be low (Carlson et al.,
2007). Apart from these requirements on superselective recognition, the availability
of materials and the technical feasibility of the design such as the linkage of ligands

with the scaffold, should be considered.
2.1.2 Hyaluronan as scaffold material

Hyaluronan is a natural, linear polysaccharide which plays a vital structural and
functional role in vertebrates (Attili et al., 2012, Gibbs et al., 2010). As an endogenous
component of extracellular and pericellular matrices, HA is considered to be non-
immunogenic and non-toxic, both necessary conditions for scaffolds in biomedical

applications. Its bio-safety has also been verified in clinical studies (Gibbs et al.,
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2010). Although early studies indicated the possibility of HA in raising immunogen
response, this was later found to be caused by protein contaminants and has been
overcome by improving the purification process (Liao et al.). HA used in this project
was purchased from BIOSYNTH and principally obtained from synovial fluid,

vitreous humor of the eye, umbilical tissue and cocks comb.

From a biophysical perspective, HA is a flexible scaffold. It is composed of repeated
disaccharides units of glucuronic acid (GIcA) and N-acetyl glucosamine (GICNAC)
linked together as [B-D-GIcA-(1,3)-B-D-GIcNAc-(1,4)-]n. (Liao et al.) On its own in
aqueous solution, the HA polymer presents an expanded, random coil structure (Necas
et al., 2008). In spite of the local stiffness in monosaccharides of HA contributed from
the pyranose rings, the glycosidic linkages in HA contribute to form a globally flexible
polymer with a large hydrodynamic size, which meets the requirement of flexibility

on scaffolds for superselective targeting applications.

The biochemical characteristics also make HA a suitable scaffold for presenting
ligands. The D-glucuronic acid (GIcA) and N-acetyl-D-glucosamine (GIcNAc)
(Dicker et al., 2014) residues possess several groups available for chemical
modification, such as one carboxyl group and multiple hydroxyl groups (Schanté et
al., 2011). The carboxyls of HA can be modified by amidation or ester formation, and
the hydroxyls of HA can interact with other molecules by ether formation, hemiacetal
formation (e.g. using glutaraldehyde), or ester formation (Vercruysse and Prestwich,
Schanteé et al., 2011, Collins and Birkinshaw, 2007, Serban et al., 2008). These
reactions provide several possible approaches for the ligation of HA with other
molecules and indicate the high accessibility of HA for ligands. Famili et al. created a
protein-loaded HA hydrogel by amidation of the carboxyl group on HA scaffold
(Famili and Rajagopal, 2017). Eenschooten et al. (2010) designed novel and versatile
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amphiphilic HA derivatives by introducing the octenyl succinic anhydride groups into
HA through hydroxyl groups. Also, the polymeric HA structure provides many
ligation sites. For example, the 350 kDa HA contains approximately 924 disaccharides
and provides many attachment sites for ligands. It benefits designing probes with a
wide range of valencies, endowing probes with ability to adjust superselective binding

by modulating ligand substitution on probes.

In addition, high molecular weight HA possessing a larger size (radius of gyration ~
50 nm) can more easily escape the clearance by the liver and subsequently generate
greater retention and accumulation in the tumour site (Chen and Weiss, 1973, Yu et
al., 2020, Liu et al., 1992). It increases the probability for ligand-receptor mediated

tumour targeting (Tracey, 2008).

Based on the above, HA polymers were identified as a promising scaffold for
designing superselective probes due to their biophysical and biochemical properties
which meet the requirements of superselective probes on safety, conformational

flexibility and availability of multiple modifications.

e Prior art on superselective targeting with HA-based probes

There has been research where HA was applied in superselective targeting and the
design rules for superselective targeting was interrogated. Dubacheva et al. exploited
a superselective probe based on a hyaluronan scaffold (around 350 kDa) using -
cyclodextrin (B-CD) and ferrocene (Fc) as model ligands and receptors. (Dubacheva
et al., 2014) The interaction between B-CD and Fc was chosen in their research,
because it is a weak interaction with Kg =200 pM. They demonstrated that HA-B-CD
can hardly bind to surfaces with low Fc density, but as the density of Fc increased

above a certain threshold, the bound HA-B-CD probe increased faster than linearly
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with the increase of Fc density (as shown in Figure 2.1). This suggests that HA is a

suitable scaffold to design superselective probes for cancer cell targeting.
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Figure 2.1. The superselectivity of HA-B-CD probe to Fc covered surface. A) The binding
between HA-B-CD probe and Fc, figure reprinted from ref. (Dubacheva et al., 2014). B) The
data of A shown with logarithmic axes. When the density of Fc is above 25 pmol/cm?, o reach

maximum as 2.7.

2.1.3 CBM40 monomer as ligand to bind GM3

Carbohydrate binding modules (CBMs) are widely found in sialidases. The modules
typically reversibly bind the carbohydrate substrates and help the enzymes to gather
at sialic acid sites (Ribeiro et al., 2016a). Based on the similarity of amino acid
sequences, more than 80 CBMs families have been recognized (Sidar et al., 2020).
CBMA40 is one of the five families recognizing mammal glycans, and 7 modules from
the CBM40 family have been structurally characterized at present, including
neuraminidase (Nan)A (Yang et al., 2015), NanB (Xu et al., 2008), NanC (Owen et
al., 2015) from Streptococcus pneumoniae sialidases, NanH from Vibrio cholera
sialidase (Moustafa et al., 2004), NanL from Macrobdella decora sialidase (Luo et al.,

1998), and Nanl (Ribeiro et al., 2016a), NanJ (Boraston et al., 2007) from Clostridium
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perfringens sialidases. All of these 7 modules have been verified to bind preferentially

to sialic acid even though with low affinity.

Here, CBM40_Nanl (hereinafter referred to as CBM40) is adopted as the ligand of the
superselective probe. Different from the naturally multivalent structures of most
lectins, CBM40 (as for all other CBMs) is monovalent as shown in Figure 2.2. The
test of CBM40 on CFG glycan microarray version 5.2, containing 609 mammalian
glycans, revealed that CBM40 showed specific binding to sialic acid-containing
glycans. Clear binding was only found on a few glycans bearing 02,3-sialic acid while
binding on other glycans included in the microarray was substantially weaker. At the
same time, the preferred interaction of CBM40 with 2,3’-sialyl lactose (3’-SL) has
been verified by Imberty et.al. with a Kq around 30 uM (Ribeiro et al., 2016a). Since
3’-SL is the glycan head of GM3, it suggests there should also be a low affinity
interaction between CBM40 and GMS3, which is an epitope overexpressed on
melanoma cells (Harada et al., 1989). Above all, CBM40 should be a suitable ligand

for the superselective probe designed to distinguish melanoma cancer cells.
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Figure 2.2. Structure (ribbon representation) of CBM40 Nanl (PDB code 5FRE)
interacting with 3’-SL. The molecule in ball-and-stick model is 3’-SL, the main potential

binding sites between CBM40 and GM3.
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In respect to using CBM40 in designing superselective probe, there are several

benefits, including:

1) GM3 is overexpressed on melanoma cancer cells in comparison with other types
of cancer cells or healthy normal cells, which is required for achieving

superselective targeting. (Nores et al., 1987)

2) The binding affinity of CBM40 with 3’-SL is relatively low and GM3 is
anticipated to bind to CBM40 with a similar affinity as 3’-SL, meeting the low

affinity ligand-receptor requirement for superselective binding.

3) CBM40 is a monovalent domain, which is desirable for designing

superselectivity.

4) The gene sequence, as well as the expression and purification methods of CBM40

are available (Ribeiro et al., 2016a).
2.1.4 Conjugation strategy

Inverse Electron Demand Diels-Alder reaction (IEDDA) was employed to achieve the
conjugation of CBM40 to hyaluronan (HA) scaffold, as shown in Figure 2.3C.
Biorthogonal reactions have been widely applied to achieve conjugation in biomedical
field due to its ability to occur under physiological conditions. IEDDA is defined as
an optimal biorthogonal reaction and it stands out from other biorthogonal reactions
because of its virtues: a) it presents high kinetics and is so far the fastest biorthogonal
reaction known (Handula et al., 2021), enabling its application to low concentrations
of coupling molecules (Oliveira et al., 2017), which helps to reduce the amount of the
reactant materials; b) unlike traditional CUAAC reactions, it is a copper-free click
reaction avoiding the toxicity produced by copper catalysts (Rostovtsev et al., 2002,

Gordon et al., 2012); c¢) it needs no special conditions for the reaction to proceed, and
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is compatible with neutral aqueous conditions that are friendly for proteins, while
some specific conditions are required in some bioorthogonal interactions such as light

source, or acidic pH (Bach et al., 2020, Behrouz, 2017).

Here, the IEDDA of norbornene (NBE) — tetrazine (Tz) was employed due to
advantage of Tz having a visible absorption at 515 nm that is lost upon reaction and
can serve as a good indicator for the reaction progress. Tetrazine-triggered IEDDA
has also been widely used in different biological fields, such as imaging and
therapeutics (Rossin et al., 2010, Versteegen et al., 2013, Brudno et al., 2015). Yang
et al. (2012) constructed a probe with fluorogenic tetrazine that was able to label
cyclopropene-lipids inserted into the plasma membrane of live cells. Mejia Oneto et
al. (2016) applied the tetrazine-based IEDDA and achieved concentrating of

chemotherapeutic drug near the tumour-site.

NBE and Tz groups were connected to CBM40 and HA, respectively, before
synthesizing the HA-g-(CBM40)ps probe (Figure 2.3). Aminobenzyltetrazine 3 was
conjugated to HA 4 by the amide formation between the amine group of Tz 3 and
GIcA carboxyl groups of in HA 4. The amount of Tz conjugated on HA was modulated
by the molar ratio of amine-derivated Tz and the carboxyl groups of HA in the

solution.

The NBE group was conjugated onto CBM40 through the widely applied reaction
between cysteine (Cys) and maleimide (MAL), using MAL-NBE 1 as illustrated in
Figure 2.3A. Cys was introduced into CBM40 by site-specific mutagenesis at its C-
terminus, which is far away from the binding site for alpha-2,3-sialyl lactose. Cys
thiol-mediated conjugation has been frequently used for protein labelling and
conjugation because of the relatively low abundance of Cys in proteins and the

interaction sites of proteins (Volke and Hoffmann, 2008, Taraska et al., 2009b,
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Taraska et al., 2009a, Junutula et al., 2010). Some such conjugates have been approved
by the United States Food and Drug Administration. Cys has played a significant role

in biological basic research and drug exploring as well, serving as a valuable and

versatile tool.
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Figure 2.3. Schematics of the HA-g-(CBM40)ps probe production. A) Production of

CBM40-Norbornene (NBE); B) Production of HA-g-(Tetrazine)ps; C) Synthesis of HA-g-
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(CBM40)ps probe by a bio-orthogonal reaction between NBE and Tz. Tz and CBM40 were

randomly distributed on the HA chain.

2.1.5 Characterization of HA constructs

Here, the size exclusion chromatography — multiple angles light scattering (SEC-
MALS) is applied to characterize HA-involved polymers. SEC-MALS is a powerful
technique to do absolute characterization of macromolecules, providing various
information in terms of molar mass, size and conformation. It overcomes the limitation
of traditional SEC where the size was calculated by the calibre curve by assuming the
shared shape between analytes and standards. However, it is normally not the cases
and different proteins or polymers are likely displayed in distinct conformation. The
analysis of SEC-MALS counts on the signals determined with various detectors in
combination with basic physical equations, and is entirely independent on molecular

shape or conformation employed.

The SEC-MALS used in this research, featured several detectors. 1) An AKTA system
containing a UV detector (GE Healthcare, UK), it was applied to perform size
exclusion chromatography using selected column based on analytes and separate the
anlytes before following measurements. 2) Quasi-elastic light scattering module
(QELS, also called dynamic light scattering, WYATT, Cambridge, United Kingdom),
was used to determine the hydrodynamic size of analytes. 3) Differential refractometer
(dRI, Optilab, Phoenix, United States), was applied to determine the change of
refractive index and give the information of molar concentration. Valuable property
information can be attained from the measurements through different detectors. 4)
Multi-angle light scattering (also named as static light scattering, LS, WYATT,

Cambridge, United Kingdom), was used to measure the scattering light intensities in
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18 different angles. Based on the angular dependence of scattering light intensites, Rgq
can be attained and Mw molar mass can also be obtained here in combination of the
molar concentration obtained from dRI1 or UV detector. (Zimm, 1948, Wyatt, 1993)

Furthermore, the mass dispersity (P) can be calculated based on the obtained mass.

2.2 Materials and methods

2.2.1 Materials

A plasmid containing the CBM40_Nanl gene from Clostridium perfringens in a pET-
45b (+) vector was kindly provided by Anne Imberty (CERMAYV, Grenoble, France).
XL1 Blue supercompetent cells, a cloning strain of E. coli with improved
transformation efficiency, was purchased from Agilent Technologies (California,
United States). BL21 (DE3) cells, a protein expression strain with deficiency in certain
proteases for increased protein stability, was purchased from BiolLabs (London,
United Kingdom). The plasmid miniprep kit, super optimal broth with catabolite
repression (SOC) outgrowth medium, Q5 Site-Directed Mutagenesis Kit were also
purchased from BiolLabs. Agar and sodium chloride were purchased from Fisher
Bioreagents (Waltham, USA). Yeast, tryptone, terrific broth, TCEP, DMSO and other
chemical reagents were purchased from Sigma-Aldrich (Dorset, United Kingdom).
Unstained Protein Ladders with broad range were purchased from BioLabs (Hitchin,
United Kingdom), containing standard proteins range from 10 kDa to 200 kDa. 4-15%
Mini-PROTEAN TGX Precast Protein Gels were purchased from BioRad
(Hertfordshire, United Kingdom). AKTA protein purification system and
Concentrator with 5 kDa molecular weight cut-off (MWCO) or 100 kDa MWCO were
purchased from Cytiva (Massachusettes, United States). A HisTrap Fast Flow, HiLoad

16/600 Superdex 75 pg column, a HiLoad 26/600 Superdex 75 pg column, a Superdex
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75 10/300 GL column and PD-10 desalting columns containing 8.3 mL of Sephadex

G-25 resin were all purchased from GE healthcare (Rochdale, United Kingdom).
2.2.2 CBM40-norbornene preparation

2.2.2.1 CBMA40-Cys production

e Site-specific mutagenesis

Firstly, the CBM40 containing plasmid was sequenced using T7 promoter and T7
terminal primers. Based on the sequencing result, mutated primers were designed to
introduce an additional Cys at the C-terminus of CBM40. Subsequently, the mutated
CBMA40-Cys plasmid was constructed with the Q5 Site-Directed Mutagenesis Kit as

below.

Step I: Exponential Amplification PCR

PCR was operated using Veriti 96-Well Thermal Cycler (Thermo Fisher Scientific,
Altrincham, United Kingdom). The components of the PCR solution were shown in
Table 2.1. The PCR solution was initially heated to 98 °C and denatured for 30
seconds. Then 25 cycles of denaturation (98 °C, 10 s), annealing (59 °C, 10-30 s) and
extension (75 °C, 3.5 min) were proceeded to amplify the DNA, followed by a final
extension under 75 °C for 2 min. The amplified DNA solution was kept under 4 to 10
°C.

Table 2.1. The components of the PCR solution

Materials Volume Final concentration

Q5 Hot Start High-Fidelity

] 12.5 uL 1x
2X Master Mix 9.0
10 uM Forward Primer 1.25 uL 0.5 uM
10 uM Reverse Primer 1.25 pL 0.5 uM
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Template DNA (1-25 ng/uL) 1 uL 1-25 ng

Nuclease-free water 9.0 uL -

Step II: Enzymatic Treatment with KLD (Kinase, Ligase & Dpnl)
The obtained DNA solution from Step | was treated with enzyme solution as presented
on table 2.2. After enzymatic treatment the product was mixed by pipetting gently and

then incubated at room temperature for 15 minutes.

Table 2.2. The components of enzymatic treatment

Materials Volume Final Concentration
PCR Product 1 uL -
2X KLD Reaction Buffer 5uL 1x
10X KLD Enzyme Mix 1 uL 1x
Nuclease-free water 3uL -

Step I11: Transformation

5 uL of the KLD reaction mixture from Step Il was added to 50 uL high-efficiency
NEB 5-alpha competent E. coli cells provided with the kit and incubated on ice for 30
minutes. Then, the cell solution was subjected to heat shock at 42 °C for 30 seconds
and replaced onto ice for 5 minutes. Subsequently, 950 uL of SOC was added to
transformed cell solution, followed by gently shaking at 37°C for 1 hour. Finally, 100
uL, 200 pL and 700 pL of transformed bacteria were spread onto a selection plate with

0.1 mg/ml ampicillin and incubated overnight at 37 °C.

o Amplification and sequencing
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12 colonies from the transformation above were respectively grown in 10 mL LB
(Luria-Bertani) culture media with ampicillin and incubated overnight at 37 °C, 180
rpm. Then, plasmid was purified by Plasmid Miniprep Kit. Firstly, the cells were re-
suspended and then ruptured by 250 pL cell lysis solution. 10 pL of alkaline protease
solution was added to rupture protein components following 350 puL L of
neutralization solution. Lysate supernatant was collected after centrifugation at 15,000
x g for 10 minutes. The clear lysate was placed in a spin column and centrifuged for 1
minute allowing the DNA component to be absorbed onto the column. 750 puL wash
solution was added into column and centrifuged to wash the DNA. Another 250 puL
wash solution was afterwards added and centrifuged. After two column washes,
nuclease-free water was added to dissolve DNA off the column and then collected
DNA solution by centrifuging at 15,000 x g for 1 min. Purified 12 plasmid samples

were sequenced by company Eurofins (Wolverhampton, United Kingdom).

e Transformation

Based on the sequencing result, one of the successfully mutated CBM40-Cys plasmid
was transformed into BL21 cells to produce CBM40-Cys protein. 1 uL plasmid
solution was added 50 puL BL21 (DE3) E. coli cells, mixing by gentle flicking. After
incubating on ice for 30 minutes, cell solution was placed onto 42 °C water bath for
45 seconds and returned to ice for another 2 minutes. Then, 250 uLL. SOC media in
room temperature was added and the mixture was transferred to a shaker gently mixing
at 37 °C for 60 minutes. 200 puL produced cell solution was spread on a LB agar plates

and incubated overnight at 37 °C, 180 rpm.

e [Expression
One colony of the transformation product was picked up and placed into 250 mL
terrific broth (TB, 2.4% yeast, 1.2% tryptone, 0.94% K>HPO4, 0.22% KH2PO4) culture
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media with 0.1 mg/mL ampicillin (same concentration in following medium or plate).
After growing overnight, 100 mL of the above cell solution were transferred into two
4 L TB media with ampicillin and then grew in incubator at 37 °C, 180 rpm along with
detecting OD600 each half hour utilizing a Genova Plus Life Science
Spectrophotometer (Jenway, Staffordshire, United kingdom). When OD600 reached
0.8-1.0, 0.4 mM IPTG was added to induce protein expression and then the cell
solution was cultured in an incubator overnight at 16 °C, 180 rpm. Based on the

plasmid applied, the produced CBM40-Cys contained a Hise-tag at its N-terminal.

e Purification

Cells were harvested via centrifuging for 45 minutes at 6000 x g and then resuspended
in ice-cold phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCI and 10 mM
phosphate buffer solution, pH 7.4). Subsequently, the pellet-free cell solution was
subjected to cell lysis using a disruption system with a pressure of 1.9 kbar. The
disruption product was centrifuged at 35,000 x g for 40 minutes. Given that the
produced CBM40-Cys contained a Hise-tag, the supernatant was then subjected to
metal affinity chromatography utilizing Ni-column (Nickel column, His Trap FF,
5mL) with an AKTA pure protein purification system (GE healthcare, Massachusetts,
United States). In this process, washing buffer was composed of 50 mM NaH2PO4,
300 mM NacCl, 10 mM imidazole, pH 8, and elution buffer was composed of same
components but with 500 mM imidazole. The protein was eluted by 10 column
volumes with an imidazole gradient from 10 to 500 mM. Samples were collected each
2 mL. Fractionations containing the majority of the CBM40-Cys protein were pooled
and subjected to a second purification step, size exclusion chromatography using
superdex 75 column (HiLoad, 26-600) with HBS buffer. Before loading, the protein

elution was concentrated to around 5 mL in approximately 24 mg/ml by a concentrator
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tube with 10 kDa molecular-mass cut-off filter. Then the concentrated protein solution
went through the Superdex 75 column and was collected in fractions of 1 mL. SDS-
PAGE (Mini-protean Tetra cell powered by PowerPacHC High-Current Power Supply
(Bio-Rad, Deeside, United Kingdom)) was performed after each step of the
purification process to analyse the protein content and purity of relevant fractions.
Based on the SDS-PAGE result, fractions that contained most of the CBM40 and were
quite pure were pooled and collected as the final protein product. Since the Hise-tag in
CBMA40-Cys was not close to the interaction site and would not interfere the
interaction with 2°3-SL, it was not cut off. The concentration of the final CBM40-Cys
product was quantified through absorbance analysis at 280 nm wavelength with a
NanoDrop spectrophotometer (Thermo Fisher Scientific, Altrincham, United
Kingdom), using an extinction coefficient of ¢ = 21890 Mt cm™. The final CBM40-

Cys product was aliquot and stored at -80 °C.
The his-tag at the C-terminal of CBM40-Cys was

e Protein stability detection
To analyse the stability of CBM40-Cys, a protein sample was stored at 4 °C for 20
days and then analysed by SDS-PAGE (4-15%) and analytical SEC (Superdex 75

10/300 GL column, PBS buffer) to identify degradation and/or aggregates .

2.2.2.2 Synthesis of the maleimide-norbornene (MAL-NBE) linker

This synthesis was performed by Laia Saltor Nufiez (School of Chemistry, University
of Leeds) and the procedures were detailed in section 2.3.1 in her thesis. (Nunez, 2023)
The outline of the MAL-NBE 1 production is shown in Figure 2.4. The synthesis
included 3 reactions: in the first reaction, NBE-carboxylic acid was condensed with
Boc-ethylenediamine to make an amide. Then, the Boc protective group was removed

by exposure to trifluoroacetic acid (TFA) to produce amine-derivatized Norbornene.
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In the third and last step, the amine-derivatized Norbornene reacted with Maleimide-
PEGe-CO-NHS (ThermoFisher) to produce maleimide-deriviated Norbornene (MAL-

NBE) 1.

Q

0 HCTU, 5
H 1) EA ~_-NHBoc
H + H;N/\/N Boc - N
DCM, 2

room temperature,
overnight
2)
DCM,
TFA | room temperature,
2h

o] 0 0
m/\/I'\IHQ + NHSOWO\/;@NJK/\N
2 ) H o=/
3)
DMF,
TEA | room temperature,
overnight

0O

s

Figure 2.4. Schematic of MAL-NBE linker production. The NBE was first conjugated with
an amine group (steps 1 and 2) and then conjugated with NHS-(PEG)s-MAL (step 3). Boc —
tert-butoxycarbonyl protection group; HCTU - O-(1H-6-Chlorobenzotriazole-1-yI)-1,1,3,3-
tetramethyluronium hexafluorophosphate; NHS - N-Hydroxysuccinimide; TEA -
triethylamine; TFA — trifloroacetic acid; DCM - dichloromethane; DMF -

dimethylformamide.

2.2.2.3 Synthesis of the CBM40-NBE

Cysteine is susceptible to oxidation to form cystine disulfide bonds. Since Cys of
CBMA40-Cys is the functional group to react with maleimide of the MAL-NBE linker,
reduction of CBM40-Cys disulfide in the protein sample would be necessary. Tris(2-
carboxyethyl)phosphine (TCEP) was applied to reduce the disulfide bond between

CBM40-Cys. TCEP was dissolved in ultra-pure water at 10 mM concentration, and
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stored at -20 °C until use. CBM40-Cys and TCEP were mixed at different molar ratios,

1:0, 1:3, 1:9, 1:12, 1:15, 1:18, 1:24, 1:30 and 1:66.

After 20 minutes, the reaction products were analysed by SDS-PAGE with a 4-15%
gradient gel. Firstly, the reaction products were mixed with loading buffer containing
SDS. Then, the samples were heated under 90 °C for 5 min. For comparison, the same
amount of reduction product in each condition was then loaded to the gel (around 9
ug). The gel was run under constant voltage of 150 V until the bromophenol blue dye
reached the bottom edge of the gel case. Next, the gel was washed thoroughly with
ultra-pure water, and stained with Instant Blue for 15 min before de-staining in ultra-

pure water overnight.

To synthesize CBM40-NBE, CBM40-Cys was mixed with MAL-NBE with or without
TCEP. The working concentration of CBM40-Cys was 150 uM. The molar ratios of
CBM40-Cys and MAL-MBE were typically 1:1.5 (or 1:10, 1:20, 1:40 for initial
reaction tests). TCEP was added at a molar ratio of 1 part CBM40-Cys and 66 parts

TCEP in some reaction conditions (as clarified in each reaction set).

MAL-NBE dissolved in DMSO were added to a solution of CBM40-Cys in HBS and
mixed by pipetting. The final concentration of DMSO was adjusted to 5% v/v for all
experiments. The reaction between MAL-NBE and CBM40-Cys was processed in
HBS solution containing 5% DMSO v/v. To allow the DMSO proportion was right in
the final reaction solution, dedicated amount of DMSO was added into CBM40-NBE
before MAL-NBE was added into CBM40-NBE along with mixing with pipette.
MAL-NBE dissolved in DMSO were added into CBM40-Cys dissolved in HBS along
with mixing with pipette tips. The reaction proceeded at room temperature with
shaking at 300 rpm for 30 min, unless otherwise stated. A PD-10 column was used to

remove unreacted MAL-NBE from the protein after the reaction. To this end, the PD-
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10 column was pre-washed with 25 mL of the working buffer, 2.5 mL reaction solution
was loaded onto the column, and 3.5 mL working buffer was subsequently added to
elute the protein. To investigate the time at which MAL-MBE linker was eluted from
the column, the eluates were collected in 7 fractions, (F1-1.5 ml, F2-1 ml, F3-0.5 ml,
F4-0.3 ml, F5-0.2 ml, F6-0.2 ml, F7-0.1 ml) and subjected to mass spectrometry. The
CBMA40-NBE eluates containing no free MAL-NBE were pooled to obtain the final
product. The concentration of CBM40-NBE was determined by UV/vis spectrometry
with its extinction coefficient (21890 M~cm™) and Mw (24496 Da). CBM40-NBE was
further concentrated with a concentrator (MWCO 5 kDa) to attain concentrations

around 5 mg/ml for following reactions.
2.2.3 Preparation of HA-g-(Tetrazine)ps

2.2.3.1 Synthesis of HA-g-(Tetrazine)ps

This synthesis was performed by Laia Saltor Nufiez (School of Chemistry, University
of Leeds) and the procedures were detailed in section 2.2 in her thesis (Nunez, 2023).
HA substituted with tetrazine groups was prepared by reaction of HA with 1-ethyl-3-
[3-dimethylaminopropyl]  carbodiimide  hydrochloride  (EDC) and  N-
hydroxysuccinimide (NHS) in MES buffer (pH 6), Figure 2.5. Concentrations of the
activating agents and Tz amine were adjusted to achieve differing degrees of
substitution (DS) of the polymer. A typical procedure to prepare HA with 5% of its

carboxyl groups substituted:

HA (15 mg; 39.4 umol of carboxyl groups), 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC; 75.6 pumol, 2 eq.) and N-hydroxysuccinimide
(NHS; 113.4 pmol, 3 eq.) in MES buffer (3.75 mL, 100 mM, pH 6.0) was mixed for
30 min. Then, aminobenzyltetrazine 3 (16 mg, 76.5 umol, 2 eq.) was added and the
mixture were gently shaken overnight at room temperature. The mixture was dialysed
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against NaCl solution (7.5 g/L, 24 h); water (24 h) before freeze-drying to obtain a

pink solid.
NH,
OH OH
+ OH o]
oHo 8 MES Buff
- OH NH urrer, EDC-HCI
N= N O:/\ room temperature, NHS
Ns N n overnight
4
N'N““
L
N
H OH
%&ao 0 g
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:& _a
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Figure 2.5. Schematic of HA-g-(Tz)DS production. Conjugation of Tz to HA through the
reaction between the amine on Tz and the carboxylic acids in HA. NHS - N-
hydroxysuccinimide, EDC - 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride,

MES - 2-(N-morpholino)ethanesulfonic acid.

2.2.3.2 Characterization of HA-g-(Tz)ps
e Analysis of solubility
Since HA is hydrophilic and Tz is rather hydrophobic, there was a question of what

the product can be dissolved in. To dissolve HA-g-(Tz)ps materials, different solvents

were investigated:
a) 100% DMSO was added to HA-g-(Tz)os;

b) 100% DMSO was added to HA-g-(Tz)os and the mixture further diluted with ultra-
pure H20 to achieve a DMSO content of 10% v/v;
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¢) 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPSs) was
added to the solution obtained in b) to give a final CHAPs concentrations of 20

mM;

d) Methyl-B-cyclodextrin (m-B-CD) was added to the solution obtained in b) to give

a final m-p-CD concentrations of 1 mM,;

e) m-B-CD was added to the solution obtained in b) to give a final m-B-CD

concentrations of 40 mM.

HA-g-(Tz)os was mixed with the solvents/surfactants listed above at room temperature
overnight. Then, HA-g-(Tz)ps was centrifuged at 6000 x g for 5 min and observe if

there was precipitate.

Preliminary experiments showed that the HA was very soluble in water, but insoluble
in DMSO, whereas the aminobenzyltetrazine reagent was very soluble in DMSO but
insoluble in water. However, once either compound was dissolved in its preferred
solvent, aminobenzyltetrazine dissolved in organic solvent (or HA in aqueous
solvents), adding H.O (or DMSO) to adjust the proportion of DMSO in solvent up to
50% v/v would not precipitate the dissolved material. To dissolve the HA-g-(Tz)ps
combination, a mixture of organic solvent and agueous solution would be a good
option and their volume ratio would be critical for dissolving HA-g-(Tz)ops. Inspired
by this, H2O with 50% v/iv  DMSO was adopted. The mixture was added to HA-g-
(Tz)os with final concentration of 5 mg/ml and then the sample was placed at 21 °C
with mild shaking at 300 rpm. In 3 hours, HA-g-(Tz)ps was dissolved completely and

no precipitation was observed after centrifugation at 5000 rpm for 5 min.

e Analysis of size and size dispersity by size exclusion chromatography — multi-

angle light scattering (SEC-MALS)
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HA-g-(Tz)os was characterized with SEC-MALS. The SEC-MALS featured an
AKTA for SEC and detectors for quasi-elastic light scattering (QELS, also called
dynamic light scattering), static light scattering (LS), and differential refractometry
(DRI). SEC-MALS provided information about the molecular mass, the mass

dispersity (P), and the radius of gyration (Rg), of the polymer samples.

Firstly, HBS buffer was used to equilibrate the KD-806 column (Shodex, Munich,
Germany) and the whole system. Next, 0.1 mL HA-g-(Tz)ps at a concentration of
approximately 2 mg/ml was loaded onto the Shodex KD-806 column using a 0.1 mL
injection loop with flow rate — 0.5 ml/min, column pressure endurance — 2.41 MPa.
The separated samples eluted from the column were then subjected to in-line analysis
by QELS, LS and DRI. The SEC-MALS data were analysed using the ASTRA

software (WYATT technology, California, USA).
e Analysis of Tz concentration in HA-g-(Tz)ps

Since Tz will participate in the reaction with CBM40-NBE, its exact concentration
would be critical to modulate the amount of CBM40 conjugated into HA. The Tz
chromophore absorption of light at 515 nm wavelength provided the opportunity to
quantify the Tz content in HA-g-(Tz)obs, and also to follow the reaction of HA-g-(Tz)ps

with CBM40-NBE.

To this end, a standard curve of the absorbance Asisnm as a function of the Tz
concentration was established with aminobenzyltetrazine (NH2-Benzyl-Tz). As HA-
9-(Tz)3.5-45% (3.5%-4.5% means 3.5 to 4.5 Tz groups were attached on every 100
disaccharides in HA) was dissolved in H.O containing 50% v/v DMSO, the NH>-
Benzyl-Tz used to obtain the standard curve was dissolved in the same solvent

mixture. NH2-Benzyl-Tz in DMSO (17.9 mM) was diluted stepwise to 2.56 mM, 1.28
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mM 0.64 mM 0.32 mM 0.16 mM and 0.08 mM with ultrapure H.O and DMSO, to
achieve 50% v/v DMSO in the final samples. The absorption spectra were measured
using a Nanodrop with a 2 mm light path (to reduce the required sample volume

compared to the standard 1 cm path cuvettes).

2.2.4 Preparation of the HA-g-(CBM40)ps probe

2.2.4.1 HA-g-(CBM40)ps synthesis

CBM40-NBE (in HBS) was mixed with HA-g-(Tz)ps (in H20 with 50% DMSOQO) at a
NBE:Tz molar ratio of 2:1 and HBS was added to make 10% DMSO v/v. The working
concentrations of CBM40-NBE and Tz on HA-g-(Tz)ps were 114 uM and 57 puM,
respectively. The reaction was performed at 21 °C overnight and the reaction was
monitored by measuring Asisnm at selected time points. Asisnm 0f 57 UM HA-g-(TZ)ps
(without CBM40-NBE) in the same solvent was also measured, to control for

undesired degradation of Tz during the reaction time.

When the reaction was accomplished, different methods were tried to purify the
resulting HA-g-(CBM40)ps probe. Firstly, the probe was purified by dialysis (MWCO
50 kDa) in 5L of HBS at 4 °C for 24. Then, an extra ‘dilution-concentration’
purification step was employed in which samples were diluted x-fold and then
concentrated to original volume using a centrifugal concentrator with the MWCO
between the size of the target molecules and the impurities. The higher the dilution of
the samples, the less impurities were left. Here, an extra 20-fold dilution-concentration
purification step using concentrator with MWCO of 100 kDa was applied following
the dialysis purification. To improve the efficiency in purification, the dialysis step
was removed and a higher 200-fold dilution-concentration method was applied, where
the sample was diluted to 200-fold and then was concentrated with 100 kDa

concentrator. The final CBM40-NBE in the samples would be diluted to 200-fold in
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comparison with the un-purified samples. When the sample volume was small, even

higher dilution-concentration of 4000-fold was applied.

2.2.4.2 HA-g-(CBM40)ps characterization

e Solubility

Initially, HA-g-(CBM40)ps probe was produced in PBS buffer at around 1 mg/ml and
stored at -20 °C but substantial precipitation occurred through a freeze-thawing
process. It was found that HA-g-(CBM40)ps probe could be dissolved and stored in

HBS buffer well, with no precipitation found after freeze-thawing.

1.2 mL HA-g-(CBM40)ps was produced following the procedures expressed in
Section 2.4, and 0.6 mL of them was purified by 4000-fold dilution-concentration in
PBS and HBS buffer respectively. The CBM40 concentration of the purified HA-g-
(CBM40)ps was 0.609 mg/ml and 0.612 mg/ml in HBS and PBS buffer, respectively.
Then HA-g-(CBM40)ps samples were stored at -20 °C. In 2 days, frozen HA-g-
(CBM40)ps samples were thawed at 4 °C and centrifuged at 4000 rpm for 5 min to
observe any precipitation. The CBM40 concentration of the HA-g-(CBM40)ps was

determined again and was compared with that before the freeze-thaw.

e Characterization of HA-g-(CBM40)ps by size exclusion chromatography — multi-

angle light scatterings (SEC-MALS)

The purified HA-g-(CBM40)ps was also characterized with SEC-MALS. Firstly, HBS
buffer (10 mM HEPES, 150 mM NaCL, pH 7.4) was applied to equilibrate the KD-
806 column (Shodex, Munich, Germany) and the whole system. Next, .1 mL of HA-
g-(CBM40)ps at approximately 0.5 mg/ml (CBM40 protein concentration) in HBS
buffer was loaded onto Shodex KD-806 column using a 0.1 mL injection loop with

flow rate 0.5 ml/min, column pressure endurance — 2.41 MPa. The UV absorbance
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was detected when the samples eluted from the KD-806 column and the eluates were

then subjected to in-line analysis by QELS, LS and DRI.

The obtained SEC-MALS data were analysed by ASTRA 6.1 software (WYATT,
Cambridge, United Kingdom). The whole peak under LS was included to operate the
analysis, considering all the components in the analytes and getting rid of any bias on
selecting the analysis range. The molar concentration of the analyte can be provided
by the UV signal applying Lambert-Beer law: A = € *1l*c, with A, €, [ and ¢
presenting UV absorbance at 280 nm, extinction coefficient, light pathlength and
molar concentration, respectively. where the extinct coefficient of CBM40 was
calculated with the amino acid sequence by Expasy (Swiss Institute of

Bioinformatics), or by the refractive index signal (n) detected by dRIl: ¢ =

Nanalytes addition " Msolution
dn
dc

n

. . . . . d
considering the refractive index increment ==

c

0.165 cm3/g. (Micale et al., 2015) With the assistance of the molar concentration
obtained above, the molar mass of the analyte can be calculated from the plots of
scattered intensity vs angle provided by MALS detectors. (Zimm, 1948, Wyatt, 1993)
Also, the radius of gyration can be calculated from the slope of the plots. (Zimm, 1948,

Wyatt, 1993)
Analysing the degree of CBM40 substitution in HA-g-(CBM40)ps

The degree of CBM40 substitution in HA-g-(CBM40)ps was obtained through
comparative analysis of the molecular mass data obtained by SEC-MALS for HA-g-

(CBM40)ps and the precursor HA-g-(Tz)ps. The mass of HA-g-(Tz)os is given by

Mya-g-(t2)ps = Mua + mr;, [1]
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where My, is the mass of the original HA chain, and mr, is the total mass added upon
derivatization of the HA chain with Tz. Further, My, = NysMys, With Ny the number
of disaccharides per chain, and Mys = 379 Da the HA disaccharide mass, and my, =
DSt, X NygsMr,, Where DSt, X Nys IS the number of Tz moieties per HA chain and
My, = 169 Da is the added mass per Tz moiety. The average number of disaccharides

per HA chain can be derived from

N = MuA-g—(T2)pg
ds = Mo +DSTaxMry’

[2]

with the average mass of HA-g-(Tz)ps measured by SEC-MALS and the degree of Tz
substitution (DSt,) quantified by NMR.

Analogously, the mass of HA-g-(CBM40)ps is given by

Mya—g—(cBM40)ps = Mua—g—(T2)ps T McBM40: [3]

with Mmecemao = DSCBM4—O X NdSMCBM4O! where MCBM4O = 24.4 kDa is the added

mass per CBMA40 attached to the HA-g-(Tz)ps chain, leading to

N = MHA-g-(CBM40)pg [4]
ds Mqs+DSTzXMT1z+DScBMaoXMcBM4o

Assuming that the HA chains remain intact during the reaction, the degree of CBM40

substitution is defined through Equations [2] and [4] as

[MHA—g—(CBM40)DS —Mua-g-(Tz)pg ](Mds +DSTzXMTZ)

[5]

DS =
CBM40 McBM4oMHA-g—(T2)pg

2.3 Results
In this chapter, HA-g-(CBM40)ps was synthesized by conjugating multiple CBM40
proteins to a HA scaffold with a chemical linker. CBM40-Cys was firstly generated,

and then reacted with MAL-NBE linker. At the same time, Tz groups were conjugated
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to a subset of carboxyl groups on a HA chain. In the end, CBM40 was connected to

the HA chain through the reaction between Tz and NBE.
2.3.1 Production of recombinant CBM40-Cys

To conjugate CBM40 with a chemical linker, a Cys amino acid was introduced at the
C-terminus of wild type CBM40. Site specific mutagenesis was applied to insert the
Cys into the original plasmid containing wild type CBM40. CBM40-Cys was then
expressed in E. coli, and purified by affinity chromatography and size-exclusion

chromatography with Ni-column and Superdex 75 column, respectively.

2.3.1.1 Mutagenesis

The plasmid containing the wild type CBM40 gene was provided by Anne Imberty,
CNRS, France (Figure 2.6A). (Ribeiro et al., 2016a) The CBM40 gene inserted
between restriction sites Sacl and Xhol (marked in brown background in Figure 2.6A),
and its sequence was confirmed by Eurofins Scientific (Wolverhampton, UK). Primers
were designed to insert a Cys at the C-terminus of CBMA40. In Figure 2.6B, the original
sequence is labelled with uppercase letters in black, and the forward and reverse
primers are labelled in red and blue, respectively, with the ‘tgt’ sequence encoding
Cys added to the forward primer. The mutated plasmid containing the CBM40-Cys
gene was produced with these primers. Sequencing demonstrated the success of
mutagenesis, exhibiting a ‘tgt’ codon before the stop codon at the C-terminus of

CBMA40, as displayed in Figure 2.6C.
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Figure 2.6. Production of the plasmid containing the CBM40-Cys gene. A). Structure of
part of the original pET-45b(+) plasmid containing the wild type CBM40 gene, sequenced
with T7 promoter and T7 terminal primers (indicated as start and end) by Eurofins Genomics.
Restriction sites were labelled and numbered with the SnapGene software. The CBMA40 gene
was inserted between the Sacl and Xhol sites, marked in brown background. The blue band
in blue represents the location of the CBM40 gene on the plasmid. B). Primers designed for
producing a new plasmid containing the CBM40-Cys gene. The forward primer, marked in
red, has an extra ‘tgt’ added at the head, and reverse primer is marked in blue. The uppercase
letters in black represent a part of the gene sequence on the original pET-45b(+) plasmid,
including the 20 deoxyribonucleotides at the end of CBMA40 and the following 20
deoxyribonucleotides. The lowercase letters represent the deoxyribonuleotide sequence of the

inserted Cys. C). Sequence alignment of the recombinant pET-45b(+) plasmid with CM40-
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Cys gene. The gene sequence in bold represents the last 20 amino acids of CBMA40, as part of
the reference sequence created in the SnapGene software. The corresponding amino acis are
shown on the top, including the C-terminal cysteine (Cys; highlighted in light blue) and a
translation stop code (asterisk; highlighted in red. The bottom line represents the

corresponding part of the actual sequence of the constructed recombinant plasmid.

2.3.1.2 Expression and purification
The new plasmid containing the CBM40-Cys gene was transformed into BL21 (DE3)
cells for protein expression and the protein produced was purified by affinity and gel-

filtration chromatography.

In immobilised metal affinity chromatography (Ni-NTA agarose), CBM40 could be
eluted completely with 140 to 150 mM imidazole, as presented in Figure 2.7A. 100%
imidazole here means 500 mM imidazole. The SDS-PAGE result of the elution peak
(from 184 mL to 216 ml) showed that CBM40-Cys was the main component of the
elution sample, and that the purity was much better than 50% (Figure 2.7B). A small
amount of disulfide-bonded CBM40 dimer was also formed, as evidenced by a minor
band around 50 kDa, which was present under non-reducing conditions but absent

under reducing conditions.

Selected based on purity, the eluates from 184 mL to 212 mL were pooled for further
purification by size exclusion chromatography with Superdex 75 pg column, which
revealed three smaller peaks (P1-3) at higher molecular weights and one dominant and
well-separated peak (P4) at a lower molecular weight (Figure 2.7C). According to the
calibration curve of the SEC column, the P4 peak was the CBM40-Cys monomer. The
main fractions of P4 (176 mL to 202 ml) were analysed by SDS-PAGE, including

lanes 3 to 12 in Figure 2.7D. All these fractions contained mostly the desired protein.
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Some impurities were though also evident, which were likely of cell disruption
fragments and mainly in the first few fractions collected from 176 mL to 180 ml.
Considering the relative CBM40-Cys concentration (as assessed from the intensity of
the ~25 kDa band) and purity, fractions collected from 178 mL to 202 mL including
lanes 4 to 12 shown in Figure 2.7, were pooled and served as the CBM40-Cys final
product. Approximately 100 mg of CBM40-Cys were obtained with a concentration

of 3.9 mg/ml.

To observe the progress of the purification, the samples obtained after cell disruption
and following each step of purification were analysed by SDS-PAGE (Figure 2.7E).
The samples from cell disruption, Ni-column and SEC were compared. Substantial of
impurities were removed from the protein solution after Ni-column and only minor
impurities being disulfide-bonded dimers and some discrete low molecular mass
species were left in CBM40-Cys solution after SEC. The final CBM40-Cys product

was analysed with Feiji software and a purity of 87% was attained.

For the gels shown in Figure 2.7E, samples were deliberately loaded in excess, such
that even minor impurities could be detected. Complementary analysis of the final
product reduced loading (Figure 2.7F) evidences the dominant presence of CBM40-

Cys as a single defined band.
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Figure 2.7. Representative analysis of CBM40-Cys purification. A) Nickel affinity
chromatography of CBM40-Cys. Conditions: column — HisTrap Fast Flow; wash buffer — 50
mM NaH;PO4-2H,0, 300 mM NacCl, 10 mM imidazole, pH 8; elution buffer — 50 mM
NaH;PO4-2H,0, 300 mM NaCl, 300 mM imidazole, pH 8; volume per fraction — 2 mL. B)
SDS-PAGE (4-15% gel) analysis of the affinity chromatography purification (top — with 5%
v/v B-mercaptoethanol reducing agent, bottom — without reducing agent). Lanes: 1 — after cell
disruption; 2 — sample as loaded; 3-10 — selected eluate fractions from 184 mL to 216 mL

(only every second 2 mL fraction was analysed); 11 — My ladder containing proteins of 10,
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15, 20, 25, 37, 50, 75, 100, 150 and 250 kDa (25 and 50 kDa in a larger amount). C)
Subsequent size exclusion chromatography (SEC). Conditions: column - HiLoad 26/600
Superdex 75 pg; working buffer —-HBS buffer (10 mM HEPES, 150 mM NaCl, pH 7.4);
volume per fraction — 2 ml. Peaks P1 — P3 were identified as aggregates of CBM40-Cys (see
Figure S2.1 in Appendix). Peak P4 was the desired protein, and further analysed. D) SDS-
PAGE analysis of the SEC purification (conditions and display as in B). Samples were
analysed in two gels per condition here shown side by side. Lanes: 1 — My, ladder (as in B); 2
—sample as loaded (eluate fractions from 184 mL to 212 mL in A, including the lanes 3 to 9
shown in B, were pooled and concentrated 5-fold before loading by a concentrator tube with
10 kDa MWCO); 3 - 12 — eluate fractions from 176 mL to 202 mL (all fractions except those
starting at 182 ml, 186 ml, 190 mL are included). Eluates from 178 mL to 202 mL were pooled
as the final CBM40-Cys product, including lane 4 to 12 in D. E). SDS-PAGE analysis of the
pooled protein samples after cell disruption and each step of purification (conditions and
display as in B; 10 pg CBM40-Cys per lane). Lanes: 1 — My ladder; 2 — after cell disruption;
3 — after nickel affinity chromatography; 4 — after SEC. F) SDS-PAGE analysis of the final
CBM40-Cys product (conditions and display as in E; 0.75 ug CBM40-Cys per lane). Lanes:

1 - My ladder; 2 — CBM40-Cys.

Additional analysis of the P1, P2 and P3 peaks by SDS-PAGE (see Figure S1 in
Appendix) revealed that these were also dominated by CBM40-Cys. Most likely, they
were the aggregates of CBM40-Cys formed by the sample concentration before
loading to SEC column. The high concentration in around 24 mg/ml could induced the

substantial aggregation.

2.3.1.3 Protein stability tests
The stability of CBM40-Cys upon storage at 4 °C and -80 °C was investigated in order

to identify the ideal condition for keeping CBM40-Cys in its monomeric form. After
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around 20 days, no major aggregates were evident from SEC analysis (Figure 2.8). A
slight increase in the presence of CBM40-Cys dimer was observable in samples stored
at 4 °C compared to samples stored at -80 °C (Figure 2.8, inset; blue vs. red traces).
These data imply that whilst CBM40-Cys is better stored frozen, the dimerization rate
is slow and CBM40-Cys can be stored or used for a few days at 4 °C without major
disulfide bond formation. Besides, the chromatography result did not show any
additional peaks beyond CBM40-Cys monomer peak, suggesting that there was no

degradation of CBM40-Cys.

S 4°C, 19 days
——-80 °C, 21 days
=) 204
<
E
% 10

5 10 20 30
Volume (mL)

Figure 2.8. Stability of CBM40-Cys upon storage. Analytical SEC of CBM40-Cys samples
stored at 4 °C and -80 °C, respectively, for approximately 20 days (as indicated, with colour
code). The dominant peak in both conditions was the CBM40 monomer, as confirmed based
on a calibration curve established by the Protein Production Facility (Faculty of Biological
Sciences, University of Leeds). A slight CBM40 dimer peak (eluted at 10-11 mL) was
observed for the CBM40-Cys stored at 4 °C (oval inset). Conditions: column - Superdex 75
10/300 GL; working buffer - PBS (10 mM phosphate buffer, 2.7 mM KCl and 137 mM NacCl,

pH 7.4).
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2.3.2 Production of CBM40 with norbornene ligand (CBM40-NBE)

The superselective probe HA-g-(CBM40)ps was producing by connecting multiple
CBMA40 proteins to a hyaluronan chain scaffold. To allow the conjugation of CBM40

on HA, CBM40 was firstly linked with a NBE group.

2.3.2.1 Maleimide-norbornene (MAL-NBE) linker

The MAL-NBE was synthesized by Laia Saltor Nufiez, School of Chemistry,
University of Leeds. The procedure is described in detail in Chapter 2.3.1 in her thesis.
Mass spectrometry revealed a major peak [M+H]'* 667.4 and a minor peak [M+H]?*
334.1, Figure 2.9. The molecular mass of MAL-NBE is 666 Da, and the results are
consistent with the presence of singly (+1 Da) and doubly (+2 Da) protonated versions
of MAL-NBE, confirming success of the synthesis. *H and 3C NMR spectra were

consistent with the target molecule.

[o} H 0 0
N/\/NNO\/)G\N)K/\N
H o Ho ol )

Intens. | +MS, 0.5-0.6min #116-147, -Peak Bkgrnd
x108 |
1+
] 667.44
4<
2] 334.10
o
200 400 600 800 1000 m/z

Figure 2.9. Produced MAL-NBE linker determined by MS. The structure of the MAL-
NBE was illustrated on the top of the figure. The calculated value for [M+H]* is 667.36 kDa.
Condition, sample — 15 pM MAL-NBE dissolved in DMSO, equipment — high resolution

electrospray mass spectra.
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2.3.2.2 Norbornene-derivatisation of CBM40

2.3.2.2.1 Reduction of CBM40-Cys dimer

CBMA40-Cys dimer cannot react with the maleimide-containing linker as no free Cys
is available. To make full use of the CBM40-Cys dimer, the concentration of TCEP
necessary for completely reducing CBM40-Cys was studied. The SDS-PAGE result
of the reduction products are presented in Figure 2.10. As there is only a small amount
of dimer compared to the CBM40-Cys monomer inside the protein sample, large
amounts of the protein samples were loaded to the gel to observe the residual dimer
clearly and loaded samples were identical in each condition. Consequently, the gel
was quite saturated with CBM40-Cys samples, visible as the most rich band around
25 kDa. In lane 2 where the CBM40-Cys stock was presented, a clear narrow band
close to 50 kDa was observed apart from the wide CBM40-Cys monomer band, which
was the CBM40-Cys dimer (theoretical mass 49 kDa). When the concentration of
TCEP increased to the molar ratio of 1:9, the dimer band became clearly weaker, as
exhibited in Figure 2.10. Observed from the intensities of the dimer band, the
reduction effects were not promoted when further increasing TCEP to 1:18, as
indicated in lane 5 to 7. Until the molar ratio reaching 1:24, the dimer band was rather
light and even lighter in molar ratio of 1:30. Eventually, the dimers were
monomerized completely at a molar ratio of 1:66 between CBM40-Cys and TCEP, as
shown in Figure 2.10, indicating that this ratio of protein to reductant would be

sufficient to reduce all the CBM40-Cys dimers.
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Figure 2.10. The residual CBM40-Cys dimer can be reduced to monomers by TCEP.
SDS-PAGE (4-15%) analysis of the effect of TCEP on the CBM40-Cys sample. The molar
CBM40-Cys: TCEP ratios are indicated below the gel. The ratio 1:66 was run on a different

gel, and only one lane is shown here; the full original gels are presented in Figure S2.2.

2.3.2.2.2 CBM40-Cys reacts with MAL-NBE

To find the most efficient reaction conditions for attaching the linker, we investigated
the effects of molar ratio between CBM40-Cys and MAL-NBE reactants, the reducing
reagents and the reaction time on the reaction. The purified reaction products were
determined by Quadrupole Time-of-Flight Mass Spectrometry (Q-TOF MS, Waters,

Netherland).

Firstly, the effect of the molar ratio between Cys and MAL was analysed. CBM40-
Cys (3.67 mg/mL, 150 uM) was mixed with different amount of MAL-NBE with
molar ratio of 1:10, 1:20 and 1:40. The reaction was operated under reducing
conditions with molar ratio between Cys and TCEP of 1:66. at room temperature for
2 hours. The reaction products were determined with Q-TOF MS, as shown in Figure

2.11. As shown in Figure 2.11A, CBM40-Cys exhibited three peaks at 24477 Da,
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24655 Da and 24736 Da respectively. Based on the theoretical mass of CBM40-Cys,
the dominant peak 24477 Da was the CBM40-Cys. The other two peaks with 178 Da
and 258 Da extra upon the dominant peaks, were speculated to be the modification
products of CBM40-Cys by (6-phospho)gluconic acid based on the study of Lanzetti
et al. (Geoghegan et al., 1999) The pattern of three peaks produced from CBM40-Cys
reactant were consistently observed throughout all analysis and they are marked in

blue in all MS results.

When CBM40-Cys was mixed with MAL-NBE in a malor ratio of 1:10, an extra peak
at 25144 Da emerged (marked in red in Figure 2.11B). All the peaks generated from
reaction products are marked in red in the following MS results. The product peak was
consistently 667 Da more in comparison with the three peaks of CBM40-Cys reactant,
which aligned with the mass of the chemical linker, indicating it was the desired
reaction product CBM40-MBE. When the molar quantity of MAL-NBE was increased
to 20-fold or 40-fold of CBM40-Cys, the peak at 25144 Da also increased, indicating
that the reaction yield improved with increasing the MAL-NBE concentration.
Consistent with this finding, a second peak at 25322 emerged, which was 667 Da more
than the side peak 24655 Da and it also presented the CBM40-NBE. However, even
at the highest MAL-NBE concentration, the majority of CBM40-Cys were still
unreacted, implying that the at this concentration of protein, the ratios used are not

sufficient to reach full conversion to product.
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Figure 2.11. Analysis of the NBE-to-CBM40 conjugation by mass spectrometry (MS), in
the presence of TCEP. A) Q-TOF-MS of the CBM40-Cys reactant. B-D) Q-TOF-MS of the
reaction products of CBM40-Cys (24.496 kDa) and Mal-NBE (666 Da). Peaks assigned to the
CBM40-Cys reactant are labelled in blue, and peaks assigned to the reaction product are
labelled in red. Conditions: reaction buffer — PBS (10 mM phosphate buffer, 2.7 mM KCl and
137 mM NacCl, pH 7.4) with 5% v/v DMSO; molar ratio of Cys and TCEP — 1:66; molar ratio
of Cys and MAL - 1:10 (B), 1:20 (C), 1:40 (D); reaction time — 2 h; reaction temperature —

room temperature.

Then, the effect of the reaction time on the reaction between CBM40-Cys and MAL-
NBE was interrogated. The 10-fold (molar ratio) of MAL-NBE and 66-fold of TCEP
were applied relative to CBM40-Cys and to improve the reaction conversion, the

reaction time was extended from 2 hours to 20 hours. Figure 2.12 shows a slight peak
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of the reaction product at 25144 Da, but clearly most of the CBM40-Cys was not
reacted yet. The intensity of the CBM40-NBE peak relative to the CBM40-Cys peak
did not increase compared to a reaction time of 2 hours (Figure 2.11B). This implies
that the reaction time is also not the critical factor to enhance the reaction between

CBMA40-Cys and MAL-NBE.

CBM40-NBE, Cys:Mal=1:10,20 h

100 24477.279
=
24655.480
i 24735.580 25144 .359
0 mass

24300 24700 25100 25500 25900

Figure 2.12. Analysis of the NBE-to-CBM40 conjugation by MS, with extended reaction
time. Data are displayed, and conditions maintained, as in Figure 2.11B, except for the

reaction time, which was extended to 20 h.

We also investigated if the reducing agent was an important factor in the reaction.
Removing TCEP from the reaction mixture but keeping all other reaction conditions
unchanged with a reaction time of 2 hours and Cys:MAL ratios of 1:10 or 20 resulted
in complete reaction without any detectable reactant (Figure 2.13). These data
indicated that TCEP inhibits the reaction between MAL and Cys. For further reactions,
TCEP was therefore removed from the reaction mixture. Given the very low
propensity of CBM40-Cys to form disulfide-bonded dimers as shown in section
2.3.1.3, the use of TCEP could indeed be omitted without the risk of unreactive dimers

being formed.
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Besides the three expected peaks for the reaction products (at 25144 Da, 25322 Da
and 25403 Da), there was a small extra peak at 25811 Da. This was 667 Da more than
the dominant CBM40-NBE peak, which is exactly the size of the linker, indicating
that a side product with two NBE moieties (CBM40-(NBE)2) was produced. The
second NBE likely reacted with the amino group of Cys in CBM40-NBE at a low rate
when MAL-NBE was in large excess. Although the peak was small, and the abundance
of the side product thus likely low, this was a slight concern because the NBE groups
could be involved in the following planned reactions. Therefore, it is preferable to

avoid the side product. To this end, reducing the amount of MAL-NBE linker was

trialled.
CBM40-NBE, Cys:Mal = 1:10 CBM40-NBE, Cys:Mal = 1:20
A 25144.1 B 25144.080
100- 25144.100 100- 8
<] <
25322.240 ' 25322260
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Figure 2.13. Analysis of NBE-to-CBM40 conjugation by MS, in the absence of TCEP.
Data are displayed, and conditions maintained, as in Figure 2.11, except that TCEP was
omitted from the reaction mix. Molar ratios of Cys and Mal were 1:10 (A) and 1:20 (B). The

extra peak marked in black is assigned to a CBM40-(NBE). side product.

To avoid the CBM40-(NBE): side product and also improve the efficiency of the
reaction, the Cys:MAL ratio was reduced to 1:1.5 and the reaction time reduced to 0.5
hours, whilst keeping all other reaction conditions unchanged. Gratifyingly, the
reaction was complete without any detectable CBM40-(NBE), side products under
these conditions (Figure 2.14).
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Figure 2.14. Analysis of NBE-to-CBMA40 conjugation by MS, with optimized molar ratio

of Cys and Mal. Conditions: reaction buffer — PBS with 5% v/v DMSQO; molar ratio of Cys

and MAL - 1:1.5; reaction time — 0.5 h; reaction temperature — room temperature.

In conclusion, this set of assays established a CBM40-Cys concentration of 3.74
mg/ml (153 uM), a CBM40-Cys:Mal-NBE ratio of 1:1.5, a reaction time of 0.5 hours

at room temperature as robust conditions for a complete reaction.

CBMA40-NBE purification. The CBM40-NBE product was purified with a PD-10
desalting column. 3.5 mL of eluate were collected in 7 fractions with volumes of 1.5
ml, 1 mL, 0.5 mL, 0.3 mL, 0.2 mL, 0.2 mL and 0.1 mL, respectively. MS analysis
(Figure 2.15A) detected no free Mal-NBE linker in Fraction 1. In Fraction 2, a small
peak at 689 Da was observed, corresponding to [M+Na]*. This peak increased in
intensity in the following fractions up to Fraction 7 (Figure 2.15C). The protein mass
per fraction was determined by UV/vis absorbance at 280 nm to be 2.4 mg, 3.0 mg,
1.9 mg, 1.0 mg, 0.4 mg, 0.2 mg and 0.05 mg, respectively. Together, fractions 1 and
2 thus comprised 61% of total eluted protein. As the free linker in Fraction 2 was rather
minor, Fractions 1 and 2 were pooled as the CBM40-NBE purification product. The
pooled CBM40-NBE products were further purified by the dilution-concentration

method with 10 kDa concentrator tubes by 2-fold diluting and concentrating, and were
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checked by MS. No detectable free CBM40-NBE was found, as shown in Figure 2.16.
It suggested there was barely any free MAL-NBE present in the CBM40-NBE
products and it assured the purity of CBM40-NBE product. If free linker was still
present, a further diluting-concentrating step can be applied with higher dilution

factor.
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Figure 2.15. Analysis of CBM40-NBE purity by MS. Q-TOFMS was used here to determine
if MAL-NBE remains in the fractions of purified CBM40-NBE. CBM40-NBE was eluted
from a PD-10 desalting column, in 7 fractions of varying volume: F1 - 1.5 ml, F2 - 1 mL, F3
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-05mL,F4-03mL,F5-0.2mL, F6-0.2mL, F7 - 0.1 mL. Spectra of F1, F2 and F7 are

shown in A, B and C, respectively. The peak of free MAL-NBE was marked with red ellipse.
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Figure 2.16. Validation of the purity of the final CBM40-NBE by MS. Q-TOF-MS of the

final MAL-NBE product.

2.3.3 Production and analysis of HA-g-(Tetrazine)ps

2.3.3.1 Synthesis of HA-g-(Tetrazine)ps

HA-g-(Tz)ps was produced by collaborator Laia Saltor Nufiez (School of Chemistry,
University of Leeds), which was detailed in section 2.2 in her thesis. The H NMR
data of the produced HA-g-(Tz)ps is shown in Figure 2.17. Here, the peak for CHs-
CO of GIcNAc in HA was a good reference, with an integration of 3 hydrogens. The
intensity of the signals for Ha of the Tz group and Hu/Hc of the benzyl ring relative to
the signal for the three hydrogens of CHs3-CO was used to quantify the degree of
substitution (DS) of Tz on HA. Specifically, the degree of substitution is equal to the
integrated intensity of Ha, and to half the integrated intensities of Hp and Hc (relative
to CH3-CO). Based on this analysis, the DS of the HA-g-(Tz)ps product shown in

Figure 2.17 was estimated to lie between 3.5% and 4.5%. This is a representative HA-
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g-(Tz)ps of several batches and is one used to produced HA-g-(CBM40)44 applied in

demonstrating superselective binding in Chapter 4.
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Figure 2.17. 1H NMR spectrum of HA-g-(Tz)ps. The expected chemical structure is
displayed as an inset on the left, with HA in blue and benzyl-Tz in black. The peaks
corresponding to protons Ha, Hp, Hc of benzyl-Tz, and the protons in the CH3-CO moiety on
GIcNAC of HA, are explicitly labelled. Integration of CH3 was fixed as 3.00 and the relative
integration of H, and Hy, and Hc to CH3 were displayed under each peak: H, — 0.04; H,— 0.07;
Hc—0.09. *H NMR (500 MHz, D,0): & 10.42-10.3 (m, 0.04 H, H,); 8.55-8.43 (m, 0.07 H, Hy);

7.71-7.55(m, 0.09 H, H.); 2.01 (s, 3H, CH3-CO-NH-) ppm.

2.3.3.2 Analysis of HA-g-(Tetrazine)ps solubility

Lyophilized HA-g-(Tz)ps looked like a puffy pink sponge, the colour generated by the
absorption of Tz group at 515 nm. Various solvents were tested to dissolve HA-g-
(Tz)ps materials: 100% DMSO, 10% v/v DMSO in water, 20 mM CHAPS [3-[(3-

Cholamidopropyl)-dimethylammonio]-1-propanesulfonate] detergent in combination
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with 10% v/v DMSO in water, 1 mM CHAPS in combination with 10% v/v DMSO in
water, 40 mM methyl beta-cyclodextrin (m-b-CD) in combination with 10% v/v
DMSO in water, at room temperature for overnight. Pink precipitation was found in
each samples above after centrifugation and none of above solvents was able to
dissolve HA-g-(Tz)os completely. The difficulty of dissolving HA-g-(Tz)ps is highly
likely because of the different polarity of HA and Tz groups, with hydrophilic and

hydrophobic respectively. A condition to happy both of them is needed.

However, studying the solubility of the HA and NH2-Benzyl-Tz precursors provided
valuable clues. HA dissolved readily in aqueous solvent but not in DMSO. In contrast,
NHz-Benzyl-Tz dissolved readily in DMSO but was barely solubilized in aqueous
solvent. Once dissolved in their pure preferred solvent, HA or NH.-Benzyl-Tz did not
precipitate when the respective solutions where diluted with DMSO and H20,
respectively, to equi-volume mixtures of H.O and DMSO. A solvent of H20 with 50%
viv DMSO was therefore applied to solubilize HA-g-(Tz)ps. In 3 hours it dissolved
completely, exhibiting pink clear solution, Figure 2.18. The solution was viscous due

to the high concentration of HA in around 5 mg/ml.

HA-g-(TZ)ps
dissolved
50% v/v DMSO in 50% v/iv DMSO
in water in water

Figure 2.18. HA-g-(T2)3.5-4.5% is well soluble in H20/DMSO (50/50 v/v) solution.

Photograph of a solution of HA-g-(Tz)35.45% in an Eppendorf tube showing the characteristic
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pink colour of Tz (right) with the solution without HA-g-(Tz)ss.45% (left) as a reference; the
solution is clear, without appreciable turbidity of aggregates. Conditions for dissolution:
solvent - H,O with 50% v/v DMSO; concentration — 5 mg/ml, temperature — 21 °C, shaking -

300 rpm, 3 h.

2.3.3.3 Analysing the biophysical properties of HA-g-(Tz)ps

HA-g-(Tz)ps was characterized with SEC-MALS (Figure 2.19). It incorporated a UV
detector, multi-angle light scattering, dynamic light scattering and a differential
refractometer and gave information of molar mass, hydrodynamic radium and

dispersity.

The weight-averaged molecular mass of the HA reactant that was used to synthesise
HA-g-(TZz)35%-45% was 220 + 9 kDa (Figure 2.19A). Provided that the substitution of
Tz was between 3.5% and 4.5%, and the molar mass of disaccharides and attached Tz
linker were 0.379 kDa and 0.169 kDa, respectively, the molecular mass of HA-g-
(T2)35%-45% should be between 215 kDa and 233 kDa, if the mean length of the HA
backbone remained unchanged. However, the weight-averaged molar mass was
determined as 200 + 3 kDa (Figure 2.19C). That the measured mean molecular mass
is lower suggests that HA chains were somewhat degraded in the production processes.
This was also evidenced by the significantly increased dispersity ©® =1.1 + 0.1 for HA

to ©=1.9 + 0.1 for HA-g-(T2)3.5%-4.5%.

The weight-averaged Rq of HA were determined as 53.7 £ 2.5 nm, while it was 41.2 +
1.6 nm for HA-g-(Tz)3.5%-4.5%. The decreased hydrodynamic size of HA-g-(Tz)3.5%-4.5%
in comparison with HA was likely produced by the hydrophobic interactions among
Tz groups. HA is a hydrophilic polyelectrolyte and tends to form highly swollen

random coils in aqueous solutions. (Kutalkova et al., 2020) The conjugation of
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hydrophobic Tz-Benzyl linker may generated hydrophobic interactions inside a HA

coil and condense the HA chain, leading to shrinkage of the molecules.

An increased molar mass and Rq were observed at late retention volumes, which was
unusual as the molecules of larger size should go through in early elution volumes. To
better analyse the possible causes, it is good to clarify the column information in SEC-
MALS. The Shodex KD-806 column was applied, which is a polymeric mixed-gel
packed column with styrene divinylbenzene as base material and the pore-size-
maximum is 10 kDa. Based on the pore size of the packing, all HA-g-(CBM40)ps
probes should go through the column volume outside the pores. However, the pore
size is fairly good to constrain entry of particles but less so for flexible polymers. HA
is a polymeric chain and in general forms a random coiled structure in aqueous buffer.
It is also possible that a few of the HA chains are transiently in a close-to-linear state
and coincidentally fit into the pores packing. When eluting from the porous materials,
they form the coiled coil structure again before determining by QELS, LS and DRI
and lead to the increased molar mass and Ry at late retention. This cause could also
explain the increased molar mass and Rgat late retention volumes occurred in the SEC-
MALS analysis of other HA-contained structs in the later parts of the thesis. Another
less likely cause could be that a few HA-contained polymers were entangled with the

packing materials and it costed them more time to elute through the column.
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Figure 2.19. Analysis and comparison of the mass and size of HA-g-(T2)35-450 With HA
by SEC-MALS. The light curve spanning across the entire elution volume range represents
the dynamic light scattering response, and is shown without scale. The thicker line under the
peak represents the molar mass (A, C) and the radius of gyration (B, C), respectively. A, B)
SEC-MALS data of HA raw materials applied to produce HA-g-(Tz)s5.45%. The analysis
provided a weight-averaged molar mass of Mw = 220 + 9 kDa and a dispersity D= 1.1 £ 0.1.
The weight-averaged radius of gyration was Rg = 53.7 £ 2.5 nm. C, D) SEC-MALS data of
HA-g-(TZz)ss5-45%. The outcomes provided a weight-averaged molar mass of Mw = 200 + 3
kDa and a dispersity B = 1.9 & 0.1. The weight-averaged radius of gyration was Rg = 41.2 +

1.6 nm.
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2.3.3.4 Analysing the tetrazine concentration in HA-g-(TZ)ps

To make sure all the Tz in HA-g-(Tz)os will be conjugated with CBM40-NBE, the
molar amount of CBM40-NBE should exceed Tz in the reaction. Hence, it is essential
to have idea of the Tz concentration in HA-g-(Tz)ps samples. To quantify the Tz
concentration, the standard curve of Absisym in relation to the concentration of Tz was
produced in the same solvent as HA-g-(Tz)ps, 50% v/v H20 with 50% v/v DMSO. The
UV/vis spectra of NH2-Benzyl-Tz at different concentrations ranging from 0 to 2.56
mM (Figure 2.20A) revealed the absorption maximum to be located at 525 nm, slightly
above the well-known 515 nm in aqueous buffer. (Karver et al., 2011) This shift of
absorption maximum was likely because of the DMSO addition in the surrounding
solution of Tz. Conventional maximum absorption at 515 nm of Tz was obtained with
Tz in aqueous buffer. It suggests that the buffer system could affect the UV/vis
spectrum of Tz. To obtain accurate concentration, it is critical to keep the buffer for

the standard curve the same as the determined samples.

For quantitative analyses, standard curves were established at both peak wavelengths
(Figure 2.20B). Linear fits reproduced the data very well, with relationships A =
0.414 + 0.004 c¢y,/mM at 515 nm, and A = 0.430 + 0.005 cp,/mM at 525 nm. For
practical application, the relationships can be depicted as: c1; = 2.419 + 0.015 mM x

As150m = 2.325 £ 0.027 mM x Aszsnm.

In Figure 2.20A, the UV/vis spectrum of HA-g-(Tz)35.4.5% Was also included (red dash
line), and located inside the concentration range for the standard curve, close to the
spectrum for 0.64 mM Tz. The Absisnm and Abszsnm 0f HA-g-(TZ)3.5.4.5% determined
were 0.242 and 0.250, and the calculated Tz concentrations were 0.585 mM and 0.581
mM respectively. The discrepancy was less than 0.7 %. As a result, the Tz
concentration of HA-g-(Tz)35-4.5% used in this project was determined as 0.583 £+ 0.002
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mM and the Tz concentration of addition batches of HA-g-(Tz)ps could be calculated

using either of the standard curves.

The shape of the peak for HA-g-(Tz)z5.45% looks a bit different from the shape of the
spectrum for Tz alone. This is likely the result of other chemical parts of HA-g-(Tz)3s-
459% also contributing to the absorbance. The baseline was higher for HA-g-(Tz)35-4.5%
compared with that of Tz alone. This leads to an overestimate of the Tz concentration
using the Tz standard. It should be kept in mind when deciding the concentration of

HA-g-(T2)3.5-45% and CBM40-NBE reactants.
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Figure 2.20. Determining the concentration of Tz in HA-g-(Tz)DS by UVMNis
spectroscopy. A standard curve was established with NH»-Benzyl-Tz dissolved in a mixture
of 50% v/v H,0 and 50% v/iv DMSO. A) Absorbance, A, spectra of NH,-Benzyl-Tz in a range
of concentrations cr,, as indicated in the graph (coloured solid lines), and of 5 mg/ml HA-g-
(T2)35-45% in the same solvent (red dash line). B) Absorbance as a function of Tz
concentration, measured at 515 nm (black squares) and at 525 nm (blue circles). Straight lines
in matching colours are fits with straight lines through the origin, giving relationships of A =

0.414 + 0.004 c¢p,/mM at 515 nm, and A = 0.430 + 0.005 c¢,/mM at 525 nm.
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2.3.4 Production and analysis of the HA-g-(CBM40)ps probe

2.3.4.1 HA-g-(CBMA40)ps synthesis

HA-g-(CBM40)ps probe was produced with the CBM40-NBE and HA-g-(Tz)3.5-45%
obtained above. The interaction was conveniently monitored by determining the Tz
reactant left in the reaction solution through its specific absorption at 515 nm. To make
sure the absorbance at 515 nm was contributed exclusively by Tz, the UV/vis spectra
of all reactants were studied, as presented in Figure 2.21. A peak at 515 nm was
uniquely found in NH2-Benzyl-Tz group but not in any of the other reactants or parts
thereof, including CBM40-NBE and HA. Moreover, the reaction product Tz-NBE of
NH2-Benzyl-Tz and MAL-NBE, did not show any absorbance at 515 nm. This

validated spectrophotometry as a useful method to monitor the reaction in real time.
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Figure 2.21. UV/vis controls of reactants in the HA-g-(CBM40)ps probe production.
Absorbance spectra are shown for NH,-Benzyl-Tz — Blue, HA — cyan, CBM40-NBE - orange,
and Tz-NBE (reaction product of NH,-Benzyl-Tz and MAL-NBE under the same reaction
conditions as HA-g-(CBM40)ps production) — purple. Conditions: buffer — PBS (10 mM
phosphate buffer, 2.7 mM KCI and 137 mM NacCl, pH 7.4) with 10% v/iv DMSO for CBM40-
NBE, HA and NHsz-Bhenyl-Tz; ultrapure H.O with 50% DMSO for Tz-NBE for good
solubility. The concentration applied for each compounds listed here were consistent with

their concentrations used in the reactions.
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The UV/vis spectra of the reaction mixture containing HA-g-(Tz)ss-45% and CBM40-
NBE, and the control mixture lacking CBM40-NBE, were obtained at 0 hour, 18 hours
and 20 hours after the start of the reaction (Figure 2.22A and B). At the beginning of
the reaction, the absorption spectra of both mixtures were comparable, with the
expected peak at 515 nm characteristic for unreacted Tz. The absorbance spectrum of
the control mixture did not change appreciably over 20 hours, suggesting Tz was stable
over this time. However, the absorbance peak decreased notably for the reaction
mixture from 0 to 18 hours and no further change when extending the reaction to 20
hours, it indicated that the Tz reacted with NBE and HA-g-(CBM40)ps was formed.

18 hours can be an idea reaction time to produce the probe.
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Figure 2.22. Conjugation of CBM40-NBE to HA-g-(Tz)ps monitored by UV/vis
spectrometry. A) Absorbance spectra at the start of the reaction (0 h - black) and after 18 h
(red) and 20 h (blue). Reaction conditions: concentrations: CBM40-NBE - 114 uM, HA-g-
(TZ)35.45% - 57 uM Tz (2:1 molar ratio of NBE and Tz); buffer - HBS with 10% v/v DMSO;
temperature - 21°C. B) Control absorbance spectra under identical conditions, but in the

absence of CBM40-NBE.
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Since excess CBM40-NBE was applied in HA-g-(CBM40)ps probe production, it was
important to remove all free CBM40-NBE from the probes before their use. The probe
was purified by dialysis or the dilution-concentration method and was then analysed
by SEC-MALS. The determined molar mass and concentration are presented in Figure
2.23A and B, respectively, to indicate the size and proportion of each component

detected in the sample.

In the beginning, HA-g-(CBM40)ps was purified by dialysis in 5 L HBS at 4 °C for
24 hours, and the corresponding SEC-MALS results are shown in green in Figure 2.23.
Two peaks were distinguishable, one near 7 mL and the other near 9 mL, representing
the HA-g-(CBM40)ps polymer and CBM40-NBE, respectively. The CBM40-NBE
dominated in the sample based on the concentration shown in Figure 2.23B. An
additional purification step consisting of a 20-fold dilution followed by concentration
through a spin column with 100 MWCO) reduced the CBMA40-NBE content
substantially but not completely (Figure 2.23, blue lines), with the CBM40-NBE

content remaining comparable to the CBM40 content in the HA-g-(CBM40)ps.

As the dilution-concentration method seemed more efficient in removing the free
CBMA40-NBE, dialysis was removed from the purification processes and replaced with
a more intense dilution and re-concentration procedure. An effective 200-fold dilution
proved sufficient to eliminate virtually all CBM40-NBE (Figure 2.23, pink lines) and

to obtain pure HA-g-(CBM40)ps.
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Figure 2.23. Analysis of purified HA-g-(CBM40)ps probe by SEC-MALS. Produced HA-
g-(CBM40)ps were purified in different conditions: dialysis in 5 L HBS buffer for 24 h at 4
°C (green), with CBM40 final concentration of 0.42 mg/ml; dialysis in 5 L HBS buffer for 24
h, followed by 20-fold dilution and concentration through a spin column (blue), with CBM40
final concentration of 0.54 mg/ml; 200-fold dilution/concentration (pink), with CBM40 final
concentration of 0.51 mg/ml. The light curves spanning across the entire elution volume range
represent the dynamic light scattering response, and are shown without scale. The thicker lines
associated with the peaks (in matching colours) represent the molar mass (A) and the mass

concentration of HA-g-(CBM40)ps (B).

2.3.4.2 Quantifying the degree of CBM40 substitution in HA-g-(CBM40)ps

The produced HA-g-(CBM40)ps probe was characterized by SEC-MALS (Figure
2.24). The average molecular masses determined were My, = 770 = 52 kDa for HA-g-
(CBM40)ps, and 200 + 3 kDa for HA-g-(Tz)3.5-4.5% precursor (Figure 2.19). The mass
increased greatly, suggesting successful conjugation of CBM40 on HA. The CBM40
attachment also increased the weight-averaged Rg of the polymers from 41.2 + 1.6 nm

to 55.5+ 4.7 nm.
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Notably, the dispersity was reduced, from 1.9 + 0.1 before to 1.7 = 0.1 after CBM40
conjugation. If all the Tz of HA-g-(Tz)3s45% were conjugated with CBM40 as
expected, the polypersity of the HA-g-(CBM40)ps product was expected to slightly
increase in comparison to the HA-g-(Tz)35-4.5% due to possible random distribution of
CBMA40 on HA. The unexpected reduction in dispersity of the probe was likely due to
the purification of the probe with the concentrator tube of 100 kDa cut-off, which

removed probes at the lower end of the mass spectrum.

Based on the My values of HA-g-(CBM40)ps (770 = 52 kDa) and HA-g-(Tz)ps (200

+ 3 kDa), the CBM40 substitution (DS) can be calculated as described in detail in the

. MyaA-g-(CBM40)ps ~MHA-g—(T (Mgs+DSTzXMTZ)
Methods section 2.4.2: DScgmao _ [Ma-g-comaons a-yps |(Mas+DSraxMs ,

McBM40MHA-g—(T2)ps

with molecular weights of the HA disaccharide, Mys = 379 Da, the Tz linker, My, =
169 Da, and CBM40-NBE, Mcgmao-npe = 25.134 Da, and DSy, = 4.0 + 0.5 %.
Based on these values, and assuming that the purification had a negligible effect on
the weight-averaged molecular mass of HA-g-(CBM40)ps, the degee of substitution
with CBM40 can be estimated at DScgmao = 4.3 £ 0.1 %. Every 100 disacchrides of
a HA chain contained approximately 4.3 CBM40. The substitution of the CBM40 on
probe was revealed to be comparable with the substitution of Tz on HA-g-(Tz)ps start
reactants, providing confidence that all Tz were completely reacted with CBM40-

NBE.

103



200.0

}—‘
[=]
=
Y
[=]
]
g Ly

-

00.0

Y
[=]
b3

=
[=]

80.04
70.04
60.07
50.0

Molar Mass (g/mol
Radius of Gyration (nm)
3
(=]

6
1.010 7

40.04

.
1.0:10 -

T T T T T T
60 7.0 80 9.0 6.0 7.0 2.0 9.0
volume (mL) volume (mL)

Figure 2.24. The SEC-MALS results of HA-g-(CBM40)..39 product. A) Molar mass vs.
elution volume of HA-g-(CBM40)ps; B) the radius of gyration vs. elution volume of HA-g-
(CBM40)43%. The weight-averaged molar mass obtained was 770 + 52 kDa. The weight-
averaged radius of gyration was 55.5 = 4.7 nm. The mass dispersity was 1.7 + 0.1 for HA-g-

(CBMA40)4.3%.

2.4 Discussion
The HA-g-(CBM40)ps probe was successfully constructed through attaching multiple
CBMA40 lectins into HA by chemical linkers. The method for attaching CBM40 lectins

to HA was created and the way to character produced probe was also developed.
Significance

The HA-g-(CBM40)ps probes generated provide material to support demonstration of
the superselective recognition of gangliosides. Chapter 4 will describe experiments to
measure the binding interactions of the probe on surface containing different densities
of gangliosides and to allow us to investigate the superselective binding of the probe.
Once the superselective binding of HA-g-(CBM40)ps probes have been demonstrated,
they could be tuned and applied to specifically bind to tumour cells with high density

of target gangliosides.

104



The methodology established to conjugate CBM40 to HA is applicable for other
lectins. A Cys can be introduced into the C-terminus or N-terminus of any type of
lectins, provided that it will not disturb the interactions of the lectins with target
glycans. Then the same chemical linkers could be applied for attaching the lectins to
HA chain to produce the HA-g-(lectins)ps probe. For instance, Wisteria floribunda
agglutinin (WFA) lectins could be employed to produce HA-g-(WFA)ps using the
methodology described above. WFA preferentially binds to LacdiNAc (GalNAc-
B(1,4)-GlcNAc) but with low affinity of Kq = 5.45 pM. (Haji-Ghassemi et al., 2016)
Given that LacdiNAc has been found to be overexpressed in various human cancers,
including breast, lung, ovarian, and colon cancers, HA-g-(WFA)ps could potentially
be tuned and applied to specifically recognize cancer cells listed above through their
elevated LacdiNAc expression (Kitamura et al., 2003, Soga et al., 2013, Machado et

al., 2011, Huang et al., 2007).
Limitations
a. Adjustment of the substitution of CBM40 on HA

The methods to deliberately adjust the substitution of CBM40 on HA have not been
developed yet. There are several potential ways to perform those adjustment,
including: a) modulating the Tz substitution on HA-g-(Tz)ps and reacting all Tz with
CBMA40-NBE; b) applying free norbornene to compete for Tz with CBM40-NBE to

control the amount of CBM40-NBE that will be attached on HA.
b. The issue of chain breakage of HA

HA was employed as the scaffold to construct multivalent probe. As described in the
introduction sections, it indeed possesses quite a few benefits: validated bio-safety,

conformational flexibility and easy accesses for multivalent modification. Its role as a
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scaffold in superselective probe also has been tested by Dubacheva et al. (2014).
However, its drawback was found when working with HA in this project: the fragility
of HA. Breakage of the chain was observed when synthesizing HA-g-(Tz)ps with HA
raw materials. It would produce HA-g-(Tz)ps of high mass dispersity and subsequently
bequeath it to HA-g-(CBM40)ps. The chain size of HA-g-(CBM40)ps probe is likely
to affect superselective recognition, as the amount of CBM40 attached on one HA
chain will be varied with the chain length and consequently vary the avidity of the

probe to the target GM3-containing SLBs.

However, there was no further evidence for chain clevage in synthesizing HA-g-
(CBM40)ps from HA-g-(Tz)os. Here, we characterized HA-g-(Tz)os and applied its
parameters to further analyse the HA-g-(CBM40)ps probe produced rather than using
the parameters of the HA raw materials, circumventing the changed size of HA chain
in HA-g-(Tz)os production. So we could perform relatively accurate characterization
of HA-g-(CBM40)ps. The HA fragility should be kept in mind in any further operation

with the superselective probe and strong mechanical forces should be avoided.
c. Limitation of current SEC-MALS characterization

SEC-MALS can provide accurate information of molar mass, radius of gyration and
mass dispersity, which helped us to understand the physical properties of the probe.
However, it is hard to separate HA-g-(CBM40)ps (or HA-g-(Tz)ps polymers) in
different sizes and all the analyses were performed considering all the polymers
constructs inside a sample. Consequently, the properties attained were the mean of all
the polymer components in the sample. In the case where the samples are of single
component or of high homogeneity, the mean properties provided by the SEC-MALS
could be accurate. When the sample is of high dispersity, the average could still be

representative of the whole sample if the properties of the molecules in the sample
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follow a normal distribution, but if the molecules follow a bimodal distribution, for

example, then the average may not be a reliable description of the whole sample.

The mass dispersity of HA-g-(Tz)ps was 1.9 + 0.1 and better dispersity of 1.7 + 0.1
was found in HA-g-(CBM40)ps, which may have resulted from the removal of
components below 100 kDa in the purification step. The size distributions for both
types of polymers were of normal distribution, indicating the mean properties attained
could be representative. However, a few bigger polymers were found far away from
the normal distribution and they are likely to introduce big errors in the mean
parameters. Consequently, the CBM40 substitution on HA could be not accurate,
which was calculated based on the measured molar mass of HA-g-(CBM40)ps. In
order to obtained fairly accurate physical parameters of HA-g-(Tz)ps and HA-g-
(CBM40)ps, a purification step before characterizing with SEC-MALS would be ideal.
The purification of the polymers can be conducted also using SEC-MALS, where
homogeneous HA-g-(Tz)os eluates can be collected. If HA-g-(CBM40)ps can be
produced with homogenous HA-g-(Tz)os and then purified with SEC-MALS, HA-g-
(CBM40)ps could eventually be generated in high homogeneity. It will help to reliably
calculate CBMA40 substitution on HA and more importantly it will provide high quality

HA-g-(CBM40)ps probe for following binding experiments.
Lectin conjugation achieved at Cys sites

CBMA40 was conjugated to HA in quite a few steps, including the insertion of Cys, the
conjugation with a MAL-NBE linker, and the reaction with HA-g-(Tz)ps. Cys is the
least frequent canonical amino acid, and thus attractive to minimise the possibility for
non-specific conjugation. It worked well for CBM40, due to the absence of Cys in the

CBM40 sequence. Its quick reaction with maleimide in general physiological
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conditions simplified the reaction controls. This method can be easily applied to other

lectins containing no Cys to produce lectin-Cys for conjugating chemical linkers.

Apart from its advantages presented above, there is still a drawback for applying Cys
in CBM40. As Cys can react with itself to form a disulfide bond, CBM40-Cys dimer
was generated in the CBM40-Cys products. While disulfide formation can be
eliminated with a reducing agent TCEP, this also dramatically reduced the reaction of
Cys with maleimide, which was not expected. Hence, TCEP was removed to maintain
high reaction rates. Given that the amount of dimer formed by CBM40-Cys remained
minor and the chance for CBM40-Cys to react with MAL is substantially low
compared to the relatively high CBM40-NBE, its presence could be considered as

negligible.

Why TCEP could have so dramatic influences on the binding between maleimide and
Cys? TCEP has stood out from other thiol-containing reducing agents, benefiting from
its relative stability toward aerial oxidation, less interruption with thio-involved
conjugation and non-volatility (Kantner et al., 2017, Wang et al., 2016, Blais et al.,
2010). It has been reported that TCEP is compatible with maleimide and the presence
of TCEP would not interfere the thiol-maleimide reaction (Visser et al., 2004, Percher
et al., 2016, Du and Stenzel, 2014). However, some recent studies have revealed that
TCEP could react with maleimide instead and that the formed ylide/ylene products are
stable under physiological conditions (Henkel et al., 2016, Kantner and Watts, 2016).
This may explain why the conjugation of MAL-NBE was hampered in the presence

of TCEP.

When higher susceptibility of forming disulfide bond is found for a lectin-Cys, TCEP
can be removed prior to conjugation reactions of lectin-Cys with maleimide-

containing linkers. The removal of TCEP could be achieved with various methods,
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such as dialysis, gel filtration chromatography. Or, the TCEP could be selectively
oxidised by a Staudinger reaction with azidobenzoic acid before maleimide

conjugation, as reported by Henkel et al. (2016).

2.5 Conclusions

The methodology to construct probes with the potential to achieve superselective
binding, was generated in this chapter allowing the HA-g-(CBM40)ps probe to be
constructed successfully. The methodology to calculate the substitution of the CBM40
conjugated on HA chain has also been developed and an average of 3.5 to 4.5 CBM40
was revealed to be attached per 100 disaccharide units on each HA chain. The HA-g-
(CBM40)35.4.5% produced provided material fundamental for the interrogation of its
superselective binding in the following chapters. The methodology for producing HA-
based probe developed here, could be applied to produce HA-g-(lectins)ps with other
types of lectins in order to achieve the recognition of various glycans. The use of TCEP
may need to be varied depending on the property of lectin-Cys, but if required, there
are corresponding solutions to allow its compatibility with maleimide-Cys
conjugation. In conclusion, we developed transferrable methods to produce and
characterize multivalent HA-g-(lectins)ps probe with potential superselective

recognition on target glycans.
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Chapter 3. A cell surface model presenting gangliosides at

guantitatively tuneable surface densities
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3.1 Introduction

Gangliosides are an important class of glycolipids, and essential components of animal
cell membranes (Yu et al., 2011, Lopez and Schnaar, 2009). They are associated with
cell-cell recognition, cell adhesion and signal transduction and their aberrant
expression were frequently observed on cancer cells. Importantly, cell surface
recognition via gangliosides is regulated not only by the ganglioside type but also by
the ganglioside surface density. The density-dependent ganglioside recognition is, at
least in some and quite likely in all instances, due to the multivalency of the protein
binding partners. All antibodies and most lectins are oligomers that present multiple
glycan binding sites, and the ‘cluster glycoside effect’ describes the remarkable gains
in affinity that can be achieved through multivalent interactions between protein and
glycoconjugates. Whilst the degree of affinity enhancement is defined by a complex
interplay of many factors, it is becoming increasingly clear that multivalency also
enhances the selectivity of binding. In particular, multivalent probes are able to sharply
discriminate high from low receptor densities (an effect termed ‘superselective’
recognition) (Curk et al., 2018, Martinez-Veracoechea and Frenkel, 2011, Dubacheva

etal., 2014).

However, the mechanisms behind the enhanced affinity and selectivity through
multivalent interactions with gangliosides are only partially understood. Here, a cell
surface model presenting gangliosides with tuneable surface densities was established

to investigate the ganglioside-density dependent binding.

Supported lipid bilayers (SLBs), attractive and popular cell membrane models, were
applied to produce the cell surface model. They recapitulate the two-dimensional
organization of lipids in the cell membrane. They also allow for lipids to diffuse and

rotate within each of the two membrane leaflets, and (at a typically much lower rate)
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to transit between the membrane leaflets (Simonsson and H66k, 2012). The
confinement of SLBs to a solid support enables the application of surface sensitive
techniques, e.g., to facilitate quantitative interaction analyses. SLBs are formed with
relative ease, i.e., in a one-step procedure by the method of spontaneous vesicle
binding, spreading and coalescence on solid supports such as glass or silica (Richter
et al., 2003). Crucially, the composition of vesicles can be readily tuned by the mix of
lipids from which they are made, and it is quite commonly assumed that the lipid
composition in an SLB is comparable to the lipid composition of the vesicles from
which it is made (Rydell et al., 2009, Berselli et al., 2020). However, several studies
have highlighted that differential interactions between lipids and the solid support
promote changes in membrane composition, including an asymmetric distribution of
certain lipid types between the two SLB leaflets (Carton et al., 2010b, Richter et al.,
2005b, Richter et al., 2005a). Besides, the content of a given lipid (such as a
ganglioside) in vesicles is typically controlled by its molar fraction in the total lipid
content, and it is non-trivial to translate molar fractions into surface densities because
the surface area per lipid in the SLB is only approximately known. Methods are
therefore needed to directly quantify the surface density of gangliosides that is

available for interactions in the solution-facing SLB leaflet.

In the present study, we present a method to quantify the ganglioside surface density
in the solution-facing SLB leaflet. This method is based on quantitative binding assays
with a monovalent glycan-binding protein by quartz crystal microbalance with

dissipation monitoring (QCM-D) and spectroscopic ellipsometry (SE).

QCM-D was used to monitor the formation of supported lipid bilayers (SLBs) and
roughly quantify the ligand binding on SLBs. QCM-D has been widely used to study

soft and solvated interfaces between flowing liquids and solid surfaces and it can
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provide valuable structural and functional information of the interface (Tsortos et al.,
2008, Olofsson et al., 2005, Tellechea et al., 2009, Takahashi et al., 2008, Steinmetz
et al., 2008). There are several reasons why QCM-D has become popular on studying
soft and solvated interfaces: 1) it allows to work in liquid, 2) it allows in situ detection
of changes happening on the interfaces in real time, 3) no labelling of the samples is
required, and 4) parallel experiments are feasible (with 4 or 8 channels in
commercially available equipment) (H60k et al., 2001, Domack et al., 1997, Keller

and Kasemo, 1998, Carton et al., 2010a).

QCM-D is an acoustic technique, where oscillatory alternating voltage is applied to
QCM-D sensor crystal leading to a cyclic deformation of the crystal and mechanical
resonance. When the applied voltage is removed, the resonance decays and from the
decay curve the resonance frequency (f) and energy dissipation (D) can be extracted.
(G., 1946) The frequency and dissipation shifts can signal the change of viscosity and

density of the adsorbate (Talib et al., 2006). Using the Sauerbrey equation: m = —C =
%(i - overtone order, C - mass sensitivity constant, 18 ng/cm?/Hz for overtone 5 ).

The areal mass density of the bound organic layer can be attained. It should be kept in
mind that the areal mass density sensed by QCM-D includes the solvent trapped inside
the organic adsorbate film. This means that the QCM-D frequency shift upon binding
of molecules to an SLBs is only in part due to the bound molecules and to some
significant extent (that depends on the surface coverage) also contributed by ambient
buffer that is hydrodynamically trapped between the bound molecules. This imposes

limitations to the use of QCM-D to the analysis of ligand surface densities.

SE was here used to quantify the surface density of bound ligands (Dubacheva et al.,
2015, Dubacheva et al., 2019). SE is a powerful tool for quantitative analysis on the

solid-liquid interface (Bergstrom et al., 1999, Hilfiker and Tompkins, 2016). It shows
113



similar advantages as QCM-D, including the abilities to operate in liquid, monitor

binding processes in situ and label-free.

SE is an optical technique and can measure the polarized light. The polarized light
travels in a certain path and presents distinct shapes at given point. It can be described
as two components p- and s- that are orthogonal to the light traveling direction, and
the change of the light polarization can be reflected by the relative phase change of p-
and s- components (Azzam and Bashara, 1987). Here, we quantified the absorbed
samples on the interface by monitoring the polarization change of the incident light
reflected on the surface. The relative changes of p- and s- components to each other

are measured, and the ellipsometric angles A and ¥ are obtained to reflect these

changes, p = 2—2 = tan (y)e'*(i — different interfaces) (Woollam et al., 2001, Jackson
and Levitt, 1962). As the relative changes of p- and s- components of the incident light
reflected on the interface are depending on the refractive index (n) and the thickness
(d) of the biomolecular film (for example) formed at the interface, quantitative
information of n and d can be obtained by numerical fitting of the measured A and ¥
parameters (De Feijter et al., 1978, Richter et al., 2018a). According to De Feijter’s
equation, the areal mass density of bounds ligands can then be calculated based on the

information of An ( between ambient solution and bound ligands) and d (Richter et al.,

2018Db). The fitting and calculation were detailed in method section.

SE possesses a merit, compared to QCM-D, that the areal mass density measured by
SE is only contributed by the bounds ligands without influence from surrounding

solvent. SE thus enables quantitative analysis of ligand surface densities.

To demonstrate our approach, | used GM3 (the simplest ganglioside) as model target

lipid (Figure 3.1, right). GM3 is the biosynthetic precursor of all other complex
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gangliosides excluding GM4, where extra sugar residues are attached to the glycan
head, and it is widely distributed in normal healthy cells and has been discovered
overexpressed on tumour cells (Harada et al., 1989, Prinetti et al., 2010, Gu et al.,
2008). Carbohydrate binding domain 40 (CBM40) from C. perfringens was employed
as a molecular probe to detect gangliosides in SLBs. Unlike many lectins, CBM40 is
a monomer with a single glycan binding site (Figure 1, left), which makes it ideally
suited for the purposes of the present study. CBM40 recognizes the sialic acid (SA)-
galactose (Gal) disaccharide in o(2,3”)-sialyl-lactose (3’-SL), which is the glycan head
of GMa3. The affinity of CBM40 for soluble 3°-SL was found to be K¢ =14.4 uM by
isothermal titration calorimetry (ITC), or 30 uM by surface plasmon resonance (SPR).
(Ribeiro et al., 2016a) Since 3°-SL can be found in the glycan head of all gangliosides,
CBMA40 could be used as a reporter for all other gangliosides, even if the binding
affinity is expected to be lowered by the extra sugar residues in the more complex

gangliosides based on the glycan arrays results of CBM40 (Ribeiro et al., 2016a).

1 nm

1 nm CBM40

Figure 3.1. Model membrane components and ganglioside binding lectin. The structures
of the model membrane components — ganglioside GM3, and phospholipid DOPC — are
illustrated (right). The carbohydrate part of GM3, a(2,3”)-sialyl-lactose (3’-SL) is also part of

other gangliosides such as GM1. Carbohydrate binding module 40 (CBM40) from C.
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perfringens binds the sialic acid (SA) and galactose (Gal) monosaccharides (highlighted with
coloured O and N atoms, and a dashed square in GM3) of 3’-SL. The structure of CBM40
(ribbon representation) in complex with the SA-Gal disaccharide (stick representation) is
shown (left; PDB code 5FRE) and the amino acids involved in complex formation are

highlighted in yellow (the rest of CBM40 is shown in green) (Ribeiro et al., 2016a).

3.2 Materials and methods

3.2.1 Materials

A pET-45b(+) plasmid containing the CBM40 gene was kindly provided by Anne
Imberty (Grenoble, France). BL21 (DE3) E. coli cells were purchased from New
England BioLab (Hertfordshire, UK). 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), and GM1 and GM3 gangliosides, were purchased from Avanti Polar Lipids
(Alabama, USA). CaCl> was purchased from GB Biosciences (Houston, USA).
Imidazole, PBS tablets, HEPES, NaCl and all other reagents were purchased from

Sigma-Aldrich (Dorset, UK).
3.2.2 Preparation of small unilamellar vesicles (SUVs)

Powders of DOPC, GM1 and GM3 lipids were dissolved in organic solvent (a 2:1 (v/v)
mixture of chloroform and methanol). GM3 and DOPC solutions were mixed in a
clean glass vial at a series of molar ratios (0.1:99.9, 0.2:99.8, 0.4:99.6, 0.8:99.2, 1:99
and 2:98), and dried under a flow of N2 gas whilst rotating until a thin lipid film had
formed on the vial walls. DOPC and GM1 solutions were mixed at a molar ratio of
2:98. Produced lipid films were further dried in vacuum for 1 h. Lipids were re-
suspended in working buffer (HBS: 10 mM HEPES, pH 7.4 and 150 mM NaCl) at 2
mg/ml. The lipid solutions were subjected to 5 cycles of brief vortexing, freezing and

thawing, for homogenization of the lipid aggregates. SUVs were formed by sonicating
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the homogenized lipid solution on ice water with a tip sonicator (Fisher Scientific,
USA,; settings: 70% power, duty cycle of 1 s on and 1 s off, 15 min). Sonicated
solutions were centrifuged at 12,100 x g for 10 min to remove titanium debris from
the sonicator tip, and the clear supernatant containing SUVs was stored at 4 °C, for up

to 12 months, until use (Richter et al., 2003).

3.2.3 Expression and purification of CBM40

The expression and purification of CBM40 went through the same procedures for
CBMA40-Cys production as detailed in Section 2.2.2.1. The recombinant pET-45b(+)-
CBMA40 plasmid was described previously. It contained the CBM40 gene, inserted
after the gene for a Hiss oligopeptide, and conferred ampicillin resistance. (Ribeiro et
al., 2016a) The plasmid was transfected into E. coli BL21 bacteria for expression.
Transfected cells were cultured in terrific broth (TB) with ampicillin under shaking at
180 rpm and 37 °C. When ODsgoo (detected by a Genova Plus Life Science
Spectrophotometer; Jenway, Staffordshire, UK) had reached 0.8-1.0, protein expression
was induced with 0.4 mM isopropyl p-D-1-thiogalactopyranoside (IPTG) and left to
proceed overnight. Cells were harvested by centrifugation at 4300 x g for 45 min at 4
°C, followed by cell disruption using the Emulsiflex C3 Homogenizer (Avestin,
Ottawa, Canada). The collected suspension was subjected to an affinity column (5 ml
His Trap FF; Sigma-Aldrich) and eluates were further purified by size exclusion
chromatography (Superdex 75 Hiload 16/600; Sigma-Aldrich).

3.2.4 Quartz crystal microbalance with dissipation (QCM-D) analyses of surface

functionalization and binding processes

QCM-D was used to monitor supported lipid bilayer (SLB) formation and lectin
binding. Silica-coated QCM-D sensors (QSX303; Biolin Scientific, Véstra Frolunda,

Sweden) were used as substrates. The sensors were cleaned by immersion in 2% (w/v)
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SDS solution for 30 min, followed by rinsing with ultrapure water, and blow-drying
with N2 gas. Before use, sensors were exposed to UV/ozone (UV/Ozone ProCleaner
Plus, Bioforce Nanosciences Holdings, Ames, United States) for 30 min. QCM-D
measurements were performed at 23 °C working temperature with a Q-Sense E4
system equipped with four Q-Sense Flow Modules (Biolin Scientific) in flow mode

(20 uL/min).

50 pg/ml SUVs solution prepared in HBS were applied to the sensors under flow.
When the frequency and dissipation signals were in equilibrium, formed SLBs were
rinsed with HBS for 10 minutes. Then, 100 pug/ml CBM40 protein solution was
injected to the system under flow. After 10 minutes incubation, HBS was applied to
rinse the surfaces. During the experiment, frequency and dissipation shifts were
recorded at multiple overtones i = 3, 5, 7, 9, 11 and 13 (corresponding to resonance
frequencies of approximately 15, 25, 35, 45, 55 and 65 MHz) and the fundamental
resonance frequency (~5 MHz). Dissipation shifts, AD, and normalized frequency
shifts, AF = Afj/j, for j = 5 are presented. All other overtones gave qualitatively similar
results. The thickness of SLBs containing gangliosides (including the solvated glycan

heads) was estimated using a modified Sauerbrey equation, d = —CAF /p (AF —

%normalized frequency shift) , with a mass sensitivity constant C = 18.0

ng/cm?/Hz for overtone 5, and a density p = 1.0 g/cm®. (Sackmann, 1996, Cho et al.,

2010)
3.2.5 Spectroscopic ellipsometry (SE) analyses of lectin binding

SE was used to monitor and quantify CBM40 binding to SLBs, and to quantify lectin
surface densities. Pieces of silicon wafer with a native oxide coating were employed

as the substrate. The wafer pieces were cleaned in the same way as QCM-D sensors
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(see Section 2.4). In situ SE measurements were carried out with a spectroscopic
rotating compensator ellipsometer with horizontal light incidence (M2000V; J. A.
Woollam, Lincoln, NE, USA) and a custom-made open cuvette (Dubacheva et al.,
2019) (sample volume =~ 110 ul) equipped with a magnetic stirrer for liquid
homogenization, and tubings for solution exchange. SLBs were formed from SUVs; a
small volume of concentrated SUVs (2 mg/mL) was injected directly into the cuvette
filled with buffer (10 mM HEPES, pH 7.4 and 150 mM NaCl) and the solution
homogenized by continuous stirring to a final concentration of 50 ug/ml. Following
SLB formation, excess SUVs were removed by rinsing of the cuvette content in buffer
under flow (0.5 ml/min) and stirring. CBM40 was titrated in multiple steps of
increasing concentrations; at the beginning of each titration step, concentrated protein
was injected directly into the cuvette to reach the desired final concentration; the
solution was homogenized by stirring for 2 min, and the stirrer was turned off for the
remainder of the incubation step to avoid potential damage to the protein by

mechanical shearing of the proteins between the stirrer and the cuvette base.

The ellipsometric angles A and W were acquired over a wavelength range A = 380 -
1000 nm, at an angle of incidence of 70 degrees and a time resolution of 5 - 10 s, as
described in detail previously (Dubacheva et al., 2019). Data were fitted with a
multilayer optical model using the software CompleteEASE (J. A. Woollam), to
quantify the CBM40 surface density. Briefly, the multilayer model consisted of a
silicon substrate, a SiO2 layer, a biomolecular layer (bml; comprising the SLB and
bound CBM40) and the ambient solution (sol). Tabulated data (provided by J. A.
Woollam) were used for the optical properties of the silicon substrate. The two added
layers were modelled as transparent Cauchy layers, with thickness d and wavelength-

dependent refractive index n(1) = A + B/A2%. The ambient solution was modelled as
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a semi-infinite Cauchy layer, with Ag,; = 1.325 and Bg,; = 0.00322. (Carton et al.,
2010a, Dubacheva et al., 2017a) In the first step of modelling, the optical properties
of the SiO> layer were determined from data obtained prior to the formation of a
biomolecular layer. dg;o,, Asio, and the offset Ao from the nominal angle of
incidence (Aol = 70 degrees) were treated as adjustable parameters, and Bg;o, =
0.01591 was fixed. In the second step of modelling, the optical properties of the
biomolecular layer were determined. dsio,, Asio, and Ax, Were kept fixed at the
best-fit value obtained in the first step, and Ay, = 1.4 and By, = Bgo) = 0.00322
were also fixed, leaving domi as the sole adjustable fit parameter. This procedure is
identical to previous reports (Dubacheva et al., 2017b), with the exception that domi
was the only adjustable parameter whereas in previous reports Ay, and domi Were
adjustable. The new methods improved the robustness of the fit, and we verified that
both methods provided comparable areal mass density values for lipid/protein films of

a few nm in thickness (as studied here).

The time-resolved areal mass density of CBM40 was determined according to De

Feijter’s equation (Richter et al., 2018b), as m=
[ds1.B+cBMa0(t) — dsie] (Apmi —Asol)/j—:, with a refractive index increment j—: =

0.18 cm3/g for proteins; (Barer and Joseph, 1954, Wen et al., 1996, Wen and
Arakawa, 2000) dgi g and dsigicemao(t) here represent the thickness of the
biomolecular layer measured for the SLB, and during CBMA40 incubation,
respectively. From the areal mass density, the molar surface density of CBM40 was

derived as T' = m/Myy, with a molecular mass My, = 24.4 kDa.

The equilibrium CBM40 surface density (I'eq) Was determined by averaging I' over the

last 1 min of each titration step (i.e., where the binding equilibrium was typically
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reached). The Langmuir isotherm Iyq = [ax ¢/ (Kq + ¢), with ¢ the injected CBM40
concentration, was used to quantify the maximal surface density of CBM40 (I,,,x) and

the dissociation constant Kj;.
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3.3 Results

3.3.1 Construction of supported lipid bilayers (SLBs) presenting gangliosides

Figure 3.1 shows the lipids and protein used in this study. SLBs containing ganglioside
GM3 were formed from small unilamellar vesicles (SUVs) by the method of vesicle
spreading on silica surfaces. The glycolipid content in the SLB was modulated by
varying the molar ratio of GM3 and ‘background’ DOPC lipids in the SUVs.
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Figure 3.2. Formation of GM3-containing SLBs monitored by QCM-D. (A) Schematic of
the SLBs formation process monitored by QCM-D. (B) QCM-D responses (normalized
frequency shift, AF - blue line with lozenges; dissipation shift, AD - red line with circles;
overtone j = 5) for the SLB formation process. Arrows on top of the graph indicate the start
and duration of incubation with samples (as indicated). Conditions: SUVs - 50 pg/ml,
composed of 5 mol-% GM3 and 95 mol-% DOPC; HBS - 10 mM HEPES pH 7.4, 150 mM

NacCl.
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The SLB formation process was monitored by QCM-D (as illustrated in Figure 3.2A).
The temporal shifts in resonance frequency (AF) and in dissipation (AD) detected by
QCM-D provide insight into the kinetics of binding and the supramolecular
organization of lipids at the surface. Specifically, a decrease in AF is representative of
an increase in adsorbed mass, including hydrodynamically coupled solvent, and an
increase in AD reflects on the softness of the surface-bound material. Representative
data are shown in Figure 3.2B, for SUVs containing 5 mol-% GM3. When flowing
over the silica-coated QCM-D sensor surface, SUVs first adsorbed intact and then
ruptured, forming SLBs. Initial binding of intact SUVs (Figure 3.2B; starting at 12
min, when SUVs are injected into the flow chamber) is evidenced by a decrease in
frequency that is accompanied by a substantial increase in dissipation. The increase in
dissipation indicates the formation of a relatively soft layer, as expected for the binding
of intact and solvent-filled vesicles. After several minutes (Figure 3.2B; at 16 min),
the dissipation began to decrease, and shortly thereafter, the frequency began to
increase, indicating that SUVs rupture and spread on the surface. The release of
trapped solvent here explains the apparent mass release (increase in frequency), and
the appearance of rigid surface-confined membrane patches (as compared to intact
vesicles) explains the reduced dissipation (Richter et al., 2006). Ultimately, stable
responses were attained at AF = -28.3 Hz and AD = 0.11 x 10°®, respectively Figure
3.2B; at 22 min). The magnitude of the final frequency shift observed for SUVs
containing 5 mol-% GM3 was slightly larger than the previously reported value for
SLBs consisting of plain DOPC (AF = -24 £ 1 Hz) (Cho et al., 2010, Guo et al., 2019).
From the AF values, a thickness of 5.1 nm can be estimated for SLBs containing 5

mol-% GM3, compared to 4.5 nm for SLBs without GM3, (Reviakineetal,, 2011) \w/e propose
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that this is due to the larger size of the GM3 headgroups compared to DOPC (Figure
3.1); the trisaccharide structure has an extended length of approximately 1.5 nm, but
is likely to dynamically flex on the membrane surface, consistent with an effective
increase in SLB thickness by less than 1 nm. The final dissipation shift observed for
GM3-containing SLBs was small and comparable to DOPC SLBs (AD < 0.2 x 10°)
(Guo et al., 2019, Cho et al., 2010), indicating that the small proportion of GM3 in the
SLB does not impact on the overall stiffness of the SLB as perceived by QCM-D.
Moreover, it also indicates that SLBs of good quality were formed, i.e., the surface
density of residual intact vesicles that may coexist with the SLB is low. The formed
SLBs were subjected to rinsing with plain working buffer (Figure 3.2B; 26 min), and
no change was observed in the frequency and dissipation signals, confirming that the

SLB was stable.

Calcium ions promote formation of ganglioside-containing SLBs. Whilst the
formation of SLBs from SUVs containing 5 mol-% (or less) GM3 proceeded quickly
(Figure 3.2B), it became exceedingly slow for a higher GM3 content (10 mol-%;
Figure 3.3, lines with square symbols). This is most likely a consequence of increased
electrostatic repulsion between the silica substrate and GM3. In the pH 7.4 working
solution, silica surfaces are negatively charged, and GM3 is also negatively charged
owing to the deprotonated carboxylic acid moiety in its glycan head, while DOPC is
zwitterionic and carries no net charge (Figure 3.1). The negative charge of SUVs, and
electrostatic repulsion by the silica surface, are thus expected to increase with GM3
content, slowing down SUV binding and/or rupture at the surface. We hypothesized
that divalent cations may facilitate SLB formation, by serving as a bridge between
GM3 and the SiO; substrate. Indeed, the addition of CaCl, promoted SLB formation

(Figure 3.3). For 10 mol-% GM3, the SLB formation time gradually decreased with
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calcium concentration, from well above 1 h without added CaCl; to 7 min at 4 mM
CaCl; (Figure 3.3A), and no further improvement was observed for higher CaCl,
concentrations (8 mM; Figure 3B). The presence of calcium ions reduced the time
until the transient minimum in frequency (Figure 3.3B, open circles) and the time until
SLB formation (Figure 3.3B, solid diamonds) to a similar degree, indicating that the
calcium ions enhanced the rates of SUV binding as well as SUV spreading and
coalescence into a SLB. Addition of calcium ions did not affect the final dissipation
shifts and so did not negatively impact on SLB quality. We thus conclude that 4 mM
CacCl; is a good promotor of SLB formation for SUVs with a high GM3 content (>5
mol-%), but that a working buffer without divalent ions works well for SLB formation

with low GM3 content (<5 mol-%).
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Figure 3.3. Calcium ions facilitate formation of SLBs with high GM3 content. (A)
Representative examples of SLB formation kinetics, as monitored by QCM-D (AF - blue lines;
AD - red lines; overtone j = 5), for SUVs containing 10 mol-% GM3. Arrows on top of the
graph indicate the start and duration of incubation with samples (as indicated with matching
symbols). Conditions: SUVs - 50 ug/ml, composed of 10 mol-% GM3 and 90 mol-% DOPC;
HBS: 10 mM HEPES pH 7.4, 150 mM NaCl, without CaCl, () or with 4 mM CaCl, (o). (B)
Effective time of SLB formation (solid lozenges; here estimated by the time from the onset of
SUV binding to reaching the plateau for SLB formation) and time for reaching the transient
minimum in frequency AFmin (2 measure for the onset of SUV spreading; open circles, error
bars represent the times at which AFmin + 1 Hz is reached prior and after the transient

minimum) as a function of CaCl, concentration, for SUVs containing 10 mol-% GM3.
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3.3.2 Characterization of GM3 presentation on SLBs

Whilst the mixing ratio of GM3 and DOPC in SUVs provided a simple way to
modulate GM3 content, it is not clear if the fraction of GM3 in the SLB mirrors the
fraction of GM3 in the SUVs. Importantly, lipids may distribute asymmetrically
between the surface-proximal and the surface-distal leaflet of the lipid bilayer, as
reported previously for other lipids, including ganglioside GM1. (Carton et al., 2010c)
We therefore sought to establish a method to directly probe the presence of GM3 in
the surface-distal SLB leaflet, that is, the leaflet that is accessible for protein binding.
We used CBM40 as a probe to detect the presence of GM3, and exploited its

monovalent binding properties towards quantification of the GM3 surface density.

3.3.2.1 CBM40 binds GM3 specifically

CBMA40 was produced following the procedures previously established for CBM40-
Cys production (Section 2.2.1). The purity of CBM40 was estimated to better than
92% by sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE)

analysis (Figure 3.4).
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Figure 3.4. SDS-PAGE analysis of purified CBM40 protein. The major band ran to around
25 kDa, which compares well with the molecular mass of 24.393 kDa calculated from the
amino acid sequence of CBM40. Some very faint bands at lower molecular mass are also seen.
The purity is around 92%, determined with the densitometry tool of Image J where the density
profile can be obtained. The purity of the target band was obtained by calculating the
proportion of the intensity integrated across the peak for the main band, in comparison to the
integrated intensities of the peaks for all bands. Conditions: gel - 4-15% polyacrylamide
gradient in the presence of SDS (Bio-Rad, Watford, UK).; loading buffer - 62.5 mM Tris, 10%
(v/v) glycerol, 0.005% (w/v) bromophenol blue, 2% (w/v) SDS; running buffer - 25 mM Tris,

192 mM glycine, 1% (w/v) SDS; samples were heated to 90 °C for 5 min before loading.

The produced CBM40 was then utilized to probe the GM3 on SLBs. CBM40 (at 4.1
uM) was exposed to SLBs with or without GM3, as illustrated in Figure 3.5A. For
SLBs with GM3, a decrease in frequency and an increase in dissipation were detected
immediately after CBM40 injection, indicating CBM40 binding (Figure 3.5B). For
SLBs without GM3, no change in dissipation or frequency occurred (Figure 3.5C),

demonstrating that CBM40 binding is specific for GM3. Upon rinsing in working
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buffer, the QCM-D responses for SLBs with GM3 diminished substantially (Figure
3.5B), indicating that the CBM40/GM3 interaction is largely reversible. This is
expected, given the relatively low reported affinity of CBM40 for the 3°-SL head of
GM3 (Kg on the order of 10 uM) (Ribeiro et al., 2016b). However, frequency and
dissipation did not return fully to the values prior to CBM40 incubation, suggesting
that a small fraction of CBM40 sample was rather strongly attached. The reason for
the irreversible binding of some material is unknown, and that a few suggestions can
be provided. It is possibly the residue bindings were produced by the impurities inside
CBMA40 solutions in spite of more than 90% purity of CBM40 achieved. Another
possible cause could be the residue CBM40 aggregates in the protein samples, which
can produce strong binding on the SLBs containing GM3 by multivalent interactions.
Nevertheless, this un-removed binding was minor compared to the bindings
contributed from monomer CBM40 and would not produce substantial influences on

the analysis of CBM40 bindings.
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Figure 3.5. GM3 in the surface-distal membrane leaflet is selectively detected by CBM40.
(A) Schematics of the selective detection of GM3 by CBM40. (B-C) CBM40 binding to SLBs
made from SUVs with 5 mol-% GM3 (B) and from SUVs without GM3 (C), monitored by
QCM-D (AF - blue lines with lozenges; AD - red lines with circles; overtone j = 5). Arrows
on top of the graph indicate the start and duration of incubation with samples (as indicated).
Conditions: SUVs — 50 pug/ml, CBM40 - 4.1 uM; HBS - 10 mM HEPES pH 7.4, 150 mM

NaCl.

3.3.2.2 Quantification of the GM3 surface density

Spectroscopic ellipsometry (SE), an optical mass-sensitive technique, was used to
monitor CBM40 binding to GM3-containing SLBs, and to quantify the surface density
of CBM40. SE detects changes in the polarization of light upon reflection at a planar

interface (Figure 3.6A), a property that depends sensitively on the optical properties
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of the interface as they are modified upon biomolecular binding. From the SE data,
the areal mass density and, ultimately, the surface density, of CBM40 can be

quantified.

Representative data for the binding of CBM40 to SLBs made from SUVs with 2 mol-
% GM3 are shown in Figure 3.6B. As expected, the areal mass density of CBM40
increased monotonously with CBM40 concentration. Clear plateaus were obtained at
each CBM40 concentration, demonstrating that binding equilibria were reached. The
areal mass density of CBM40 decreased rapidly when rinsing with working buffer,
demonstrating that binding is largely reversible, although some minor binding
persisted. These findings are qualitatively consistent with the QCM-D results (Figure

4B).

Titration curves such as shown in Figure 3.6B were obtained on a range of SLBs with
varying GM3-content (i.e., modulated by the GM3 content in SUVs). From these data,
and a CBM40 molecular mass of 24.4 kDa, the lectin surface densities at binding
equilibrium, I;,, were extracted, and these are plotted in Figure 3.6C (coloured
symbols) as a function of the CBM40 concentration in the solution phase. A global fit
with the Langmuir isotherm, I, = [,cc/ (K4 + ¢), reproduced all the experimental
data well (Figure 3.6C, lines in matching colours). The good quality of the fit
demonstrates that the binding is well-described as a 1:1 interaction, consistent with

each CBM40 molecule binding a single GM3 lipid.
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Figure 3.6. Quantification of the surface density of accessible GM3 by spectroscopic
ellipsometry (SE). (A) Schematic of the SE assay. (B) Example of the titration of CBM40 on
GM3 containing SLBs; the CBM40 concentration was increased in 8 steps (as indicated by
arrows atop the graph) and then decreased to 0 mM, and changes in CBM40 areal mass density
were monitored by SE. Other data were presented in Figure S3.1 in Appendix. Conditions:
SUVs - 50 pg/ml, composed of 2 mol-% GM3 and 98 mol-% DOPC; buffer solution — HBS
(10 mM HEPES pH 7.4, 150 mM NaCl). (C) CBM40 surface density at equilibrium (I'eq, camao,
obtained from titration data as exemplified in (B)) as a function of CBM40 concentration in
the solution phase, ccemao, 0N SLBs with various GM3 coverages (varied through the GM3
content in SUVs, as indicated). Solid lines are the best global fit (i.e., across all data sets; with
a single Kq value and one I},,,, value for each GM3 surface density) with Langmuir isotherms,

[

[q = FmaXK — with Kg = 11.7 £ 0.6 uM (error indicates the 95% confidence range). (D)
d

I'max, cemao Values obtained from the global fit in (C) as a function of the GM3 content in SUVs

are shown as symbols with matching color (with red error bars representing 95% confidence
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intervals). The solid line is the best linear fit through all data and the origin, with a slope of
Iems = 2.28 + 0.09 pmol/cm? per mol-% of GM3 in SUVs (errors in I'oms indicate the 95%
confidence range). The grey dashed line indicates the maximal possible CBM40 binding due

to steric hindrance in a monolayer (11 pmol/cm?; see Figure 3.7).

The Langmuir isotherm provided a dissociation constant, Kq = 11.7 + 0.6 uM, for the
interaction between CBM40 and GM3. This result is close to Kqg =~ 14.4 uM or 30 uM,
previously reported for CBM40 and 3’-SL based on SPR or ITC, (Ribeiro et al.,
2016b) providing further evidence for monovalent CBM40/GM3 interactions being
probed in our assay. The apparent slight enhancement may reflect a moderate increase
in affinity in the SLB context compared to the isolated carbohydrate group, though
other minor differences in the assay (e.g., the protein concentration) may also

contribute.

The global Langmuir isotherm fit also provided the maximal CBM40 surface density,
Imax, fOr each of the SLBs as a function of the mol-percentage of GM3 in the SUVs
from which the SLBs were formed (Figure 3.6D). Considering the 1:1 interaction, the
[hax Values represent the surface density of GM3 lipids in the surface-distal membrane
leaflet, which is accessible to CBM40. All data up to 2 mol-% GM3 are well-
approximated by a straight line (Figure 3.6D, solid line), with a slope corresponding
to 2.28 + 0.09 pmol/cm? CBM40 per mol-% GM3. This number can be compared with
the surface density of GM3 on the SUV surface. With a typical area per lipid of 0.7
nm?, (Siuda and Tieleman, 2015) the surface density of GM3 is expected to be 2.4
pmol/cm? per mol-% GM3 in SUVs. These numbers are close to each other, suggesting
that GM3 is symmetrically distributed between the two SLB leaflets, to a good

approximation.
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The maximum attainable surface coverage of CBMA40 is approximately 11 pmol/cm?,
as can be estimated from the dimensions of CBM40 and considering steric hindrance
in a dense protein monolayer (see Figure 3.7). Given that the data shown in Figure 3.6
are well below this limit, it is safe to assume that steric hindrance among CBM40 on
the surface is negligible. The accessible GM3 surface density detected by CBM40
therefore, should mirror the GM3 surface density in the bulk-facing SLB leaflet. These
data demonstrate that the GM3 surface density can be tuned by controlling the GM3

proportion in SUVs.

SLB core

Figure 3.7. Estimation of the maximal monolayer coverage of CBM40. (A-B) The
structure of CBM40 in complex with the SA-Gal disaccharide of 3’-SL (PDB code 5FRE;
presented as described in Figure 1) is shown in its likely orientation on the SLB surface, as
viewed from the side (A) and bottom (B). (C) The same structure and orientation as in (B),
but with CBMA40 in surface presentation. From this presentation, the footprint of CBM40 was
estimated as a rectangle of Acgpao = 4.1 nm X 3.7 nm = 15.2 nm?. Assuming a close-
packed arrangement of CBMA40, the maximal surface coverage is estimated to

Icema0 monolayer — (NAACBMAI-O)_1 =11 meI/sz (NA is Avogadro’s number).

The methodology developed was also extrapolated to determine the densities of

another ganglioside, GM1, on SLBs using CBM40 as the indicator. GM1 shares the
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same core structure with GM3 but contains an extra GalNAc and an extra Gal in the
glycan head in comparison with GM3 (Figure 3.8A). The GM1 surface density on
SLBs formed from SUVs containing 2 mol-% GM1 was determined by SE with the
titration of CBM40 (Figure 3.8B), applying the methodology developed in this chapter
with GM3. The Langmuir isotherm fitted the data well, yielding K¢ = 60.5 + 5.6 uM
and [y cemao = 4.87 % 0.28 (Figure 3.8C). Assuming as before that IT,.. cgmao
represents the surface density of accessible GM1, and recognizing that the SUVs used
here contained 2 mol-% GM1, a correlation of GM1 surface density and GM1 mol-%
in SUVs can be established as I'em1 ~ 2.44 + 0.14 pmol/cm?mol-%. The binding
affinity between CBM40 and GM1 was consistent with the trends reported with a
glycan array analysis of CBM40 where CBM40 showed preferable binding to 2,3’-SL
and weaker binding was found between CBM40 and the glycans with the additional
sugar residues on the 2,3’°-SL core structure. (Ribeiro et al., 2016a) This validated the
assumption that CBM40 could be used as a reporter for other gangliosides that share
the 2,3’-sialyl lactose oligosaccharide, and the methodology generated here can likely
be applied to further gangliosides to produce cell membrane models with tuneable
surface density, and also to measure their binding affinity. It offers a quantitative
platform to study ganglioside/protein multivalent interactions, which is compatible
with many surface techniques including QCM-D and SE applied in this study and also
atomic force microscope, (Richter and Brisson, 2003) fluorescent microscopy (Crane

et al., 2005) and x-ray and neutron diffraction. (Miller et al., 2005)
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Figure 3.8. Surface density of GM1 on SLBs formed from SUVs containing 2 mol-%
GM1, determined by SE. (A) The schematic of GM1 structure. The shared glycan parts with
GM3 (2’3 — SL) were labelled in blue colour. (B) The titration of CBM40 on SLBs formed
from SUVs containing 2 mol-% GML1, following the procedures detailed in Section 3.2.5. The
concentrations of CBM40 are indicated on the top of the arrows, and range from 1.9 uM to
57.1 uM. Conditions: SUVs - 50 ug/ml, composed of 2 mol-% GM1 and 98 mol-% DOPC;
buffer solution — HBS (10 mM HEPES pH 7.4, 150 mM NacCl). (C) CBM40 surface density
at equilibrium (Ieq, cMm40, Obtained from titration in (B)) as a function of CBM40 concentration

in the solution phase, ccemao. Solid lines are the best fit (i.e., across all data points) with

Langmuir isotherms, Ty, = Ty ﬁ with Ky = 60.5 + 5.6 UM and T,y cemao = 487 +

0.28 pmol/cm?on the SLB with 2 mol-% GM1. I'ems = 2.4 £ 0.14 pmol/cm? per mol-% of

GML1 in SUVs could then be obtained.
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3.4 Discussion

Significance

Here, we created a methodology to quantify the GM3 surface density on supported
lipid bilayer (SLB) models of a cell membrane. Carbohydrate binding module 40
(CBM40) was employed to quantify GM3 density displayed in the distal leaflet of the
SLBs using CBMAO0 titration curves determined by spectroscopic ellipsometry (SE).
By this way, the binding affinity between CBM40 and GM3 was determined to have
Kq of 11.7 £ 0.6 uM, confirming the weak interaction between CBM40 and GM3. The
actual GM3 surface density was deduced to be I'sms = 2.28 + 0.09 pmol/cm?/mol-%,
and this relationship provides a convenient way to tune the GM3 surface density on

SLBs by controlling the GM3 mol-% in SUVs from which the SLBs are formed.

The methodology developed here can be used to generate cell membrane models
presenting distinct types of gangliosides and should be useful platforms to investigate
multivalent protein/ganglioside interactions, which are relevant in many physiological
and pathological processes. They may be helpful in understanding the role of
gangliosides in signal transaction on the cell and in invasion of bacteria or viruses. For
example, the constructed cell membrane models presenting tuneable GM3
concentration could be used to investigate the binding of the M2590 antibody over
GMa3 at different densities and the binding can be quantified with SE; The threshold
GM3 density for M2590 could then be deciphered. Furthermore, the models
presenting GM3 could be applied to study the binding between WGA and GM3, which

showed a trend of GM3 surface density-dependence (Sato et al., 1998).
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Limitations

The distribution of GM1 between two SLBs leaflets

Based on a typical area per lipid of 0.7 nm?, (Siuda and Tieleman, 2015) the surface
density of the ganglioside is predicted to be 2.4 pmol/cm? per mol-% gangliosides in
SUVs. For GM3 and GM1, T'ems = 2.28 + 0.09 pmol/cm?/mol-% and T'em ~ 2.44 +
0.14 pmol/cm? per mol-% were attained. These numbers are quite close, suggesting an
even (symmetric) distribution of GM1 and GM3 across the two SLB leaflets. This
result differs from findings by Carton et al, where the GM1 surface density was
determined with pentavalent cholera toxin B (CTB) subunit as a reporter. Based on
their data, the authors reported an asymmetrical distribution of GM1 between two
SLBs leaflets, equivalent to I'em1 = 4.14 + 0.02 pmol/cm?/mol-% (Figure 3.8), or 86%
GM1 located in the bulk-facing SLB leaflet. A clearer answer may be obtained by

overcoming the limitations of these two methods, as discussed in the following.

20+
Mawi = 4.14 £ 0.02 pmol/cm?2/mol-%

15

104

Tgyit (Pmoliem?)

S 2 3 4 5
GM1 in SUVs (mol-%)
Figure 3.8. Surface density of GM1 on SLBs measured with pentavalent CTB as the
reporter. Adapted from Figure 3A by Carton et al. (Carton et al., 2010b) Here, the data
obtained on the surfaces formed from SUVs containing 1 mol-%, 2 mol-%, 3 mol-% and 4
mol-% GM1 were selected as representative data to operate the linear fitting given by that all

the data were well linearly distributed. The GM1 surface densities were calculated from the
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bound CTB surface density (reading with right axis) by considering the stoichiometry between
CTB and GM1 as 4.3, I'em1 = I'cte/4.3 pmol/cm?. The correlation of T'ewi = 4.14 + 0.02
pmol/cm?/mol-% was obtained, where the error was generated from the fitting and did not

include the errors produced from the measurements.

The method to quantify ganglioside surface densities established in this thesis, using
CBMA40 as a reporter, is fairly straightforward taking advantage of the monovalent
interaction between CBM40 and GM1. The GM1 surface densities on SLBs were
determined by assuming the maximum bound CBM40 was equal to the actual GM1
surface density, provided that there is no steric hindrance to binding. As binding was
conducted on SLBs with low GM1 surface density (around 4.88 pmol/cm?), steric
hindrance because of global crowding of CBM40 or GML1 is unlikely to be of
relevance since the maximum occupancy of CBM40 is approximately 11 pmol/cm?.
However, it is possible that GM1 locally crowds into clusters even at low coverage.
This would lead to the measured GM1 surface density by CBM40 being lower than
the actual coverage since not all GML1 in a cluster would be available for CBM40

binding.

Gangliosides have been revealed to associate with lipid rafts (discrete lipid
microdomains) on cell membranes but those discrete domains were all studied in the
presence of two essential components of lipid raft formation: cholesterol and
sphingomyelin (Crane et al., 2005, Simons and Toomre, 2000, Yuan et al., 2002).
Ratto and Longo did find that a discrete gel-phase and fluid-phase were formed by the
simple lipid mixture of 1,2-distearoylphosphotidylcholine (DSPC) and 1,2-
dilauroylphosphotidylcholine (DLPC) using AFM (Ratto and Longo, 2002). It

indicates that it is possible to generate segregation on the membrane in the absence
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cholesterol and sphingomyelin. However, it seems less relevant to the case of DOPC
and GM3 since the DLPC has a greatly shorter hydrophobic acyl chain of 12 carbons
in comparison to 18 carbon chains in DSPC, DOPC and GM3. It could dramatically
affect DLPC’s hydrophobic interaction with DSPC and subsequently lead to phase
separation. Further tests may be needed to determine if aggregation is present among
gangliosides molecules in the SLBs studied here. Atomic force microscopy could be
used to visualize the SLBs containing gangliosides to assess if any aggregation is
occurring. Additionally, isothermal titration calorimetry could be employed to
measure the accessible gangliosides surface density on extruded unilamellar vesicles
(EUVs) using CBM40 monomer as the probe and compare it with the predicted
gangliosides coverage based on the gangliosides proportion on EUVs, which can also

provide insights on the state of the ganglioside.

The method applied by Carton et al. is more complex, as it uses a multivalent (CTB
pentamer) reporter. Since the binding of CTB and GM1 is a multivalent interaction,
the stoichiometry of binding is a crucial parameter for indicating the GM1 surface
density with CTB. Carton et al. established a stoichiometry of 4.3 by analysing the
binding of CTB to SLBs in which the content of accessible GM1 had been equilibrated
against a large excess of membrane (in the form of EUVs) with a known GM1 content,
using glycolipid transfer protein (GLTP) as a catalysed for GM1 transfer (Carton et
al., 2010b). This procedure was proposed to enable the content of GML in the surface-
distal leaflet of the SLB to be set (independently of the content of the SUVs from
which the SLB was formed) equal to the well-defined GM1 content in the EUVSs.
However, there was no direct evidence that the GM1 density on the SLBs was equal
to the GML1 density on EUVs in ambient solution after GLTP treatment. Further

assessments are needed to verify if GLTP can indeed tune the GM1 coverage in SLBs
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to be identical to EUVs in the surrounding solution. It could be operated by applying
the same combination of GLTP and EUVs donor to SLBs formed from SUVs with
different GM1 densities. If identical CTB binding is found on those treated SLBs, it
could provide more confidence on the assumption. Furthermore, ITC could be applied

to determine the stoichiometry of the binding of CTB and GM1 using EUVs.
b) The preparation of SUVs containing various GM3 densities

Here, all the SUVs containing GM3 or GM1 were prepared by directly mixing the
indicated amounts of DOPC and GM3 dissolved in organic solvent, which is referred
to as the ‘direct’ method in the following discussion. We also tried another ‘indirect’
method, where SLBs containing different GM3 contents were produced by mixing
SUVs containing 0 mol-% GM3 and SUVs containing 10 mol-% GM3. For example,
SLBs containing 1 mol-% GM3 were generated by mixing SUVs with 10 mol-% GM3
and 0 mol-% GM3 in a 1:9 molar ratio. If the two types of SUVs compete for space
on the surface and the binding rates are equal, a homogeneous SUVs containing 1 mol-
% could be attained. However, the results of CBM40 binding indicated that the SLBs
formed from SUVs prepared by the direct method displayed higher GM3 surface
densities than SLBs formed by the indirect method, as illustrated in Figure 3.9. The
SUVs with lower GM3 in the solution were adsorbed on the substrate quicker and
consequently produced SLBs with lower GM3 surface densities, which was evidenced
by the slower SLB formation for SUVs with higher GM3. Hence, it is better to prepare
SUVs containing gangliosides in various concentration by mixing the DOPC and
ganglioside chloroform/methanol solutions here, given that ganglioside contents in the

SUVs will affect their surface binding rates.
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Figure 3.9. Comparison of CBM40 binding on GM3-containing SLBs formed from SUVs
prepared by two different methods, as detected by QCM-D. The frequency shifts (5%
overtone) upon CBM40 binding to SLBs formed from SUVs prepared by two different
methods and containing on average 1 mol-% and 5 mol-% GM3 are presented. Errors were
the difference between the average and the minimum/maximum of two repeated experiments.
In the direct method (hollow circles), SUVs containing 1 mol-% or 5 mol-% GM3 were
prepared by mixing the lipid solution of DOPC and GM3 in organic solvent, and applied to
the surface as a homogeneous SUV solution. In the indirect method (squares), SUVs
containing 0 mol-% GM3 and 10 mol-% GM3 were mixed and applied to the surface as a
heterogeneous solution. Conditions: buffer — 10 mM HEPES, 150 mM NaCl, 4 mM Ca?", pH

7.4, SUV — 50 pg/ml, CBM40 — 100 pg/ml, incubation time — 10 min.

c¢) The application of Langmuir Isotherm

In this project, Langmuir isotherm was applied to measure the areal surface density of
bound CBM40 on GM3 surface. Original devised by Irving Langmuir, the Langmuir
isotherm is based on six assumptions: 1) an adsorbate can only interact with one
adsorbent on the surface; 2) the interaction between adsorbate and adsorbent is
reversible; 3) absorbates adsorb on the solid surface as a monolayer; 4) the interaction

is localized and only happens at the adsorbent site; 5) the adsorption on all adsorbent
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sites on the surface is equivalent; 6) no interaction occurs between adsorbates adsorbed

on the surface (Atkins et al. 2017, Swenson and Stadie, 2019).

Here, CBM40 (adsorbate) bound onto SLBs presenting GM3 (adsorbent) in a one-to-
one manner with reversible interaction producing a monolayer biofilm and CBM40
only bound to GM3 sites on the surface and all the GM3 molecules presented on the
surface are identical. The interaction system was considered meet all the assumptions
provided by that GM3 was homogeneously distributed on the SLBs distal leaflet. As
mentioned in a), there is possibility that the GM3 could crowd locally like GM1,
invalidating assumption 6, since the neighbouring adsorbed adsorbates would interfere
the adsorption of adsorbate on the near site. However, we could see the fitting using
Langmuir isotherm were fairly well through SLBs with various GM3 coverages,
indicating that the binding followed the Langmuir adsorption isotherm well. What’s
more, the binding dissociation constant between CBM40 and GM3 obtained from the
fitting aligned well with known data for CBM40 and 2’3-SL (Ribeiro et al., 2016a),
supporting that the fitting was reliable. It could be fair to conclude that since the GM3
coverages applied were not high, the GM3 local clustering may existed but it may not
substantially interfere the binding’s following of Langmuir adsorption isotherm rules.
However, when the GM3 surface density is sufficiently high, the CBM40 molecules
would interfere each other over the binding to GM3 due to CBM40 crowding on the
surface. This would lead to less bound CBM40 compared to the bindings occurred
under no CBM40 crowding and consequently produce lower areal mass density of

CBMA40 and higher Kg.

3.5 Conclusions
In this chapter, | developed a methodology to produce SLBs presenting gangliosides

at tuneable surface densities as cell membrane models. Furthermore, it was shown how

143



binding assays with CBM40 monomers can be used to quantify the surface density of
accessible gangliosides. GM3 served as the model ganglioside to establish the
methodology, leading to a relationship of I'ems = 2.28 4 0.09 pmol/cm? per mol-% of
GM3 in the SUVs from which the SLBs are formed. The methodology was further
tested on GM1 surfaces, and provided a relationship of T'ems = 2.44 + 0.14 pmol/cm?
per mol-% of GML1 in the SUVs, giving information of accessible GM1 for CBM40
binding. The methodology developed here can be used to produce platforms
displaying distinct gangliosides with known densities and serve to investigate

interactions involving gangliosides on cell surfaces, elucidating their roles in

pathology and physiology processes.
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Chapter 4. Superselective binding of cell membrane models

presenting gangliosides
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4.1 Introduction

Having designed and prepared HA-g-(CBM40)ps probe as described in Chapter 2, the
next step was to demonstrate receptor density-dependent binding of the HA-g-
(CBM40)ps probe and to elucidate the superselectivity range of the probe. Since the
binding between CBM40 and GM3 has been verified in Chapter 3 with Kqof 11.7 uyM
and GM3 is widely found overexpressed on tumour cells, (Hirabayashi et al., 1985)
GM3 is a good target to validate the probe. Hence, the binding of HA-g-(CBM40)ps
probe were studied on cell membrane models containing a series of different GM3

concentrations by QCM-D and SE.

If the superselective binding of probe is demonstrated on GM3 containing surfaces, it
will be reasonable to expect the superselective bindings of the probe on surfaces
presenting other types of gangliosides. To demonstrate that the HA-g-(CBM40)ps
probe can also be applied to superselectively target gangliosides with more complex
structures, GM1 was used as the representative ganglioside as it is overexpressed on
glioma cells (Mitsuda et al., 2002b). Model membranes with GM1 were produced as
with GM3, with controlled ganglioside surface density as established in Chapter 2.
The superselective binding of the HA-g-(CBM40)ps probe was studied on the GM1

surface models by QCM-D.

4.2 Materials and Methods

4.2.1 Materials

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol, and ganglioside
GM3 and GM1 were obtained from Avanti Polar Lipids (Alabaster, AL, USA). Atto
647N 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) was purchased from
Sigma-Aldrich (Darmstadt, Germany). CBM40 was produced as described in chapter

3. All other chemical reagents were of analytical grade. Tris-NTA conjugated Oregon
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green 488 dye (OG488-(Ni?*-NTA); was provided by Changjiang You and Jacob
Piehler, University of Osnabriick, Germany. The preparation method is described in

detail in ref. (You and Piehler, 2014, Bartoschik et al., 2018).
4.2.2 Preparation of HA-g-(CBM40)ps probes

HA-g-(CBM40)25%, HA-g-(CBM40)229% and HA-g-(CBM40)sy% probes were
produced following the methods described in Chapter 2. The SEC-MALS
characterizations of HA-g-(CBM40)25% and HA-g-(CBM40)..29, are presented in
Figure S4.1 and Figure S4.4, respectively, where the molar mass, radius of gyration,

dispersity and CBM40 substitutions were attained.

HA-g-(CBM40)e9%n) Was produced earlier in the project using another batch of HA-g-
(Tz)os with a DS = 6% in Tz (as determined by NMR) as reactant. This batch was not
analyzed by SEC-MALS, making it impossible to calculate the DS in CBM40 of the
product. For simplicity, it is here assumed that the degree of substitution in CBM40
matches the degree of substitution in Tz and the subscript ‘(n)’ denotes that this value
should be considered nominal. This batch of probes was produced prior to the
optimization of CBMA40 purification steps, and it is likely that the real DS in CBM40

is lower than 6%.
4.2.3 Preparation small unilamellar vesicles (SUVs) with gangliosides

SUVs were produced following the method described in Section 3.2.2 with defined
contents of either GM3 or GM1. The GM3 contents were 0, 0.025, 0.05, 0.1, 0.2, 0.4,
0.8, 1.0, 2.0 and 5.0 mol-%. The GM1 contents were 0, 0.025, 0.05, 0.2, 0.4, 0.8 and

2 mol-%.
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4.2.4 Analysis of HA-g-(CBM40)ps binding to ganglioside-containing SLBs by

guartz crystal microbalance with dissipation monitoring (QCM-D)

HA-g-(CBM40)2.59 was applied to investigate the binding on SLBs presenting GM3.
HA-g-(CBM40)e% was applied for comparative analysis of GM1 and GM3 binding.
QCM-D operation and data analysis were performed as described in detail in Chapter
3. Briefly, 50 pg/ml SUVs were applied to cleaned, silica-coated QCM-D sensors for
12 min, to form SLBs. After rinsing with HBS working buffer (10 mM HEPES, pH
7.4, 150 mM NaCl) for 10 min, 20 pg/ml or 100 pug/ml probe (probe concentrations
refer to CBM40 content) were exposed to the SLBs. After 10 min to 20 min of
exposure, the surfaces were rinsed with HBS buffer. All steps were processes under
constant flow of 20 pl/min. The QCM-D data obtained at 5" overtone were processed
with DFind, and the graphs were made with Origin.

4.2.5 Analysis of HA-g-(CBM40)ps binding to GM3-containg SLBs by

spectroscopic ellipsometry (SE)

HA-g-(CBM40)25% on SLBs presenting different GM3 surface densities were
quantitatively measured by SE and the surface density of bound probe on each surface
was obtained. SE operation and data analysis were performed as described in detail in
Chapter 3. Briefly, 50 pg/ml SUVs containing the desired fraction of GM3 were
incubated on silicon wafers for 30 min, to form SLBs. After rinsing with HBS for 30
min, the SLBs were exposed to 20 pg/ml (CBM40 equivalent) of HA-g-(CBM40)ps
with the stirring on in the first 2 minutes. After 30 min of incubation, the surface was
rinsed with HBS buffer for 30 min. The ellipsometric angles A and ¥ (acquired as a
function of time, and of wavelength L), were fit with a multilayer optical model to
obtain the areal mass density, AMD, of bound probes as a function of time. The model

adopted here is slightly different with the model in Chapter 3. The first two steps of
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modelling for SiO> layer and SLBs layer were the same but an extra step of modelling
was added for the probe film with Byope = Bso = 0.00322 fixed and Aprope and
dprobe @s adjustable fit parameters. The areal mass density of the probe film was
determined according to De Feijter’s equation as described in Chapter 2 with the
refractive index increment of the probe as 0.169 cm3 /g, which was estimated through

d d
d—:'(CBMél-O)*m (CBM40) d—Z(HA)*MW (HA)

< (probe) = with < (CBM40) = 0.18 cm?/g,

Mw(probe)
dn
E(HA) = 0.15 cm*®/g and My, (probe)y = M(camao) + Mwmay Where mcgupaoy =

Myy(H.4)+DS(CBM40)My, B Ma0)
379 Da

. The molar surface density was calculated through I' =

AMD /M,, with the molar mass of the probe M,, = 519 + 22 kDa.

4.2.6 Visualisation of HA-g-(CBM40)ps binding to GM3-containing giant
unilamellar vesicles (GUVs)

4.2.6.1 Preparation of GUVs and observation chamber

GUVs were made from a lipid mixture of cholesterol (30 mol-%), DOPE-atto A647
(0.3 mol-%), DOPC and GM3 (69.7 mol-% in total, composed of GM3 at 0, 0.025,
0.05, 0.1, 1 and 5 mol-% and the remainder DOPC), and were formed by classical

electro-formation. (Madl et al., 2017, Jabeguero et al., 2023)

Lipid mixture preparation. GM3 was dissolved in a mixture of chloroform and
methanol in a 2:1 (v/v) ratio. All other lipids were dissolved in chloroform. Gastight
glass syringes (Hamilton, Grisons, Swizerland) were used to dispense and mix organic
solvent-dissolved lipids. Glass syringes were cleaned 20 times before pipetting
another lipid mixture. Lipids were dispensed into a glass vial with the desired molar
ratios, and chloroform was added to achieve a final lipid concentration of 0.5 mg/ml.
The produced lipids mixtures were covered with argon and kept at -20°C in the dark

for future use.
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Preparation of the electro-formation chamber. Indium tin oxide (ITO) coated glass
slides (25 mm x 75 mm x 1.1 mm, Prazisions Glas & Optik GmbH, Iserlohn,
Germany) were used as substrates to form GUVs. The glass slides were cleaned by
70% v/v ethanol in ultrapure water, wiped dry with lint-free tissue (Kimwipe), and
sprayed with isopropanol and wiped dry. Polytetrafluoroethylene (PTFE) spacers with
1.1 mm thickness were attached on one end of each cleaned slides. A circle of 1 cm
diameter was drawn on the non-1TO coated side of the glass slide, to serve as a marker
for the position of the future electro-formation chamber, as illustrated inside the
protocol. (Madl et al., 2017) 15 ul lipid mixture was then added and spread inside the
circles on the ITO coated side of the glass slide. When the solvent had evaporated, a
thin and uniform lipid film was produced on the slides. To get rid of residual solvent,
the slides with lipid films were placed under vacuum overnight. Then, a wall was
created around the lipid film on the ITO-coated front side of the slides, using a thin
strand of sigillum wax (VITREX, Denmark) and aligning with the drawn circle. To
form electroformation chambers, two of the slides as prepared above were assembled,
with the sigillum wax walls of opposing slides meeting and overlapping, and the PTFE

spacers located on opposing ends of the slide sandwich.

Electroformation. 0.3 M sucrose was added into each chamber and then the chamber
was closed making sure no any bubbles presenting inside the chambers. To perform
the electroformation of the GUVs, the two cables from the function generator were
attached to opposite ends of the slides. Electroformation was performed under an
alternating electric field with a strength of 1 V/mm. (Villringer et al., 2018) After 2.5
hours, the GUVs solutions were collected from the chambers. The solutions were kept

at room temperature, protected from light.
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Preparation of observation chambers. Glass cylinders of 5 mm diameter were attached
to a cleaned glass coverslip by UV-curable glue. The chambered coverslips were then
coated with 1 M pB-casein solution for 1 hour. The coated chambers were then
successively rinsed with ultrapure water and HBS buffer, and were then ready for use

to observe GUVs by fluorescence microscopy.

4.2.6.2 Probe preparation and fluorescence microscopy

Fluorescent labelling of CBM40. To observe the CBM40 monomer and the HA-g-
(CBM40)ps probes by fluorescence microscopy, they were labelled with a fluorescent
dye. OG488-(Ni**-NTA); was attached to the N-terminal Hiss tag of CBM40 through
the selective binding mediated by metal chelation. (Kim et al., 2008, Bartoschik et al.,
2018, You and Piehler, 2014) For labelling, 200 nM CBM40, or 200 nM CBM40
equivalents in HA-g-(CBM40)ps, were incubated -with OG488-(Ni?*-NTA); in a
molar ratio of 2:1 for 0.5 h at room temperature and protected from light. Freshly

labelled samples were used for microscopy analysis.

Imaging by confocal fluorescence microscopy. 50 pL of labelled CBM40 or HA-g-
(CBM40)ps were injected into the observation chamber, followed by 50 pL of GUV
solution. Images were acquired with an inverted confocal fluorescence microscope
(Nikon Eclipse Ti-E with a Nikon A1R confocal laser scanning system, and a 60x oil
immersion objective (NA = 1.49); Nikon Instruments, Inc., Melville, NY, USA). ).
Laser lines 488 nm and 640 nm were used for sample illumination. Imaging data were
analyzed using NIS Elements Confocal 5.20 (Nikon Instruments) and further

processed with Fiji (Open source).
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4.3 Results

The dependence of HA-g-(CBM40)ps probe binding on ganglioside surface density
was interrogated using two cell membrane models: supported lipid bilayers (SLBs)
and giant unilamellar vesicles (GUVs). The label-free techniques quartz crystal
microbalance with dissipation (QCM-D) and spectroscopic ellipsometry (SE) were
employed to analyse probe binding to SLBs. Confocal fluorescence microscopy was
employed to visualize the binding of fluorescently labelled probes to GUVs.

4.3.1 Demonstration of superselective binding of HA-g-(CBM40)ps probes to
GM3 by QCM-D

To carry out quick comparisons, the binding of CBM40 monomer and HA-g-
(CBM40)25% (519 £ 22 kDa, containing approximately 12 CBM40 per HA chain) to
GMa3-containing SLBs were first investigated and compared by QCM-D. As shown in
Figure 4.1, both CBM40 monomer and HA-g-(CBM40)25% bound well to SLBs
formed from SUVs with 5 mol-% GM3, as evident by frequency shifts of -15 Hz and
-29 Hz, respectively, at the end of incubation. This result proved that CBM40 was
present on the probe. The equivalent concentration of CBM40 was applied for both
samples but the probe produced around double the frequency change of the CBM40
monomer and bigger change of dissipation, indicating higher mass and lower rigidity
of the bio-film formed by the probe compared to that produced with CBM40
monomer. When rinsing with HBS buffer, most of the HA-g-(CBM40). .5 Stayed
attached to the SLB, while the majority of bound CBM40 was removed from the
surface. The slightly increased frequency and decreased dissipation observed in the
probe group was likely generated from free CBM40 left in the probe sample, where
the purification steps of the probe were not optimized yet and free CBM40 were not

removed completely. These outcomes indicated substantially enhanced binding of the
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probe compared to CBM40 monomer. The enhanced binding likely reflects the effect

of multivalent interactions between CBM40 and GM3 enabled by the probe.
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Figure 4.1. The multivalent HA-g-(CBM40).50 probe binds to GM3 presenting SLBs
substantially more strongly than the CBM40 monomer. QCM-D data (AF — blue; AD —
red; 5" overtone) for the formation of GM3 containing SLBs and subsequent binding of the
CBM40 monomer (dashed lines) or the multivalent HA-g-(CBM40)..5y (solid lines). Data
were offset to zero after SLB formation to facilitate comparative analysis of CBM40 and probe
binding. Conditions: working buffer - HBS (10 mM HEPES pH 7.4, 150 mM NaCl); SUVs -
50 pg/ml, composed of 5 mol-% GM3 and 95 mol-% DOPC; CBM40 or probe concentration

— 100 pg/ml (CBMA40 equivalent).

The interaction system was validated by checking for non-specific binding. As shown
in Figure 4.2A, HA-g-(CBM40), 5% was unable to bind to an SLB presenting no GM3,
as revealed by the lack of changes in frequency and dissipation. This demonstrates that

DOPC is suitable as an inert background lipid to build cell membrane models
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presenting gangliosides. Moreover, bare HA (without CBM40) did not bind to SLBs
presenting GM3, as shown in Figure 4.2B. This implies that HA was a good inert
scaffold for the probe. Above all, the interactions observed between SLBs presenting
GM3 and HA-g-(CBM40). 5% were clearly due to the specific recognition of GM3 by
CBMA40. Other negative control experiments could also be performed to provide
comprehensive insights on the specific binding between CBM40 and GM3. For
example, binding could be probed on SLBs presenting ceramide and DOPC, to provide
valuable information if CBM40 can also interact with the lipid part of GM3. What’s
more, a structure of HA-g-(inert protein)ps could be produced using the same method
for generating HA-g-(CBM40)ps and its binding on SLBs presenting GM3 could tell
if the structural change of HA chain and chemical linker of the probe could contribute

to the binding to the GM3 surfaces.
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Figure 4.2. The HA-g-(CBM40).5% probe interacts with GM3 presenting SLBs
specifically via CBM40-GM3 interactions. A) QCM-D responses (AF obtained from
overtone 5 — blue line with square symbols; AD obtained from overtone 5 — red line) for HA-

g-(CBM40), 5% exposed to SLBs without GM3. Conditions: working buffer — HBS; SUVs —
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50pg/ml, 100 mol-% DOPC; HA-g-(CBM40)25% probe - 20 pg/ml (CBM40 equivalents). B)
QCM-D responses for HA exposed to SLBs presenting 5 mol-% GM3. Conditions: working
buffer — HBS, SUVs — 95 mol-% DOPC and 5 mol-% GM3, 50ug/ml, HA — 100 pg/ml. Data

are presented with the same offsets and scales as in Figure 4.1, for ease of comparison.

Once the membrane model was validated, and the specific binding of the probe to
GM3 confirmed, the binding of HA-g-(CBM40)25% Was interrogated as a function of
the GM3 content in the SLB, ranging from 0 to 5 mol-%. Representative QCM-D
results are displayed in Figure 4.3A-B for SLBs containing 0.05, 0.2 and 0.8 mol-%
GMa3. Further data for additional GM3 contents are shown in Figure S3.2. All the
SLBs formed well, as indicated by final frequency shifts and dissipation shifts around
-25 Hz and 0.2 x 107 respectively (Figure 4.3A). When 20 pg/ml HA-g-(CBM40)2.50
probe was exposed to the surfaces, increasing binding was found as the surface density
of the GM3 increased. Minor frequency shifts were observed on SLBs presenting
0.025 mol-%, 0.05 mol-% and 0.1 mol-% GM3, while substantially stronger signals
were detected for surfaces with 0.2 mol-%, 0.4 mol-%, 0.8 mol-% and 5 mol-% (Figure

4.3B and Figure S3.2).

The total frequency shifts upon HA-g-(CBM40)2s% probe incubation as a function of
the GM3 content of the SLB are depicted in Figure 4.3C. The surface density of
accessible GM3 was calculated here using the relationship T'emz = 2.28 = 0.09
pmol/cm? per mol-% of GM3 in the SUV, as established in Chapter 3. The errors in
the frequency shifts were estimated considering the temporal noise and drifts obtained
on control surfaces where GM3 was absent. The error in the GM3 surface densities
was estimated considering the uncertainty in the conversion of the GM3 content in the

SUVs to I'ems.

155



The binding slope o in the double logarithmic plot can be calculated and the maximum

o value obtained was 1.8 + 0.4 and occurred at GM3 surface densities around 0.23 +

0.01 pmol/cm?. As the selectivity parameter o > 1, then the QCM-D data provided the

first evidence for superselective binding of GM3 by the probes.
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Figure 4.3. Superselective binding of HA-g-(CBM40).54 to GM3-presenting SLBs,

determined by QCM-D. A) Representative QCM-D data (AF — blue lines; AD — red lines;

GM3 surface density (pmol/cm?)

(;01) av

5% overtone) for the formation of SLBs with a range of GM3 coverages. The SLBs formed

from SUVs containing 0.05, 0.2 and 0.8 mol-% GM3 are displayed, and labelled with different

symbols as indicated in the graph. Data for SUVs containing 0.025, 0.1, 0.4 and 5 mol-% GM3

are shown in Figure S4.2. Conditions: working buffer — HBS; SUVs — 50ug/ml, GM3 (in mol-

% as indicated) in a DOPC background. B) QCM-D data for the binding of HA-g-(CBM40),.54

on the SLBs shown in panel A). Conditions: working buffer — HBS, HA-g-(CBM40)2.5% — 20
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pg/ml (CBM40 equivalent). C) Maximal frequency shifts upon HA-g-(CBM40)25¢ binding
extracted from panel B) here and panel B) in Figure S6 (-AF; extracted from panel B and
Figure S3B) as a function of the GM3 surface density (calculated from the mol-% of GM3 in
SUVs using I'emz = 2.28 + 0.09 pmol/cm? per mol-% of GM3, as established in Chapter 3).
Slopes of 1 and 2 in this double-logarithmic graph (lower right corner) are shown for reference

to appreciate the o values of the curve.

4.3.2 Quantitation of the superselective binding of HA-g-(CBM40)25% to GM3-
containing SLBs by SE

The QCM-D results allowed rough quantification of the bound HA-g-(CBM40)2 5%
probe and provided the first evidence of superselective binding of the HA-g-
(CBM40)25% probe. However, the signal obtained by QCM-D is generated not only
from the bound probe, but also the trapped solvent associated with the probe. Hence,
to carry out accurate analysis, the binding of HA-g-(CBM40)2.55% on SLBs presenting
a variety of GM3 densities was quantified by SE, where the changes on the surface
were monitored after exposing to HA-g-(CBM40)25% and the signals were only

produced by the bound HA-g-(CBM40)2 5.

The SE data obtained were fit with a multilayer optical model to obtain the areal mass
densities of surface bound lipids and HA-g-(CBM40)2.5% probes. Figure 4.4 shows a
representative example of areal mass density data obtained from the SE analysis, for
an SLB presenting 2.28 + 0.09 pmol/cm? GM3, formed from SUVs with 1 mol-%
GMa3. The same analysis was performed on SLBs presenting a variety of GM3 surface
densities (Figure S7), including 0.06 + 0.01, 0.12 + 0.01, 0.23 + 0.01, 0.92 + 0.04,
2.28 + 0.09 and 11.40 + 0.45 pmol/cm? GM3, and the time-resolved data for probe
binding are shown in Figure 4.5A. The amount of bound HA-g-(CBM40)25% probes

were found to increase as the rise of the GM3 coverage in the surfaces. When rinsing
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with buffer, no significant removal of the probe from the surface was found and the

probe bound strongly to the surface.
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Figure 4.4. Quantification of HA-g-(CBM40).50 surface coverage by spectroscopic
ellipsometry (SE). Conditions: working buffer — HBS; SUVs - 50 pug/ml, composed of 1 mol-

% GM3 and 99 mol-% DOPC; probe concentration — 20 ug/ml (CBM40 equivalent).

The molar probe surface density was calculated from the areal mass density and the
molar mass of HA-g-(CBM40)25% obtained by SEC-MALS (Mw = 519 £ 22 kDa;
Figure S4.1). The maximal surface density of bound probe as a function of the GM3
surface density is depicted in Figure 4.5. The error of the probe surface density
represents the standard deviation of repeated experiments, and the error of the GM3
surface density was determined as for Figure 4.3C. When the GM3 surface density
was 0.12 +0.01 pmol/cm?, the binding slope a reached a maximum of 2.2 + 0.6. Above

all, superselective binding was demonstrated by SE, evidenced by the o > 1.

Besides, the thickness of the probe layer was also obtained when fitting with the

multilayer model, as shown in Figure S4.3. Since the model fits the probe film as being
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of constant density for which the density was actually increasing as more probes
concentrated on the surface, the obtained thickness should be taken as an effective
quantity rather than the geometric thickness. The effective thickness was expected to
decrease as the density profile becomes steeper, which was aligned with what observed

in Figure S4.3. It reassured the fitting model applied.
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Figure 4.5. Superselective binding of HA-g-(CBM40).54 to GM3-presenting SLBs,
guantified by SE. A) Areal mass density (AMD, determined by SE) for the probe binding on
SLBs containing various concentrations of GM3 (lines with colours and symbols as indicated
in the graph). Probe binding starts at 4 min, and proceeds for 20 min. Areal mass densities for
the SLB formation processes are displayed in Figure S4. B) The surface densities of bound
HA-g-(CBM40)2:59 on surfaces containing different GM3 concentrations. It was calculated
from the AMD determined in A) using the My, of the probe (519 + 22 kDa). Conditions:

working buffer — HBS, probe concentration — 20 ug/ml (CBM40 equivalent).

4.3.3 Visualization of the binding of HA-g-(CBM40)ps to GM3 on GUVs

To visualize interactions, the binding of HA-g-(CBM40)ps probe to GM3 in GUVs

was analysed by confocal fluorescence microscopy. The experiments presented in this
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chapter were conducted during a secondment in Winfried Romer’s lab at the Centre
of Biological Signalling Studies, University of Freiburg, Germany. Training was
provided by a PhD student Lina Siukstaite and the experiments were carried out with

the assistance of Winfried Romer and Lina Siukstaite.

HA-g-(CBM40),.29 probe for use in GUV experiments was produced immediately
before the secondment. The Mw was 928 + 40 kDa and approximately 2.2 CBM40
were attached to each 100 disaccharides of a HA chain as analysed by SEC-MALS

(Figure S4.4).

CBM40 monomer and HA-g-(CBM40)2.2% were labelled with the fluorescent dye
Oregon Green OG488-(Ni?*-NTA); (OG488) through the His tag of CBM40, before
adding to GUVs. The non-specific interaction of the dye with GUVs presenting 5 mol-
% GM3 was investigated and the fluorescent signals detected are presented in Figure
4.6A. The experiment showed that no fluorescent signal from bare dye OG488 could
be detected on the surface of GUVs, nor inside the GUVs, indicating a lack of non-
specific binding and membrane permeation of the probe. The binding of the OG488-
labelled CBM40 monomer and probe to GUVs presenting 5 mol-% GM3 was also
analysed, as shown in Figure 4.6B-C. For the CBM40 monomer, subtle interactions
was detected. In contrast, strong OG488 signals were detected for the HA-g-
(CBM40)2.2% probe, which co-localized with the Atto647 signal from the membrane.
This indicated that the HA-g-(CBM40)2.2% probe bound to the surface of GUVs
presenting 5 mol-% GM3, as expected. In conclusion, the binding between CBM40
and GM3 was substantially enhanced by the multivalent presentation of CBM40 in the

HA-g-(CBM40)2.29 probe.

Intriguingly, membrane permeation of the fluorescent molecule was observed when

the GUVs were treated with labelled CBM40 monomer or HA-g-(CBM40)2.2%. It

160



could be GM3-mediated permeation or the leaking of the GUVs. More evidences are

needed to determine the cause.

A Membrane (Atto 647) CBM40(0G 488) Merge

Bare dye
(OG488-(Ni2*-NTA),)

Dye-labelled
CcBM40

Dye labelled
HA'g'(CBM40)2.2%

Figure 4.6. Visualisation by confocal microscopy of CBM40 and HA-g-(CBM40)2.29
probe binding to GUVs containing 5 mol-% GM3. Equatorial views of GUVs (containing
Atto 647 labelled lipids) exposed to bare dye (Oregon green 488 conjugated to (Ni?*-NTA);
(OG488-((Ni**-NTA)3) (A), dye-labelled CBM40 monomer (B) and dye-labelled HA-g-
(CBM40),.% probe (C). Fluorescent channels are indicated atop the micrographs. Conditions:,
GUVs —5mol-% GM3, 64.7 mol-% DOPC, 30 mol-% cholesterol and 0.3 mol-% DOPE-Atto
647; CBMA40/probe concentration - 100 nM (2.5 pg/ml; CBM40 equivalents), dye

concentration (consistent through 3 groups) — 50 nM.

161



Next, the GM3 density-dependent binding of the probe was explored on GUVs
presenting a variety of GM3 surface densities (Figure 4.7). No OG488 signals co-
localised with the GUVs when they lacked GM3, validating specific recognition of
GM3 in the GUVs (Figure 4.7A). Also, no binding signals were detected on the
surfaces containing 0.025 mol-% (Figure 4.7B), 0.05 mol-% GM3(Figure 4.7C). At
0.1 mol-% GM3 (Figure 4.7D), the probe could be observed to bind to a few GUVs
but with rather weak intensities, while the majority of GUVs did not show any
appreciable probe co-localisation. The binding became stronger at 1 mol-% GM3 with
more GUVs were bound by the probe (Figure 4.7E), while still more than half of the
GUVs were unlabelled. When the GM3 surface density was increased to 5 mol-%,
much stronger fluorescent intensities were observed across most GUVs, although a
few GUVs remained unlabelled (Figure 4.7F). A clear increase of the bound probe
was found as the GM3 coverage increased. However, the GUV-to-GUV variation in
probe binding, in the same sample of GUVs, indicates that the GUV's samples prepared
were likely not homogeneous and GM3 coverage vary among the GUVs. It may be
concluded that the GM3-presenting GUVs are not suitable to carry out quantitative

analysis of superselective binding.

Moreover, | found that the dye bleached substantially after a few seconds of
illumination (Figure S4.5). This issue made it difficult to carry out quantitative
analysis using the fluorescent intensities since the intensity will be greatly affected by

the exposure time to the laser.

As shown in Figure 4.7 and Figure S4.5, fluorescent signals were barely found inside
GUVs. It indicated that the fluorescent signals noticed inside GUVs in Figure 4.6B
and C were highly likely due to the quality of the GUVs rather than GM3-mediated

membrane permeation.
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Those obstacles mentioned above to perform quantitative analysis could be tackled in
future by scanning a larger area of the GUVs samples and then calculating the average
fluorescent signal per GUV in a randomly selected area to be the representative
fluorescent signal. By observing and comparing the representative fluorescent signals
produced by the binding in each GUVs sample containing various GM3, it may show
the trend of the superselective binding. Besides, observations through GUVs systems
provide valuable insights on other perspectives. We could observe the crosslinking of
GUVs. As shown in Figure 4.7 E, two GUVs with HA-g-(CBMA40)2.2% coated on the
surface stuck together forming a flat interface. This is likely caused by the connecting
of the probe. But the crosslinking was not observed in GUVs with 5-mol% GM3
coverage (Figure 4.7 F). It could be that the reduced GUVs density in 5-mol% GM3-
containing GUVs avoided the crosslinking. This could be verified by investigating the
binding of the probe to GUVs with various GM3 coverages in a high and constant

GUVs concentrations.
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0.1 mol-% GM3|

1 mol-% GM3
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Figure 4.7. Binding of HA-g-(CBM40),.2, on GUVs containing various GM3 coverages

detected by fluorescence confocal microscopy. Representative data for the binding of HA-
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g-(CBM40)2.2¢ to GUVs presenting 0 mol-% GM3 (A), 0.025 mol-% GM3 (B), 0.05 mol-%
GM3 (C), 0.1 mol-% GM3 (D), 1 mol-% GM3 (E) and 5 mol-% GM3 (F). The left and middle
column show the fluorescent signals produced by Atto 647 labelled lipids and Oregon Green
488 labelled CBM40/ HA-g-(CBM40),. , respectively. The right column is the merger of
both channels. Conditions: GUVs - 0/0.025/0.05/0.1/1/5 mol-% GM3, 69.7/68.7/64.7 mol-%
DOPC, 30 mol-% cholesterol and 0.3 mol-% DOPE-Atto 647; HA-g-(CBM40)2.24 probe

concentration - 100 nM (CBM40 equivalent), OG488-(Ni?*-NTA)s; — 100 nM.

4.3.4 Superselective binding of HA-g-(CBM40)ps to a different type of ganglioside

Since CBMA40 can bind to other gangliosides having the same 2,3’-sialyl lactose core
as GM3, albeit with lower affinity, it was anticipated that the HA-g-(CBM40)ps probe
could achieve density-dependent binding for other types of gangliosides. Here, GM1

was employed as a second representative ganglioside to validate this hypothesis.

Based on the outcomes in Section 3.1 and Section 3.2, we knew that QCM-D is able
to detect the same superselectivity phenomenon as that measured by SE. Besides,
QCM-D is more time efficient and easier to operate compared to SE, where 4 parallel
experiments can be carried out simultaneously and no instrument alignment is needed.
Hence, the binding of HA-g-(CBM40)..29% on supported lipid bilayers presenting a
variety of surface densities of either GM1 or GM3 was analysed by QCM-D here,
which is analogous to what was done in Section 4.1 but using a slightly different probe.
The SLBs containing either GM1 or GM3 in various densities formed well, as
presented in Figure 4.8A and Figure 4.8C, respectively. The binding of HA-g-
(CBM40)2.2% to those SLBs are shown in Figure 4.8B and Figure 4.8C. Increased
frequency and dissipation changes were found as the surface densities of the

gangliosides increased.
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A quantitative comparison of binding to GM1 and GM3 is shown in Figure 4.8E,
where the maximal frequency shifts (-AF) as a function of the GM1 and GM3 surface
density are presented. The GM1/GM3 surface densities (I'cm1/3) were calculated from
the molar fraction (in mol-%) of the respective ganglioside in the SUVs, as established
in Chapter 3: I'ems = 2.28 + 0.09 pmol/cm?mol-% and Iowi = 2.44 + 0.14
pmol/cm?/mol-%. Superselective binding of HA-g-(CBM40)2.29% to both GM1 and
GMa3 is evident from the slopes o exceeding 1 for both cell membrane models (Figure
4.8E). The maximum binding slopes in the double logarithmic plot obtained are
comparable for GM3 and GM1 surface models: 2.3 £ 0.4 for GM3 and as 1.7 £ 0.1

for GM1.

The binding curves for GM1-containing and GM3-containing surfaces looked broadly
similar in shape. The superselective binding occurred at lower GM3 surface density
than for GM1, evidenced by the smaller binding threshold (where the a arrives at its
maximum value) on the GM3 surface: 0.12 + 0.01 pmol/cm? for GM3 and 1.96 + 0.12
pmol/cm? for GM1. The distinct binding thresholds in the ganglioside surface density
is likely due to the distinct binding affinities of CBM40 for GM1 vs. GM3. The higher
affinity of GM3 requires a lower surface density of this ganglioside to allow strong
probe binding, compared to GM1. To validate this assumption, the influence of the Kg
was considered by re-scaling the ganglioside surface density by the Kq. As shown in
Figure 4.9F, once the ganglioside surface density was adjusted by the binding affinity,
the dependencies of the probe binding on ganglioside surfaces density superposed well

for GM3 and GM1.

Taken together, the data demonstrate that HA-g-(CBM40)2.2+ can bind to both GM1
and GM3 in a superselective manner with comparable o, with comparable binding

curves when binding is considered as a function of the I'em1/3/Kq ratio. This validates
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that HA-g-(CBM40)ps probes can be used to target different types of gangliosides that

are often upregulated in cancers.
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Figure 4.8. Comparative analysis of the superselective recognition of GM1 and GM3
gangliosides by the HA-g-(CBM40)2.20 probe. A-B) QCM-D data (AF — blue lines; AD —
red lines; 5™ overtone) of SLBs formation with SUVs containing GM1 (A) and subsequent
probe binding (B). C-D) QCM-D data of SLBs formation with SUVs containing GM3 (C) and
subsequent probe binding (D). Molar fractions of GM1 and GM3 are indicated with symbols
in panels (A) and (C), respectively. E) Maximal QCM-D frequency responses, -AF, for the
binding of HA-g-(CBM40),.2¢ to SLBs presenting either GM1 (green squares; extracted from
panel B) or GM3 (orange circles; from panel D). The error bars in AF represent uncertainties
due to signal drift and the error bars in I” were calculated based on the error from I'smz=2.28
+ 0.09 pmol/cm?mol-% and Iomi = 2.44 + 0.14 pmol/cm?/mol-%. Conditions: working
buffer — HBS; SUVs — 50 ug/ml, GM1 or GM3 in a DOPC background, at molar fraction as
indicated; HA-g-(CBM40)2.29 probe - 100 pg/ml (CBM40 equivalent). F) Adapted from (E)

with the horizontal axis rescaled by the affinity, Kq, of the respective ganglioside for CBMA40.

4.4 Discussion

Significance

Superselective binding of HA-g-(CBM40)ps probes was demonstrated on SLBs
containing GM3 gangliosides by both QCM-D and SE. This indicates the potential of
the probe to be used for targeting upregulated GM3 on cancer cells, for example
melanoma cells (Hirabayashi and Taniguchi, 1989, Taniguchi, 1984, Hirabayashi et

al., 1985).

In addition, superselective binding of HA-g-(CBM40)ps was also demonstrating on
SLBs containing GM1 gangliosides, and comparable superselectivity was found as on
GM3 surface models. This finding supports the idea that the probe could be used to

target other gangliosides that share the 3’-SL glycan. It meets the objective of this

168



thesis to achieve ganglioside density-dependent binding using the constructed HA-g-

(CBM40)ps.
The comparison of the superselectivity analysed using QCM-D and SE

The binding of HA-g-(CBM40)..55% to GM3-containing SLBs was analysed using
QCM-D and SE, where the maximum « of 1.8 + 0.4 occurring at 0.23 + 0.01 pmol/cm?
was obtained by QCM-D and the maximum a of 2.2 + 0.6 occurring at 0.12 + 0.01
pmol/cm? was quantified by SE. The comparable values for a implies comparable
superselectivity quality. However, the binding threshold density obtained from QCM-
D and SE were different: 0.23 + 0.01 pmol/cm?and 0.12 + 0.01 pmol/cm?, respectively.
This difference likely resulted from the frequency shifts obtained by QCM-D having
contributions from the bound probe and also trapped solvent associated with the bound
probes (Eisele et al., 2012). The less probe on the surface, the less compact the formed
probe biofilm, providing more space for the solvent and leading to the higher amount
of solvent trapped. So when we use the frequency shifts to indicate the amount of
bound probe on surfaces with low receptor densities, the mass attained would be more
than the actual amount. However, the influence of trapped solvent decreases
significantly as substantial of probes covering on the surface. The steep rise of
frequency shifts generated from the bound probe was diluted by the effects of trapped
solvent. This could explain why the maximum o occurred at higher threshold density

on QCM-D compared to SE.
The superselective binding investigated in literature

Dubacheva et al. also produced superselective probes with HA as the scaffold
(Dubacheva et al., 2015, Dubacheva et al., 2014). They used ferrocene (Fc) - B-

Cyclodextrin (B-CD) as the ligand-receptor in the reference system and investigated
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the influence of distinct parameters on the superselectivity range, including the affinity
of the ligand-receptor pair, the ligand valency, and the length of the linker. These
studies provided valuable insights into how the threshold receptor surface density of a
superselective probe can be modulated by these factors. To investigate the influence
of binding affinity, they replaced the Fc receptors with adamantane (AD) receptors
with affinity increasing from Kq =200 pM to 10 uM, and kept all other parameters the
same. They found that the enhanced affinity led to a proportional (i.e., 20-fold)
reduction of the threshold receptor surface density. Besides, they revealed that an
increase in the probe valency (from DS = 3% to 21%) also produced a decrease in the
binding threshold. The decrease in this case was slightly more than proportional,
which was explained by subtle effects of the reduced conformational space of the
polymer at higher valencies. They also found that shortening the linker between p-CD
and HA (with all other parameters interaction unchanged) reduces the binding
threshold, which was explained as arising from the reduced change in conformational

entropy of the linker upon binding of the ligand to the receptor.

Although a different ligand-receptor and cell membrane model system were applied
in the HA-g-(B-CD)ps - guest binding system where self-assembled monolayers
(SAMs) were employed as cell membrane models, the same trends of the binding
threshold changing with those parameters are expected to occur in the HA-g-
(CBM40)ps - ganglioside binding system (Dubacheva et al., 2023). The similar
investigation could be done with HA-g-(CBM40)ps probe to elucidate the impacts of
those parameters (affinity ligand valency and linker length) on the binding threshold
of HA-g-(CBM40)ps probe. The outcomes could provide valuable guides on
modulating the superselectivity range of the HA-g-(CBM40)ps to distinguish the

gangliosides surface densities on tumour cells from that on healthy normal cells.
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Potential future work

Last but not least, we determined the binding of the probe to surfaces presenting one
type of ganglioside each time and it helped us understand how their behaviour changed
with the increase of the target ganglioside density. However, several different
gangliosides are likely to be presented on the same cell, although at distinct densities.
Hence, when we thoroughly understand the binding of the probe to each ganglioside
in the simple models, it would be worth investigating the influence of additional
gangliosides on the superselective binding of the probe to the principle overexpressed
ganglioside by studying the binding of HA-g-(CBM40)ps over complex models

presenting mixtures of gangliosides.

4.5 Conclusion

In this chapter, superselective binding of HA-g-(CBM40)ps to gangliosides GM3 and
GM1 was demonstrated, using cell surface models. The selectivity parameter o
approached a value of 2. The dependency of probe binding on ganglioside surface
density superimposed well for GM3 and GM1 when the ganglioside surface density
was normalized by the binding affinity. These findings fulfil aim 3 of this thesis:
demonstrating ganglioside density-dependent binding of the produced probe. It
implies that the probe could be a promising tool to achieve tumour-specific binding

based on the up-regulated gangliosides on its cell surface.
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Chapter 5. Conclusion and future work
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5.1 Main achievements of this thesis work

In this thesis, | developed a methodology to produce multivalent HA-g-(lectins)os
probes and to characterize their biophysical properties. Cell membrane models
presenting tuneable ganglioside surface densities were produced, and used to
demonstrate that the HA-g-(lectins)ps probes could discriminately bind to gangliosides
targets at high density. The demonstrated density-dependent binding of the HA-g-
(lectins)ps probes shows potentials for using it to specifically target tumour cells with

overexpressed ganglioside targets.
5.1.1 An methodology to generate superselective probes

The methodology to produce superselective probes was developed. CBM40 lectin was
used here as a model lectin to establish the production processes to make HA-g-
(CBM40)ps. HA polymers were employed as the scaffold and multiple CBMA40 lectins
were attached onto the carboxylic acid sites of the HA glucuronic acid residues by a
chemical linker to form HA-g-(lectin)ps probes. The resulting HA-g-(CBM40)ps was
characterized by SEC-MALS and the information for its molecular mass, radius of
gyration and dispersity were obtained, which allowed calculation of the substitution

of CBM40 on the probe.

Depending on the glycan to be targeted, the CBM40 lectin could be replaced with
other types of monovalent lectins generally having relatively low affinity. The
corresponding HA-g-(lectin)ps probe could be developed and characterized with the

methods described in this thesis.
5.1.2 Cell membrane models presenting tuneable ganglioside surface densities

Cell membrane models presenting tuneable ganglioside coverages (GM3 or GM1)

were constructed to validate the ganglioside density-dependent binding
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(superselective binding) of HA-g-(CBM40)ps probes. SLBs were employed as the cell
membrane models to display the gangliosides. GM3 surface densities on SLBs were
quantified by titration of CBM40 lectin and determined using SE. The reporter used
here, CBM40, was a monomer that interacted reversibly with GM3. The surface
densities of accessible GM3 were determined by fitting the titration data of CBM40
on GM3 surfaces with a Langmuir Isotherm equation. The GM3 inter-leaflet
distribution was known by comparing the determined GM3 surface densities with the
theoretical surface densities expected under symmetrical inter-leaflet distribution. The
method applied here is more efficiently and convenient compared to previous
approach using pentamer CTBs as the reporter of GM1 coverages where CTBs reporter
was unable to directly measure the GM1 surface densities and extra steps were
required to measure the bound CTBs on the SLBs treated with GLTP and EUVs to

make sure the stoichiometry.

The correlation between GM3 surface density on SLBs and GM3 molar fraction inside
SUVs from which the SLBs are formed, were established. This correlation provides a
useful tool to tune GM3 coverages on SLBs. The methodology developed could also
be extrapolated to produce cell membrane models presenting other gangliosides,
providing platforms for investigating the gangliosides density-dependent bindings and

for studying the interactions with gangliosides occurred on the cell membrane.
5.1.3 Demonstration of the superselective recognition in cell membrane models

The bindings of HA-g-(CBM40)ps probe on the SLBs displaying GM3 were
monitored by QCM-D and SE. HA-g-(CBM40)ps showed strong bindings to SLBs
presenting high GM3 surface densities but showed minor bindings on the SLBs
presenting low coverage of GM3, observed on bother QCM-D and SE. This
superselective quality indicator a of HA-g-(CBM40)ps in double-log axis were
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determined as 1.8 + 0.4 and 2.2 + 0.6 by QCM-D and SE, which validated the
superselective recognition of HA-g-(CBM40)ps over GM3. The superselective
binding of the HA-g-(CBM40)ps was also demonstrated on the SLBs presenting GM1
gangliosides. Distinct threshold densities for probe binding were found when binding
to GM1 and GM3, with 0.12 + 0.01 pmol/cm? for GM3 and 1.96 + 0.12 pmol/cm? for

GML. It was found that binding curves (-AF as a function of I'gy4/3) over GM1 or

GM3 superposed well when rescaling the x-axis from [y /3 t0 Tgm1/3 /Kqg.

The HA-g-(CBM40)ps developed could be used to achieve specific targeting of
tumour cells based on their up-regulated gangliosides. It could be utilized in different
medical applications, including delivering chemotherapy drug/ diagnosis imaging
moieties and labelling glycocalyx (as detailed in Section 5.3). What’s more, this
method developed can be applied to interrogate the superselective binding of other
HA-g-(lectins)ps probes to their target glycans. If the affinity of the applied lectin to
its target glycan meets is also low, the occurrence of superselectivity would be

expected.

5.2 Perspectives for future work

5.2.1 Demonstrate the specific targeting of HA-g-(CBM40)ps over melanoma cells

Based on Taniguchi and his colleagues’ researches, we knew that GM3 expression
was greatly upregulated on melanoma cells compared to other types of tumour cells
or healthy normal cells (Taniguchi, 1984, Hirabayashi et al., 1985, Harada et al.,
1989). Hence, HA-g-(CBM40)ps probe developed in the thesis should be a good

candidate to achieve specific targeting of melanoma cells.

In the end of my PhD, I successfully cultured a melanoma cell line and melanocyte

primary cells and used these to perform preliminary tests of probe binding. These tests
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included comparing the expression of CBM40 binding receptors on melanocyte cells
and melanoma cells, and investigating the effect of monovalent competitors on the
binding of HA-g-(CBM40)ps to the two cell types. The cell data obtained was not
complete enough to merit a chapter on its own, but provided useful insights on the
expression difference of CBM40-binding receptors and on the design of the threshold
density of the probe to discriminately target melanoma cells, which would be useful
for the future development of this project. Those results will be presented in the next

sections.

5.2.1.1 Demonstration that CBM40 binding glycans are upregulated on

melanoma cells

Although GM3 has been revealed substantially upregulated on melanoma cells, it is
worth to note that there are other types of gangliosides (probably also glycoproteins),
at relatively low contents, on the cells surface that present CBM40-binding glycans
and thus could also contribute to HA-g-(CBM40)ps binding. To achieve the selective
targeting of melanoma cells over normal healthy melanocyte cells using HA-g-
(CBM40)ps, it is necessary to firstly confirm the upregulation of CBM40 binding
glycans on melanoma cells (Hirabayashi and Taniguchi, 1989, Hirabayashi et al.,

1985, Cheung et al., 1987, Zhang et al., 1997).

CBMA40 could be a good reporter to determine the expression of its receptors on cells.
| performed preliminary experiments using Oregon 488 labelled CBM40 (OG488-
CBMA40) to probe the difference in CBM40 receptor densities expressed on melanoma
and melanocyte cells, as detailed in the Supporting Methods section in the Appendix.
No significant non-specific fluorescent signals were found on cells treated with the
free OG488-(NTA-Ni?*); dye and also no fluorescent signals were detected for un-

labelled CBM40 or HA-g-(CBM40)a4.3%, as shown in Figure S5.1A-B, validating the
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method using fluorescent intensities of OG488 dye to report and compare bound

CBMA40 or HA-g-(CBM40)ps.

As shown in Figure 5.1, a substantially higher amount of CBM40 was found to bind
on melanoma cells compared to melanocyte cells under the same conditions. This
indicates that the expression of CBM40 receptors is greatly upregulated on melanoma
cells. It should be noted that the cells here were not washed due to the low affinity of
CBMA40, and the OG488-CBM40 monomer in ambient solution may contribute to the
fluorescent signals. However, the increased intensity on melanoma cells compared to

melanocytes is unaffected by the potential bias due to free probe.
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Figure 5.1. The upregulated CBM40 receptors on melanoma cells in comparison to
melanocyte cells reported with fluorescently labelled CBM40. CBM40 monomer was
labelled with OG488-(NTA-Ni?"); to produce OG488-CBM40. Melanocyte and melanoma
cells were treated with OG488-CBM40 in different concentrations. The average OG488
fluorescent intensities determined on a cell as a relation of the OG488-CBM40 concentration
were presented here with green dots (melanocyte cells) and purple dots (melanoma cells). The

original histogram graphs are presented in Figure S5.1C-D. Conditions: OG488-CBM40
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concentration - 100 nM, 200 nM, 400 nM, and 800 nM, solution — FACS buffer, number of

cells analysed - around 3000 per condition.

5.2.1.2 Demonstrate the selective binding of HA-g-(CBM40)ps to melanoma cells

To sharply discriminately melanoma cells from melanocyte cells using superselective
probes, it is necessary for the threshold receptor density of the probe to sit between the

receptor densities of the two cell types.

As described in the Discussion section in Chapter 4, several methods have been
revealed to shift the binding threshold of a superselective probe, including varying the
valency of ligands on HA scaffolds, alternating the binding affinity between ligand
and target receptor, and controlling the length of the linker attaching ligands on the
HA (Dubacheva et al., 2015). All strategies listed above worked well on modulating
the threshold density. Moreover, in a recent published work by Curk et al. (2022)
another way to modulating the binding threshold of the probe is presented: monovalent
competitors. They found that the effects of adding monovalent competitors on the
multivalent ligand-receptor bindings can be captured by rescaling the binding affinity
of the individual ligand-receptor interaction. It suggests that the same outcomes could
be attained either by changing ligands with different binding affinity or by adding a

monovalent competitor.

All the strategies introduced above could be used to shift the threshold density of HA-
g-(CBM40)ps probes to achieve the specific binding on melanoma cells. The addition
of monovalent binders is simple and handy, compared to all other methods that would
require making and validating new probes. Thus, | firstly tried this strategy to adjust

the threshold receptor density of HA-g-(CBM40)ps probes.
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Besides, HA receptors like CD44 are widely found on cell surfaces, (Chen et al., 2018,
Zoller, 2011) and it is likely they exist on melanoma and melanocyte cells (Huang et
al., 2017). This entails the risk that the HA scaffold of the probe also contributes to
cell binding. It would be ideal to eliminate the binding contributed from the HA
scaffold, and HA decasaccharides (HA10) were here used as competitors to achieve
this. Specifically, HA1o were supplemented with 3’-SL (the competitor for CBM40-

ganglioside interactions).

| performed preliminary experiments to explore the binding of HA-g-(CBM40)4.3%
probes (Figure 2.24) to melanocyte and melanoma cells under competitors of 3°-SL
and/or HA1o, as described in the Supporting Methods in the Appendix. Melanocyte
and melanoma cells were treated with OG488 labelled HA-g-(CBM40)s3%
supplemented with 3°-SL and/or HA1o at varying concentration and the amount of
bound probes was quantified by the OG488 signals detected on cells by flow

cytometry.

The expected effects of 3°-SL on bindings of the probe was illustrated in Figure 5.2.
In order to have an idea on the upper boundary of the inhibition where the bindings
could be inhibited completely, quite high concentration of 3°-SL were applied here.
The results are presented in Table 5.1. In the absence of HA10, around 90% bindings
of the probe were inhibited by 100 mM 3’-SL. Keeping the 3°-SL 100 mM and
increasing the concentration of HA10, around 6% bindings were inhibited at 300 uM
HA10 and no inhibition was observed with further increasing HA1o to 500 uM. The
same results were obtained on both melanocyte and melanoma cells. Those results
implied that around 90% attributed to the binding between CBM40 and its receptors
and only 6% of bindings were generated from the interactions of HA scaffold that can

be completely inhibited with 300 pM HA1o. The interactions of CBMA40 is likely to
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contribute more than 90% of bindings, indicated by the further increasing inhibition
when increasing the 3°-SL from 100 mM to 500 mM with HA1o at 500 uM. To have
a clearer idea of this, it would be worth to carry out a test where both cells were treated
with OG488 labelled probe supplemented with 300 uM HA10 and 0 mM or 500 mM
3’-SL. In conclusion, the majority of probe bindings on melanocyte or melanoma cells
were produced by interactions of CBM40 and small proportion of the bindings were
generated by HA interactions which could be blocked with 300 uM HA10 when

analysing the superselective binding of the probe to CBM40 receptors.

Table 5.1. Bindings of HA-g-(CBM40)43% probes to cells inhibited by 3’-SL and HA

oligomer analysed using flow cytometry.

Inhibited binding
inhibitors(uM HeMa MeWo
3-SL, HA
0,0 0.0% 0.0%
1x105,0 89.8% 91.6%
1x105, 10 90.4% 93.3%
1x105, 30 90.8% 93.9%
1x105, 100 93.8% 96.5%
1x105, 300 96.7% 97.8%
1x105, 500 96.5% 98.0%
5x105, 500 98.7% 98.8%
1x108, 1000 98.6% -

The inhibition data was extracted from the flow cytometry data presented in Figure S5.2. The
0OG488 intensities determined on cells treated with OG488 labelled probes in the absence of
competitors were considered as the 0% inhibition and the decreased intensities produced by
competitors compared to the intensities of 0% inhibition were estimated as the inhibited
bindings and were presented in Table 5.1 table. The condition, where inhibition of the probe
binding was close to maximum, was marked in bold. Condition: cells - 10 k cells per well,

HA-g-(CBM40)43% - 700 nM (CBM40 equivalent), 3’SL competitor - dissolved in HBS,
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concentration at 100 mM, 500 mM; HA1, - dissolved in HBS, concentration at 10 uM, 30 pM,

100 puM, 300 uM, 500 uM.

Here, we have figured out the inhibition boundary where almost all the bindings were
inhibited on both cells, as marked as a dash black line with arrow in Figure 5.2. In
future, the bindings to melanocyte and melanoma cells could be investigated with
decreasing 3’SL concentration in the presence of 300 UM HA1o. If at certain 3’SL
concentration (like the one marked with red dash line with arrow), the binding of the
probe are inhibited significantly on melanocyte cells but the probe can still bind well
on melanoma cells, it indicates that the HA-g-(CBM40)ps probe is able to achieve

superselective binding to melanoma cells but leave melanocyte cells barely affected.
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Figure 5.2. The illustration of the superselective binding of the probe on cells controlled
by the concentration of 3’-SL competitor. The expected binding of the probe to melanocyte

and melanoma cells in the presence of different 3’-SL concentrations were presented in blue

line and in orange line respectively.

Indeed, the monovalent competitor is handy and easy to tune the superselective range

of HA-g-(CBM40)ps in in vitro studies but it would be not easy to mirror it in vivo
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studies. Since 2’3-SL oligosaccharide has no selectivity to tumour cells, they would
not accumulate at tumour sites like the probe and it would be hard to achieve efficient
concentration required for the competitive binding with the probe. Besides, the size of
the 2°3-SL oligosaccharide is less than 3 nm and the competitor thus is easily removed
through renal clearance (Ohlson et al., 2001, Longmire et al., 2008), which makes it
difficult to arrive tumour site. So the balanced way could be that the superselective
binding of HA-g-(CBM40)ps could be firstly demonstrated and the conditions to
achieve discriminately binding of tumour cells could be figured out by applying 2°3-
SL competitors. Then, the valency of the CBM40 on HA could be adjusted to produce
an equivalent outcome of superselective binding achieved by applying 2’3-SL
competitors on cell membrane models followed by verifying in vitro study. Once the
probe with the dedicated CBM40 valency leading to specific binding to melanoma
cells is validated in vitro, it could be applied in vivo. Regarding the blocking of binding
contributed by HA, it could be achieved by replacing HA with inert heparosan as a
scaffold as there are no known receptors for heparosan on cell surfaces and no HA
oligomer competitors will be needed.

5.2.2 Create a library of HA-g-(ligands)ps probes to achieve specific binding of

distinct tumour cells

The probe can be tuned to target different types of tumours by using distinct ligands
(‘bullets’) to target specific gangliosides upregulated on its plasma membrane. The
ligands could be any ganglioside binding partners, such as lectins or antibodies.
However, lectins and antibodies are normally multivalent in structure and lead to
moderate or strong interaction with gangliosides. Hence, employing the monovalent
version of them as the ligand would be suitable to meet the low affinity required for

generating density-dependent binding. It should be feasible through producing the

182



single binding domain of a multivalent lectin or the fragment antigen-binding site
(Fab) of an antibody with specific gene sequences. Cysteine could be introduced
through site-directed mutagenesis of the gene sequence for the lectin or Fab without
interrupting access to the interaction sites. Then the same strategies described in
chapter 2 could be applied to produce HA-g-(lectin single binding domain)ps or HA-

g-(Fab)ps.

For instance, the Fab of anti-disialoganglioside (GD2) antibodies (a type of IgG) could
be a good candidate serving as the ligand attaching on the probe to produce HA-g-
(anti-GD2 Fab)ps. GD2 is a minor ganglioside, composed less than 2% of total
gangliosides on the surface of normal cells (Svennerholm et al., 1994). It has been
found highly upregulated on several cancer types, including neuroblastoma,
melanoma and some type of soft - tissue sarcomas (Chang et al., 1992, Schulz et al.,
1984, Wu et al., 1986, Cheung et al., 1987). Hence, HA-g-(anti-GD2 Fab)ps can be
produced and could be a potential tool to achieve specific recognition of
neuroblastoma, melanoma or soft-tissue sarcomas based on their upregulated

gangliosides on cell surfaces.

GM2 has been also found upregulated on several type of cancer cells, including small
lung cancer cells, prostate cancer cells and breast carcinoma cells (Zhang et al., 1997,
Tsuchida et al., 1987, Fukumoto et al., 1999). The Fab of the anti-GM2 antibody
KM966 could contribute to the probe library by producing HA-g-(anti-GM2 Fab)ps.

Such probes could be tested as candidates for superselective cancer cell targeting.

Apart from the Fab of gangliosides-targeted antibodies, the monovalent binding
module of lectins are ideal candidates of the ligands for producing the superselective
probe. For instance, siglecs could be used as ligands and attached to HA to create

probe able to targeting upregulated sialic acids, given by that the binding affinities
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between siglecs family with sialic acid were between 0.1 - 3 mM and sialic acid was
widely found overexpressed on tumour cells (Bill et al., 2016). Besides, the recently
found monomeric PLL3 could also be a good ligand candidate. It belongs to the PLL
family and showed highest affinity to L-fucose with Kqaround 3 mM, which could be

used to target the upregulated fucose on tumour cells.

HA-g-(ligands)ps probe can be designed and generated based on the receptor features
of distinct tumour cells. Then, they could undergo testing as potential candidates for

achieving specific targeting of cancer cells.

5.3 Potential applications of HA-g-(ligand)ps probe

5.3.1 Anti-tumour drug delivery

Drug delivery systems are carriers of chemotherapeutic drugs. They possess many
merits, including enhancing the solubility and stability of chemotherapy drugs,
improving the accumulation of chemotherapy drugs at tumour sites, and reducing
systematic toxicity (Gali-Muhtasib and Chouaib, 2020, Chauhan, 2015, Chauhan,
2018, Castangiaetal., 2017). In recent decades, various materials have been developed
as drug delivery vehicles, including both inorganic and organic materials (Mandal et
al., 2009, Zhang et al., 2012, Gill et al., 1996, Duncan, 2007). Polymers-based delivery
vehicles have drawn significant attention in recent decades, such as N-(2-
hydroxypropyl)methacrylamide (HPMA), poly(ethylene glycol) and hyaluronan
(Greenwald et al., 2003, Knop et al., 2010, Julyan et al., 1999, Meerum Terwogt et al.,

2001, Choi et al., 2011, Zhong et al., 2015).

If HA-g-(ligand)ps could be demonstrated to specifically target tumour cells, it could
serve as a drug delivery system to transport chemotherapy drugs specifically to

melanoma cell lesions. The chemotherapy drug could be loaded onto the probe through
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click chemistry with functional groups on HA, such as the hydroxyl groups or vacant
carboxylic acid of the glucuronic acid units. For example, the anti-tumour drug
doxorubicin (DOX) hydrochloride could be conjugated onto HA-g-(ligand)ps through
reaction between the amine group of DOX with free carboxylic acid groups on the
probe backbone. (EI-Dakdouki et al., 2012, Sritharan and Sivalingam, 2021) The same
method could be applied to conjugate epirubicin to the probe, which shared the same
functional groups with DOX (Khasraw et al., 2012). The chemotherapy drug paclitaxel
(PTX) could be loaded onto HA by an esterification reaction between the hydroxyl
group of PTX and carboxylic acid groups of sugar residues on the probe (Falah et al.,

2019, Rowinsky et al., 1990).

Subsequently, the HA-g-(ligand)ps could transport the chemotherapy drugs DOX or
PTX specifically to melanoma cells and allow the drugs to accumulate at tumour sites,
enhancing the effectiveness of DOX and PTX while minimizing interference with
healthy normal cells. Besides, attaching to the probe could also help to overcome the
issue of poor water solubility observed in DOX and PTX attributing to the hydrophilic
HA scaffold. Nevertheless, it is important to note that there is a potential risk of the
drug-loaded probe becoming insoluble, particularly when a high loading of DOX is
employed. Exploring the new dissolving condition for the drug loaded probe may be

needed.
5.3.2 Carrier for imaging moieties for tumour diagnosis

Similar to delivering chemotherapy drugs, the HA-g-(ligand)ps probes could be
applied to transport imaging moieties, that could provide valuable information for

tumour diagnosis, probe metabolism, and systematic biodistribution.
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A variety of imaging moieties have been developed for cancer diagnosis, including
fluorescent dyes and radioactive substances. For example, the probe could be
fluorescently labelled with amine-modified fluorescent dyes by reaction with the
carboxylic acids on HA backbone (Wang et al., 2001, Janczewski et al., 2013). The
labelled probes would be able to illuminate the tumour sites and indicate the locations
of tumour cells, providing insights on the trafficking of tumour cells in the body and
on the metastatic level of the tumour (Hoffman, 2008, Condeelis and Segall, 2003,
Yamauchi et al., 2006). The blood circulation time of the probe in body can also be
investigated by determining the fluorescent signals remaining in blood over time (Liu
et al., 2017b, Wang et al., 2018). Besides, HA-g-(ligand)ps could be labelled with
substances such as tritium, iodine or gadolinium and its locations could then be
detected by y-scintigraphy, or magnetic resonance imaging, respectively (Lammers et
al., 2006, Kopf et al., 2022, Lammers et al., 2008). The probe would function similarly

to fluorescently labelled HA-g-(ligand)ps and applied in cancer diagnosis.

In this thesis, an methodology to produce HA-g-(ligand)ps superselective probe was
developed, and superselective probe binding to gangliosides was demonstrated on cell
membrane models presenting gangliosides at tuneable surface densities. In the future,
two directions of development could proceed. One is to go deeper with the produced
HA-g-(CBM40)ps, exploring its specific recognition on tumour cells and its medical
applications in tumour therapy or diagnosis. Another direction is to go wider by
producing the HA-g-(ligand)ps library, exploring diverse applications of
superselectivity. No matter which direction to develop, the work achieved in this thesis

has built a good foundation for advancing them.
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Appendix
1. Support Figures

A Reducing
conditions

50 KDa
25KDa

B Non-Reducing
conditions

50 KDa
25KDa

Figure S2.1. SDS-PAGE gels of CBM40-Cys aggregates separated from peaks 1 to 3 in
size exclusion chromatography in Figure 2.7. The SDS-PAGE was conducted under

reducing condition with 5% v/v B-mercaptoethanol (A) or under non-reducing condition, in

the absence of reducing reagents.

gel 1 gel 2
200 kDa

50 kDa

25kDa

10 kDa S-S
\«a.éde‘ A9 '\'9‘\'.\%\‘.\6 AN %\,9}« ’\'?’0

N

Figure S2.2. Original SDS-PAGE gels of Figure 2.9. The details of the contents in the gels

were described in Figure 2.9.
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Figure S3.1. The titration of CBM40 on GM3 containing SLBs analysed by SE. (A-E)
The titration of CBM40 on SLBs containing 0.1 mol-%, 0.2 mol-%, 0.4 mol-%, 0.8 mol-%
and 1 mol-% GM3 analysed by SE. The CBM40 concentration was increased in 8 steps (as
indicated by arrows atop the graph, less steps were involved on surfaces with low GM3
coverages), and changes in CBM40 areal mass density were monitored by SE. Conditions:
SUVs - 50 pug/ml, composed of 0.1 mol-% and 99.9 mol-% DOPC, 0.2 mol-% and 99.8 mol-

% DOPC, 0.4 mol-% and 99.6 mol-% DOPC, 0.8 mol-% and 99.2 mol-% DOPC, 1 mol-%
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GM3 and 99 mol-% DOPC, respectively; buffer solution — HBS (10 mM HEPES pH 7.4, 150

mM NaCl).
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Figure S4.1. The HA-g-(CBM40)250 characterized by Size Exclusion Chromatography —
Multiple Angles Light Scattering (SEC-MALS). The molar mass of HA-g-(CBM40)2.5%
was determined as 519 + 22 kDa and subsequently the CBM40 substitution on HA was
calculated as 2.5 + 0.1 per 100 disaccharides, following the calculation method described in
section 2.4.2 in Chapter 2 with the molar mass of HA-g-(Tz)3.5-4.5% known from section 3.3.3
in Chapter 2 . Each HA chain contained 13 + 1 CBM40. The weight-average Ry (Rg, w) of HA-

g-(CBM40),.5% was determined as 52.5 £ 3.9 nm and the mass dispersity was 1.3 £ 0.1.
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Figure S4.2. Superselective binding of HA-g-(CBM40)250% to GM3-presenting SLBs,
determined by QCM-D. A) Representative QCM-D data (AF — blue lines; AD — red lines;
5th overtone) for the formation of SLBs with a range of GM3 coverages. The SLBs formed
from SUVs containing 0.025, 0.1, 0.4 and 5 mol-% GM3 are displayed, and labelled with
different symbols as indicated in the graph. Conditions: working buffer — HBS; SUVs —
50ug/ml, GM3 (in mol-% as indicated) in a DOPC background. B) QCM-D data for the
binding of HA-g-(CBM40).5% on the SLBs shown in panel A). Conditions: working buffer —

HBS, HA-g-(CBM40)2:5% — 20 pg/ml (CBM40 equivalent).
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Figure S4.3. The thickness of the probe layer formed on surfaces presenting different
GM3 densities. It was obtained by fitting the SE data of probe bindings with a multilayer

model as described in Section 4.2.5.
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Figure S4.4. The produced HA-g-(CBM40).20 probe characterized by Size Exclusion
Chromatography — Multiple Angles Light Scattering (SEC-MALS). The light curve
spanning across the entire elution volume range represents the dynamic light scattering
response, and is shown without scale. The thicker line under the peak represents the molar
mass (A, C) and the radius of gyration (B, C), respectively. A, B) molar mass and radius of
gyration (Rg) of HA-g-(Tz)se-6% precursor, where the HA-g-(CBM40). 2y probe was produced
from. The analysis provided a weight-averaged molar mass of Mw = 382 + 9 kDa and a
dispersity B = 1.7 £ 0.2. The weight-averaged radius of gyration was Rg = 49.2 + 3.4 nm.
C,D) The molar mass and radius of gyration (Ry) of HA-g-(CBM40),.20. The analysis provided
a weight-averaged molar mass of Mw = 928 + 40 kDa and a dispersity D = 1.3 £ 0.1. The
weight-averaged radius of gyration was Rg = 48.3 + 4.5 nm. The CBM40 substitution on HA
was calculated as around 2.2 per 100 disaccharides, following the calculation method

described in section 2.4.2 in Chapter 2 using the molar mass of HA-g-(Tz)se-6%» and HA-g-
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(CBM40),.2%. The substation of CBM40 was substantially lower than the Tz substitution on
HA. It was likely because of that the MAL-NBE linker was not removed from the CBM40-
NBE product completely and the free MAL-NBE linkers participated the reaction with Tz.
This limitation was sorted out in later optimizing of the purification processes. The greatly
increased molar mass demonstrated the succeeded conjugation of CBM40 on HA. This
decreased polydispersity from HA-g-(Tz)s.6% to HA-g-(CBM40)2.29 was also observed, from
1.7 to 1.3. It was likely that the purification of the probe using concentration tube with 100
MWCO got rid of some small molecules below 100 kDa and subsequently improved the mass

dispersity.

A  Membrane (Atto 647) CBM40(OG 488) Merge

Figure S4.5. Fluorescent signal of the dye quenching in a few seconds under the
performing confocal fluorescence microscopy. A) The binding of Oregon Green 488
labelled HA-g-(CBM40)2.2% probe on surface models presenting GM3 detected by confocal
microscopy. B) The determination at the same place in A) obtained in a few seconds.
Conditions, GUVs —5 mol-% GM3, 64.7 mol-% DOPC, 30 mol-% cholesterol and 0.3 mol-

% DOPE-Atto 647; HA-g-(CBM40)2.29 probe concentration - 100 nM CBM40 equivalent.
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Figure S4.6. The HA-g-(B-CD)ss characterized by SEC-MALS. The molar mass of HA-g-
(B-CD)3% was determined as 374 + 22 kDa. Each HA chain was composed of 894 + 53
disaccharides and contained 27 + 12 $-CD. The weight-average Ry (Rg, w) of HA-g-(B-CD)3%

was determined as 68.3 = 2.6 nm and the mass dispersity was 1.8 + 0.2.
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Figure S5.1. The OG488 fluorescent intensity histogram of melanocyte cells or
melanoma cells treated with OG488-CBM40 analysed using flow cytometry. (A-
B).Control experiments where melanocyte (A) and melanoma cells (B) were treated with
nothing, 200 nM CBM40, 200 nM HA-g-(CBM40),3%, or 100 nM OG488. (C-D). The
bindings of 0G488-CBM40 to melanocyte (C) and melanoma cells (D). Conditions: OG488-

CBMA40 concentration - 100 nM, 200 nM, 400 nM, and 800 nM, solution — FACS buffer.
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Figure S5.2. The OG488 fluorescent intensity histogram of melanocyte cells or melanoma
cells treated with OG488 labelled probe and competitors analysed using flow cytometry.
HA-(CBM40)ps probes were labelled with OG488-(NTA-Ni?")s. The binding of OG488
labelled probes to melanocyte (A) and melanoma cells (B) were happened in the presence of
3°-SL and/or HA10 oligomer as indicated in graphs, and the OG488 intensities on cells were
determined by flow cytometry. Conditions: cells - 10k cells per well, OG488 labelled probe
concentration - 700 nM(CBM40 equivalent), 3’-SL concentration - 200 mM, 500mM, 1000

mM, HAu concentration — 1 uM, 10 uM, 30 pM, 100 pM, 300 uM, 500 uM, 1000 M.

2. Supporting Methods

Analysis of the bindings to melanoma and melanocyte cells

CBM40 monomers or HA-(CBM40)4.3% probes (Figure 2.24) were labelled with
0G488-(NTA-Ni?*)3 (Oregon green 488 conjugated to (NTA-Ni?*)3) by mixing in a
molar ratio of 2: 1 at room temperature and protected from lights. In 30 min, labelled

CBM40 samples were kept at 4 °C until the cells were ready to use.

Primary epidermal melanocyte cells (PCS-200-013) and melanoma cells (HTB-65)
were both purchased from ATCC (Manassas, United States). Melanocyte cells were

cultured in dermal cell basal medium (PCS-200-013) supplemented with a melanocyte
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growth kit (PCS-200-042, ATCC) and 0.1% v/v 10,000 U/mL penicillin-streptomycin
(P4333, Sigma-Aldrich, United Kingdom). Melanoma cells were cultured in
Dulbecco’s PBS (DPBS) without Ca?* or Mg?* (30-2200, ATCC) supplemented with
10% v/v fetal bovine serum (30-2020, ATCC) and 1% v/v 10,000 U/mL penicillin-

streptomycin. Cells were grown at 37 °C under 5% CO..

Melanocyte cells cultured in a 25 cm? flask were detached by incubating with 1.5 ml
0.05% Trypsin-EDTA at 37 °C for 3 min, which was diluted from 0.5% Trypsin-
EDTA(10x) (15400054, Gibco, United Kingdom). Melanoma cells were detached by
treating with 1.5 ml 0.25% Trypsin-EDTA (25200, Gibco, United Kingdom) at 37 °C
for 3 min. After complete medium were used to neutralized the trypsin, detached cells
were collected by centrifuging at 150 xg for 5 min and resuspended in complete
medium. Cell concentration was determined in a hemocytometer (Thermo Fisher
Scientific, United Kingdom) and then diluted to certain concentration. 10k cells in 150
pl complete medium were seeded into a U-bottom 96-well plate. After centrifuging at
1600 xg for 3 min, the medium supernatant were disposed and cell pellets were

collected on the bottom of plate.

The samples used to treat cells were all prepared with more than 90% v/v complete
medium and fluorescent labelled samples (CBM40 or HA-(CBM40)43%) /and
competitors (3°-SL or HA1o containing 10 disaccharides) were supplemented. 3’-SL
and HA1o were dissolved in HBS apart from the 3’-SL at concentration over 100 mM
that were prepared in complete medium. Then, the cells inside the 96-well plates were
subject to different samples, incubated on ice to inhibit the cell internalization and
protected from lights. In 30 min, cells were centrifuged at 1600 xg for 3 min and
supernatants were discarded. Cells were then suspended and washed with FACS buffer

(DPBS containing 3% fetal bovine serum) for twice and finally resuspended in the
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FACS buffer for flow cytometry analysis. Due to the low affinity of the binding
between CBM40 and CBM40 binding glycans, cells treated with CBM40 monomer
were analysed by flow cytometry straightforward after incubation without washing
steps and the samples were prepared inside FACS to avoid influences of the medium
colour on the fluorescent determination. The fluorescent signals on cells were
determined by a flow cytometry (cytoFLEX S, Beckman Coulter Life Sciences, High

Wycombe, United Kingdom) using 96-well plate model.

3. Summary of HA-g-(CBM40)ps probes prepared

Three batches of HA-g-(CBM40)ps were produced along the project, HA-g-
(CBM40)220(928 + 40 kDa), HA-g-(CBM40)25%(519 + 22 kDa), and HA-g-
(CBM40)4.3% (770 + 52 kDa). The molar mass of the HA raw materials applied to
produce HA-g-(Tz)os was 300 to 500 kDa based on the information from the provider
and determined as 220 + 9 kDa by SEC-MALs. Two batches of HA-g-(Tz)ps were
produced and provided by Laia Saltor Nunez, HA-g-(Tz)s-6% (382 + 9 kDa) and HA-
0-(T2)35-45% (200 + 3 kDa). HA-g-(CBM40)2.200 was produced with HA-g-(Tz)s.6%,
while HA-g-(CBM40)2.5% and HA-g-(CBM40)4.3% were produced with HA-g-(Tz)35-
45%. The average amount of CBM40 per polymer chain was calculated as described in
section 2.2.4.2 and the results were presented in the table. The maximum amount of
CBMA40 that could be attached on each chain was calculated by assuming that the Tz

moieties were fully substituted with CBM40.
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Max

Average
HA-g-(CBM40)ps | Mw/kDa | HA/kDa | HA-g-(Tz)ps/kDa CBMA40/
CBM40/chain
chain
HA-g-(TZ)s.e%
HA-g-(CBM40)2.29% | 928 + 40 | 220+ 9 2+1 54+5
382+9
HA-g-(Tz)35.45%
HA-g-(CBM40)25% | 519+ 22 | 220+ 9 13+£1 21+£3
200+ 3
HA-9-(Tz)35.45%
HA-g-(CBM40)43% | 770 £ 52 | 220+ 9 231 21+3

200+ 3
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