Structural and Biophysical Analysis of Netrin-1 with Heparan Sulfate Proteoglycans

by

Monika Gupta

A Thesis submitted to the Faculty of Graduate Studies of
The University of Manitoba

in partial fulfilment of the requirements of the degree of

DOCTOR OF PHILOSOPHY

Department of Chemistry
University of Manitoba

Winnipeg, Manitoba, Canada

Copyright © 2022 by Monika Gupta



Abstract

The development of the nervous system involves the migration of axons from their origin
to destination and ultimately completing the synapse formation. This process involves guidance
molecules, the expression of receptors on the cell surface, and ultimately complex cell signaling.
This thesis focuses on the characterization of one of the guidance molecules, Netrin-1, in solution

and the impact of heparan oligosaccharides on its dynamic behavior.

Netrin-1 is a chemotropic cue involved in the attraction and repulsion of axons, cell
migration, adhesion, differentiation, angiogenesis, inflammation, and cancer. Overexpression of
netrin-1 is found in different forms of cancer. It acts as a survival factor for cancer cells by
preventing cell apoptosis mediated via dependence receptors, including Un coordinated 5 (Unc5)
and Deleted in Colorectal cancer (DCC) families. Interference with netrin-1 and its receptors
interactions is associated with tumor cell death in various preclinical models. Netrin-1 interacts
with glycosaminoglycan (GAG) chains of diverse heparan sulfate proteoglycans (HSPG) such as
glypican. DCC also binds with heparin. It has been suggested that DCC/heparin interaction is
mediated by netrin-1. However, these GAG molecule’s specific role with netrin-1 has not been
demonstrated whether its interaction with netrin-1 concentrates it on the cell surface or it has some
role in receptor binding. Therefore, a more detailed determination of the molecular interaction

between netrin-1 and GAG molecules is of particular interest.

In this study, truncated netrin-1 containing domain V and domain VI was
recombinantly produced, and further studied using a biophysical approach to investigate its
behavior in solution and its crystal structure with a bound heparan sugar unit was determined. Size
exclusion chromatography coupled with multi-angle light scattering (SEC-MALS), analytical
ultracentrifugation (AUC), and small-angle X-ray scattering (SAXS) studies confirmed the
monomer-dimer equilibrium of netrin-1 in solution. However, the addition of medium-length
oligosaccharides promoted high molecular weight oligomer formation. AUC and SEC-MALS
showed higher-order oligomers with calculated masses corresponding to 5-6 netrin-1 molecules.
A solution structure determined via SAXS with octasaccharide showed the appearance of a trimer
that might be a seed for higher-order oligomers. The crystal structure of the complex of netrin-1

and the smallest heparan sugar unit (Sucrose Octa Sulfate, SOS) revealed a dimer of netrin-1 with



one SOS per monomer unit. Distinct binding sites for two SOS suggest that GAG chains of
different lengths could associate with netrin-1. Mutant studies also validated the observed netrin-
1 GAG interface. Therefore, netrin-1 interaction studies with GAG molecules potentially promote
new ideas for the development of small molecules targeting the GAG binding sites for the

treatment of cancer.

To determine if there is a specific role of these GAG molecules on netrin-1 receptor
interaction, ELISA-like binding experiments were performed. They showed that the short-chain
GAGs do not act as a coreceptor. GAG and receptor bind independently to netrin-1 and have non-
overlapping binding regions. From this information, we can begin to elucidate the interaction
mechanism of netrin-1 with GAG and understand its biological relevance. The GAG molecules
might concentrate netrin-1 on the cell surface and help netrin-1 in bringing receptors together to
form receptor clustering and further cell signaling.
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CHAPTER 1

Introduction

The nervous system development involves the migration of immature axons from their
region of birth to their destination to complete the neural circuit (1,2). This is mediated by
specialized projections from the neural cell body known as axons (3). A highly moatile,
cytoskeleton rich structure at the end of growing axon tips, the growth cone, helps guide them
(4,5). The growth cone also detects and responds to the extracellular signals that direct pathfinding
(6). These extracellular signals are also known as axon guidance molecules (7). The studies of
guidance molecules have revealed the molecular basis of their activity and indicated that the axons
expressing guidance receptors detect the guidance cues presented by the target cells. These
guidance cues could be secreted or attached to the extracellular surface (7). Moreover, the different
properties of each neuron arises because of the expression of different receptors on their surface
and the interactions with different guidance molecules (8). There are four major families of
guidance proteins: netrins, slits, semaphorins, and ephrins (9-13).

The name netrin came from the Sanskrit word “netr” which means “one who guides” (14).
Netrins belong to the laminin-related proteins superfamily and were first described as chemical
guidance cues for migrating motor and commissural axons (15). The first reported member of the
netrin family was UNC-6 from Caenorhabditis elegans, identified in 1990 (16,17). The gradient
of UNC-6 was present along the entire length of the nematode body wall and helped in guiding
diverse migrations of axons through interactions with receptors (18). Gene mutation studies
showed an uncoordinated phenotype in C. elegans due to disruptions of axon pathfinding and cell
migration (19). The presence of netrins were confirmed in fruit flies (Drosophila melanogaster,
(20)), chicken (Gallus gallus), mouse (Mus musculus) and humans (21), revealing high
conservation in axon guidance and cell migration. The sequence alignment of Unc-6 shows 40-
50% similarity to the netrins from mouse, chicken, or fruit fly (22).

In mammals, there are four secreted netrins named as netrin-1, 3, 4, 5 and two
glycosylphosphatidylinositol (GPI) membrane bound netrins (netrin G1, netrin G2) (17,23,24). All
netrins have a high sequence homology to the extracellular matrix protein laminin N-terminal (LN)
domain and the laminin-type growth factor-like (LE) domains. The N-terminal sequences of

netrin-1, 2, 3 and 5 are homologous to the domains in laminin y1 chain with strong sequence

17



identity of about 50% (25,26), while the N-terminal domains of netrins 4, G1 and G2 are

homologous to the domains in laminin B1 with sequence identity of about 43% (27). A positively

charged domain C that is unique to netrin is known as Netrin-like region (NTR) (28).

1.1 Netrin-1 and its Expression

The best characterized member of the netrin family remains
netrin-1, a secretory protein, composed of ~ 600 amino acids with a
length of 150 A. It has four glycosylation sites (17). N-terminal, LN
domain also known as domain VI, followed by LE domains such as

LE1, LE2, LE3, also known as domain V, and a positively charged

domain towards the C-terminal known as
netrin-like region (NTR) (13) (Figure 1.1).
The domain VI has a conserved Ca?*
binding site and also three asparagine-
linked glycosylation sites (28-30). The
stalked domain V adopts the classical LE-
fold consisting of irregular coil segments
(31) and thus form a linear extended
structure (24). It has 8 conserved cysteine
residues that form intra-molecular disulfide
bridges. Domain V-2 is highly positively
charged with a cluster of arginine and lysine
side chains and provides a recognition site for
acidic ligands (28). The positively charged C-

Domain VI

" Domain V

- NTR Cy

Figure 1.1 Structure of Netrin-1 and its domain
organization.

Ribbon model structure of Netrin-1 (PDB: 40VE). The N-
terminal VI domain is shown in Red followed by three V
domains: V1 (blue), V2 (green) and V3 (yellow). Ca?* as
green spheres.

terminal domain is believed to interact with the heparan sulfate proteoglycans (HSPG) (28) and

the domain VI and V of netrin-1 are proposed to be involved in the interactions with receptors

(17,28).

In mammals, the expression of netrins is both in neuronal and non-neuronal tissues, during

embryonic development and in adult stages. During spinal cord development, floor plate cells at

the ventral midline of the embryonic neural tube secrete netrin-1 and create a gradient (17) (Figure
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Commissural
Neurons

Trochlear
motoneuron

Figure 1.2 Secretion of netrin-1 (green) by floor plate cells that forms the gradient and migration of
different kind of cells from netrin-1 gradient. Figure with permission from (17).

1.2). The netrin-1 gradient helps in the migration of some cells, like commissural axons,
oligodendrocytes precursor cells (OPCs) and the axons of trochlear motor neurons in the brainstem
(23,32). Migration of these cells depends upon the presence of receptors on their surfaces (17,23).
In addition, netrin-1 is expressed in the visual system (33), the developing and post olfactory
system (34,35), the developing and adult forebrain and the cerebellum. Netrins are also expressed
in other non-neural tissues such as ear epithelium, in the developing pancreas, lungs, mammary
glands, heart, muscles and the intestine (25,34-37). Cell differentiation, proliferation, adhesion
and migration, cell survival and synaptogenesis, are among the functions controlled by netrins
(38,39).

The OPCs that mature into oligodendrocytes, the cells that form the myelin sheath of the
central nervous system (CNS), express netrin-1 receptors in the adult mammalian CNS (40). The
function of netrin-1 is not only restricted to the nervous system development during embryogenesis
but it is also involved in other developing organs like mammary gland and lungs and is also
involved in anti-inflammatory responses (41), angiogenesis, cell adhesion and cell survival in later
stages of life (17,42). During embryogenesis, defective netrin signaling can cause developmental
defects (31) whereas in adult life it is involved in cancer and neurodegenerative diseases (43,44).

Most of the netrin-1 is tightly associated with the cell membranes or extracellular matrix
with the help of HSPG and guide axons (45). The presence of netrin-1 close to its cellular source
is referred to as short-range guidance cue and it occurs in both the developing and mature central
nervous system (23). Moreover netrin also functions at a distance from the area of its secretion,

referred to as long-range guidance cue and mostly occurs in the embryonic nervous system (23).
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Diffusion of netrin-1 creates a gradient to which commissural axons respond and shows
chemotaxis (13) while substrate-bound netrin shows haptotaxis (7). Altogether, netrin-1, a
guidance molecule, helps in guiding migrating neurons and can act as a chemotropic and
haptotactic guidance molecule depending on the presence and distribution of receptors on the

surface of migrating neurons during development of the CNS (7,17,25).

20



1.2 Receptors

In vertebrates, the first netrin-1 receptors to be identified belong to the Deleted in
Colorectal Cancer family that includes DCC and Neogenin receptors (23,46). Other receptors for
secreted netrin-1 include the Down’s syndrome cell adhesion molecule (DSCAM), the
uncoordinated 5 (Unc5) homolog family: Unc5 A-D in mammals (23), Draxin (47) and a more
recent study has reported a new receptor CD146/ melanoma cell adhesion molecule (MCAM) (48).

All of these receptors belong to the immunoglobulin (1g) superfamily of proteins (17).

DRAXIN

APP

Figure 1.3 Interaction of netrin-1 with different receptors.

Minimum required Interaction Score=0.700 (High confidence). The receptors are represented with different colors
with known structure. Interaction of netrin-1 with respective receptor is shown by a line and line connecting the
receptors shows that these receptors also interact with each other. Figure with permission from https://string-db.org
protein-protein interaction network (49).

DCC, Neogenin and Unc5 are also known as dependence receptors that trigger cell death
through apoptosis in the absence of the ligand netrin-1 (17) but binding of ligand starts a different
signaling pathway and acts like a survival factor for cells (17,50). Therefore, netrin-1 acts as a
survival factor for tumor cells (51).

Proper neuronal wiring might require the change in direction of migrating axons. Different
guidance cues along with their receptors play a very important role in changing the direction of
the axons. Projecting axons are attracted towards the netrin-1 gradient source at the floor plate
(chemo attraction) but repelled by this gradient after crossing the midline (chemo repulsion) (14).
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Attraction and repulsion of these projecting axons could be related with the expression of the
different receptor on the surface of growth cone. DCC and Neogenin, alone or with DSCAM show

attraction towards the netrin-1 while Unc5 alone or with DCC/DSCAM show repulsion.

1.2.a. DCC

DCC is a single transmembrane receptor, vertebrate homologue of UNC40 in C. elegans
(52). DCC shows deletion in many cancers such as colorectal cancer and is described as a candidate
for the tumor suppression and thereby got its name Deleted in Colorectal Cancer (DCC). The

extracellular region of DCC consists of four immunoglobulin R
(1g) repeats that form a horseshoe-like conformation (53) and — Ig Domains
six fibronectin (FN) 11l repeats connected to a helical
transmembrane domain and intracellular conserved cytosolic
domains called P1, P2 and P3 (54) (Figure 1.4).
Splicing is the post transcriptional process in which a
]

FNIIT

introns and sometimes exons are cut from the primary- ~ Domains
ribonucleic acid (pre-RNA) to generate messenger RNA

(mRNA). Alternate splicing creates several different mMRNA

that ultimately produce protein variants with different function

or localization. Splicing factors play a very important role by

producing the right protein for the appropriate activity (55).
Intracellular

Many axon guidance molecules such as netrin (56) and its Domains

*¢

receptors (55), slit and its receptor (57), and semaphorin and its
receptors, undergo alternate splicing that generates the Figure 1.4 Netrin-1 —receptor

Deleted in Colorectal Cancer
complexity of neural development processes. (DCC) and its domain organization.

DCC/Neogenin undergoes alternate splicing to generate Eeizgr]rl:wrizsﬁ)dnafrtgri ?Sn(;j).mOdiﬁed v
four isoforms and only two isoforms appear in embryonic and adult stage (58). Splicing occurs in
the linker sequence between domain FNIII 4 and 5 and they are named DCC/Neo short if 20 amino
acids are missing in the linker region and long form if those 20 amino acids are present (55,59).
Knockout (KO) of spicing factor, NOVAL/2, shows severe neuronal and migration defects as DCC
KO, result from the defective alternate splicing that changes the ratio of DCC variants (55). These

two variants adopt different conformations in the ligand-receptor complex (30) but still the
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downstream signaling of distinct conformation complexes need to be explained. It has been shown
that DCC short forms the continuous netrin-1 DCC complex while netrin-1 DCC long complex
has been suggested to form a 2:2 complex like the netrin-1 Neogenin short complex (30). DCC
plays roles in apoptosis, dendritic growth and guidance, and in synapse formation and function but
the effects of alternate splicing on these processes is still unknown.

Mutational studies showed that deletion of exon 29 or other mutations lead to the mirror
movement and defective commissural development (60). Frameshift mutation results from the
skipping of exon 6 that produces a truncated DCC that does not bind to netrin-1 (60). Interaction
of netrin-1 with DCC, mainly studied in nervous system development, shows growth cone
attraction, repulsion, and outgrowth. The absence of DCC has the same effect as of netrin-1
mutants, commissural path finding defects.

According to the published studies, FNIII repeats 4, 5 and 6 of DCC are involved in binding
with netrin-1 (29,30,54,61). Interaction of a single netrin-1 molecule with two DCC receptors via
two different binding sites (29) allows homodimerization of DCC intracellular domains and helps
in signal transduction. According to Xu et al., 2014 (30), FNI114 and FNI115 domains of DCC have
distinct binding sites on netrin-1 such as domain VI and V3 (site 0 and site 1) (Figure 1.5). Finci

et al., 2014 (29), reported a different binding site naming it as ‘binding site 2> while using a

20d

Site0
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"

Figure 1.5 Structure of netrin-1 and its receptor DCC with already proposed binding sites: sitel, site2,
site3. Figure adapted and modified with permission from (50).
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different construct of DCC containing domains FNIII5 and FNIII6. The regions on netrin-1
molecule that bind with DCCFN5-6, are also different such as V1 and V2 (Figure 1.5). The crystal
structure of netrin-1 DCC complex showed the involvement of negatively charged molecules in
DCC FNIII5 domain interaction with netrin-1 (29) that could be heparan/ heparan sulfates (54,62).
These two crystal structures agree with binding site 1 but not with binding site 2 and binding site
0, because the Xu et al., 2014 structure lacks the FN6 domain and the Finci et al., 2014 structure
lacks the FN4 domain in their DCC construct (29,30). Based on the above findings, a
complementary model was generated that shows the association of two DCC molecules with one
netrin molecule via the V domain and forming a signaling unit (binding site 1, FN5 green and
binding site 2, purple FN5-FN6) (29) (Figure 1.6). The DCC molecule that is attached to netrin-1
via the FN5 domain (binding site 1, green) also engages another netrin-1 via the FN4 domain
(binding site 0, green) to join different netrin-1/DCC signaling units together (29) (Figure 1.6).
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Figure 1.6 Model of an extended netrin-1 DCC cluster based on the superposition of netrin-1 DCCFN4-5 complex by
Xu et al., 2014 and netrin-1 DCC FN5-6 complex by Finci et al., 2014. The netrin-1 molecules are colored in cyan,
the DCC molecules occupying sites 0 and 1 are colored green and the DCC molecules occupying binding site 2 are
colored purple. Figure with permission from (29).
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Ross et al., 2021 showed that netrin-1 neogenin (NEO1) binding induces receptor
clustering similar to that described by Xu et al., 2014 for netrin-1 DCC clustering (30,61) (Figure
1.7A) and also observed the receptor clustering that was mediated by netrin-1 via binding site 0

and site 1 and reported the concentration dependence on clustering (61).

extracellular

intracellular

Figure 1.7 A) An arrangement of netrin-1 (NET1) neogenin (NEO1), pdb id 7NE1. B) Cartoon representation of
netrin-1 DCC complex by Xu et al., 2014, PDB id 4PLO. Both complexes form a continuous array in the crystal. The
relative orientation of the plasma membrane and the DCC FN6 domain are depicted schematically. The netrin-1
molecules are represented in purple, the neogenin molecules are represented in red and the DCC molecules are in

green. Figure with permission from (61).
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1.2.b. Unc5 A-D
Vertebrates Unch (A-D) are orthologs of C. elegans Unc5 (63). The ectodomain of Unc5
A-D consists of two N-terminal immunoglobulin-like (Igl and 1g2) domains and two
thrombospondin-like (TSP1 and TSP2) domains (Figure 1.8). The
ectodomain is connected by a transmembrane helix to the - Ig
Domains
intracellular region containing a zona occludens-5 domain (ZU5), a -
UPA domain (DCC-P1 binding domain, DB) and a death domain . TSP
] Domains

(DD) (63). 1g1 and 1g2 domains of Unc5 are involved in binding with
netrin-1 V2 domain (28). Similar to DCC, Unc5 is also a dependence ; ]

. Intracellular

receptor of netrin-1 and its expression is downregulated in several Domains

cancers (64). Endothelial cells express Unc5b and mediate the . _
Figure 1.8 Structure of netrin-

repulsive effect to netrin-1 (65). In the presence of netrin-1, apoptotic 1 receptor Unc5 and its domain
organization. Figure adapted

activity of Unc5 is inhibited and helps in fine tuning of developmental and modified with permission
angiogenesis (66,67). trom (50).

As mentioned before, Unc5-expressing axons are repelled by the netrin-1 gradient. Unc5
alone can mediate short range repulsion but it requires the expression of DCC protein along with
Unc5 for long-range repulsive response (29,68). At low netrin-1 concentrations, Unc5/DCC
heterodimers facilitate long-range repulsion (7).

Based on netrin-1 DCC structures explained above in section 1.2.a, the molecular
mechanism of netrin-1 bifunctionality could be envisioned. The distance between the two binding
sites on the receptors is larger than the netrin-1 structure that allows one netrin-1 molecule to bind
with two receptors. This enables netrin-1 interaction with different receptors via different binding
sites (30). As 1gl and Ig2 domains of Unc5 have positively charged residues (54) and binding site
2 of netrin-1 and DCC also have a large number of positively charged residues (29), this suggests
some kind of switching between these receptors for binding to netrin-1. It also suggests that the
presence of negatively charged heparin/heparan sulfates might act as a co-receptor or linker for
netrin-1 interaction with receptor DCC or Unc5 or heparan sulfate may colocalize with netrin-1 on
the cell surface (54).

The extracellular domains of these receptors are involved in binding with netrin-1 and the
chemotropic properties are due to the intracellular domain’s interactions (32,69). The interaction

of netrin-1 with DCC results in the attraction of migrating axons towards the netrin gradient via
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dimerization of intracellular domains that ultimately activate the Rho GTPases and thus
organization of the cytoskeleton leads to the attraction of axons towards netrin-1 (17,70,71).
However, co-expression of Unc5 with DCC results in the formation of a heterodimer of
intracellular domains leading to the repulsion of axons from a netrin gradient (25,72).

Ligand-induced multimerization of receptors is very important for the positive signaling
during axon guidance and blocking their proapoptotic activity (73). The cytoplasmic DD of Unc5
has some role in apoptosis by binding to the death-associated protein kinase (DAPK). The structural
and structure-based functional analysis of the cytoplasmic domain of Unc5 revealed that a closed
conformation of ZU5-UPA-DD with dephosphorylated DAPK leads to cell survival (74,75). On
the other hand, an open conformation with the phosphorylated form of DAPK leads to cell death
and blood vessel formation (74,75). Multimerization of Unc5b by netrin-1 leads to the closed
conformation and inhibition of cell death (75). The cell biology studies (76) have investigated
domains of receptors mainly DCC that are involved in interactions and the intracellular proteins
involved in signaling cascades, however, information regarding the interactions at the molecular
level is still missing.

Netrin-1, DCC/Unc5 and Cancer

Apoptosis, a programmed cell death, involves a series of caspase proteolytic activities to
facilitate death. There is up-regulation of netrin-1 in a number of metastatic breast, lung, ovary
and pancreatic cancers, in inflammatory-associated-colorectal cancer and in neuroblastoma (77)
that blocks the apoptosis process induced by netrin-1 dependence receptors (78). It makes netrin-
1 essential for the survival of cancer cells (51). DCC or Unc5 are caspase substrates and their
intracellular domain DD recruits and activates caspase-9 which activates caspase-3 (25).

In the case of DCC, the cleavage allows exposure of a site known as the addition
dependence domain (ADD) that is important for recruitment of the proteins such as DCC-
interacting protein 13-a (DIP13a) and caspase-9. This process leads to the activation of caspase-
9 which ultimately activates more caspase-3 (Figure 1.9a) (79).

In the case of Unc5, after cleavage of the DD by caspase-3, the serine/threonine DAPK
interacts with the cleaved DD and initiates the apoptotic pathway through caspase-9, followed by
more caspase-3 activation (Figure 1.9c) (80).

The inhibition of apoptosis is induced by the dimerization of receptors after netrin-1

binding (Figure 1.9b). The change in conformation after dimerization does not allow caspase-3
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cleavage and thus leads to the activation of the protein kinase B /AKT signaling pathway after
dissociation of DIP3a from the receptor (79). AKT signaling blocks the release of pro-apoptotic
proteins from the mitochondria and activates Nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB) mediated transcription of anti-apoptotic genes (79). Moreover,
activation of Mitogen Activated protein kinase (MAPK) signaling pathway, involved in chemo
attraction during neural outgrowth, is also involved in blocking apoptosis by inhibiting caspase-9
(79). However, downregulation of netrin-1 receptor expression could be another factor by
downregulating apoptotic signaling. It is not clear whether targeting netrin-1 itself or netrin-1
receptor will be a suitable approach to finding a treatment for cancer.

(a) DCC in the absence of netrin-1 (b) DCC in the presence of netrin-1 (c) UNC-5H in the absence of netrin-1
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Figure 1.9 Netrin-1 dependence receptors signaling.

(a, c) when Netrin-1 is absent, both DCC and Unc5 are cleaved by caspase-3 (b) When Netrin-1 is present, DCC

receptors dimerize that leads to blocking of caspase-3 cleavage site and dissociation of DIP12. Figure reproduced
with permission from (79).
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1.2.c. CD146
As mentioned before, netrin-1 interacts with different receptors and depending upon the
expression of receptors, it can act in different ways. Netrin-1 acts like a pro- or anti-angiogenic
factor depending upon its interaction with different receptors (81). CD 146 C D146
(melanoma cell adhesion molecule, MCAM) is a member of the
immunoglobulin superfamily, has five extracellular 1g-like domains, a
transmembrane domain, and a cytoplasmic tail (Figure 1.10).

CD146 express on endothelial cells and is involved in many biological
processes such as angiogenesis, tumor metastasis, lymphocyte activation and
tissue regeneration (48,82). Netrin-1 binds with the CD146 with high affinity
and induces endothelial cell activation and downstream signal transduction by
dimerization of the receptors (48). Many studies on zebrafish show that the

netrin-1 and CD146 downregulation results in blocking vascular sprouting

and branching (48). Therefore, netrin-1 in its interaction with CD146, acts rigyre 1.10 structure

of CD146 and domain
organization. Figure

of CD146 is involved in the binding (48). Both CD146 and Unc5b are present ‘(’\g)th permission from

on the endothelial cells and binding of netrin -1 is concentration dependent.

like a pro-angiogenic factor during vertebrate development. The 4™ Ig domain

At low concentration, CD146 binds to netrin-1 and at high concentration, Unc5b binds to it and

changes the pro angiogenic effect to an anti-angiogenic effect (48,81)

1.2.d. DSCAM

Another receptor for netrin-1 is DSCAM, Down syndrome cell adhesion molecule, is a
type | transmembrane receptor and is structurally similar to DCC. It acts as a coreceptor with
Uncbc to mediate short-range repulsion and is found partially co-localized with Unc5 in primary
neurons and brain tissues (7,83). It is involved in midline crossing of spinal commissural neurons
independent of DCC (homophilic binding) and in collaboration with DCC (heterophilic binding)
(84). Like other receptors, DSCAM has to coordinate with ligand and other receptors. Extracellular
and intracellular receptors dimerization coordinates downstream signaling cascade for axonal
repulsion (83). Interaction of DSCAM with Unc5 leads to the axonal growth cone collapse in
mouse cerebellar granular cells by promoting many downstream signaling molecules involved in

repulsive signaling like FAK, Fyn, and PAK1 (83). Ig domains seven to nine are sufficient for
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netrin-1 binding to DSCAM (84). Any changes in the expression level of DSCAM is associated
with altered neural wiring which causes changes in cognitive function and shows the phenotype

associated with Down Syndrome mental retardation.

1.2.e. Draxin

Another binding partner for netrin-1 is draxin, dorsal repulsive axon guidance protein,
known to show repulsive behavior of axons from misprojecting before midline crossing. Netrin-1
with its haptotaxis nature, guides axons via acting as an adhesive axon growth substrate and
promotes axon fasciculation (47). Draxin interacts with the netrin-1 through the EGF-3 domain, in
the same region where the DCC FN5 domain binds netrin-1 and it also shows interaction with
DCC via the N-terminal 1g domains (47). Therefore, in this DCC-draxin-netrin-1 interaction,
netrin-1 acts as a hub for receptors allowing adhesion and fasciculation between the axons either
in cis or trans (47). Modulation of multivalent netrin-1 DCC complex by other receptors shows
clearly the complexity of axon guidance and involvement of substrate-bound netrin-1 gradients for

axon movement (85,86).
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1.3 Heparan Sulfate Proteoglycan

HSPGs play an essential role in various axon guidance processes (87). They are composed
of a core protein with covalently attached long glycosaminoglycan (GAG) chains that are highly
acidic (88). Extracellular matrix (ECM) and basement membrane (BM) are specialized
supermolecular networks of protein, glycoproteins, and proteoglycans underlying epithelial and
endothelial cells. The GAGs are involved in many physiological and pathological processes such
as cell growth, regulation of cell signaling via ECM assembly, infections, angiogenesis, cancer,
and neurodegenerative diseases (89,90). There are different types of GAGs in mammals such as
heparin (HP), heparan sulfate (HS), chondroitin sulfate (CS), keratan sulfate (KS) and other classes
too but netrin-1 shows binding to mainly HS (90). All these GAGs are sulfated at various positions
to different extent and finally attached to the protein to form proteoglycans (90). HSs are a
heterogeneous family of macromolecules, composed of repeating disaccharide building blocks
having alternating linked units of uronic acid (glucuronic acid or iduronic acid) and glucosamine
(N-acetylated/N-sulfated glucosamine) (91,92). Structural complexity in HP and HS are either
substitutions or modifications, that include O-sulfation and N-sulfation, N-acetylation and uronic
acid C5 epimerization and HP, primarily produced in mast cells and heavily sulfated form of HS
(89,91). The complex nature of these proteoglycans might be necessary in mediating interactions
of netrin-1 to different receptors or the different nature of these molecules could be involved in
switching between the receptors (2,29).
HSPG and Netrin-1

The HSPGs attach to the cell surface either with a transmembrane domain, for example,
syndecans or with GPI like glypicans (88). Glypican, a HSPG secreted from the epidermal cells,
modulates netrin-1 mediated both attractive and repulsive signaling via guiding cells and axons
through its interaction with both netrin-1 and DCC (88). It is well known that HP- or HS-binding
sites have the basic consensus sequences, X-B-B-X-B-X and X-B-B-B-X-X-B-X, where B is a
basic amino acid and X is a hydrophobic amino acid, the Cardin and Weintraub (CW) motifs (90).

The C-terminal domain of netrin-1 is the major binding area for HP (9,93) and might
mediate the binding of netrin-1 to the proteoglycans or glycolipids on the cell surface or in the
ECM (9). A cluster of basic amino acids at the C-terminal of netrin-1 is responsible for their
binding to heparin and forms a heparin-binding motif (9,93). Binding studies gave an average

binding dissociation constant Kq of 15 nM for the binding of the C-terminal region of netrin-1 to
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heparin (93). The addition of high salt in the binding buffer abolished the binding to heparin and
indicated the electrostatic mode of interaction (93). A truncated version of netrin-1 containing
domain V and VI has a CW motif for HS-binding and shows specific activity for outgrowth of
commissural axons similar to the full length netrin-1 containing VI, V, and C-terminal domains
(46). However, truncated netrin-1 interactions with HSPGs and regulation of the netrin-1 guided
signaling during nervous system development remain elusive. To unravel the molecular
mechanism underlying GAG-protein interaction and ultimately their biological function, binding
interfaces knowledge is essential.

HSPG and Netrin-1 receptors

It is known that both netrin-1 and DCC bind to heparin and thus are involved in the
commissural axon guidance (88,94). It has been suggested that HSPGs play very important roles
in specific binding between netrin-1 and DCC (46) and any change in HS synthesis results in axon
pathfinding defects (87). Netrin-1 triggers the multimeric complex formation involving
DCC/Unc5 receptors, and receptor multimerization may result from the aggregation of netrin-1 by
proteoglycans on the cell surface (46,69). Geisbrecht et al., 2003 proposed that the DCC/heparin
interaction is mediated by netrin-1 which binds to heparin through its C-terminal (54). Further,
netrin-1 interaction with heparin might concentrate the netrin-1 on the cell surface or spatially limit
the netrin signal. They also suggested that this interaction does not seem essential for the netrin
signaling (54) as netrin-1 full length (VI, V, and C domains) and truncated netrin-1 (VI and V
domains) both show axon outgrowth (46). There is no information about the interaction of heparin
and truncated netrin-1.

The crystal structure of netrin-1 and Neogenin/DCC FN4-FN5 shows a positively charged
surface on the netrin-1 V2 domain and receptors FN5 domain (30). These surfaces are exposed to
solvents in the crystal structure and are potentially available to interact with negatively charged
molecules (30). Netrin-1 allows the interaction of two DCC/Neogenin via two different binding
sites as the distance between two binding sites on netrin-1 is significantly larger than the binding
sites on DCC and might form continuous netrin-1/DCC assembly (30,61) (discussed earlier in
section 1.2.a Figure 1.7). This structure of netrin-1 with DCC does not show any interaction via
negatively charged molecules. Another crystal structure of netrin-1 and DCC FN5-FN6 shows
another binding site involving both V1 and V2 domains of netrin-1 and FN5 as well as the tip of
FN6 of DCC (29). The positively charged patches of netrin-1 V2 and DCC FNS5 are neutralized by
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sulfates ions and are correlated with the presence of certain proteoglycans (29,54). It was proposed
that this binding site is a switching point that allows the switch in the netrin-1 response from
chemoattraction to chemo repulsion by replacing DCC with Unc5 (29). And also proposed is the
involvement of different HS molecules in the interaction of netrin-1 with different receptors (29).
However, there is not much known in the literature showing the involvement of heparin in the
binding of netrin-1 with Unc5 (95) and the V-2 domain of netrin-1 interaction with DCC FN5
(54,61). There is no evidence in the literature showing Unc5 interaction with heparin.

Heparanase, the only known mammalian endoglycosidase cleaves HS of HSPG in
mammals and disassembles the ECM and BM (96). This modification makes the ECM more
susceptible to cellular invasion, metastasis, angiogenesis and inflammation (97). In normal
conditions, heparanase activity is in the placenta, skin and blood cells, but, its activity is increased
in many human cancers (97). Heparanase treatment of naturally occurring polysaccharides was
used in the formation of a small oligosaccharides library that can be used for GAG-protein
interactions (89).

However, the specific role of GAG molecules in the protein-protein network mediated by
netrin-1 has not been demonstrated. Therefore, a detailed molecular understanding of netrin-1 and
its interactions with GAG molecules will help to understand the involvement of GAG in the netrin-

1 dependence receptor.
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1.4 Netrin-1 and neurodegenerative diseases

Netrin-1 plays a very important role in neural development including cell migration,
extension, and cell adhesion (98). Oligodendrocytes are the cells that help in the formation of
myelin sheath around the axons to facilitate fast and efficient signal conduction. Netrin-1 plays a
very important role in different stages of their development via signaling through their receptors
DCC and Unc5 (43,99). OPC express the netrin-1 receptors DCC and Unc5 and they are guided
by netrin-1 by its chemorepellent response (44). The loss of remyelination of damaged axons by
oligodendrocytes is characteristic of multiple sclerosis (MS). MS lesions inhibit the differentiation
of the OPCs to the oligodendrocytes and their recruitment (43). Expression of netrin-1 in the
extracellular matrix and macrophages in MS lesions suggests its involvement in the migration of
OPC and ultimately in remyelination (2,43). Detectable amounts of full length and truncated
version (without C-terminal domain) are found in both the adult human white matter and MS
lesions thus are involved in myelin formation and maintenance (43). In pathological
circumstances, the loss of attraction but preserving the repellent activity of truncated versions of
netrin-1, inhibits OPC migration to MS plaques and repair of the demyelinated plaques (43).
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1.5 Aim of the Work

The present study concentrated on the characterization of a guidance cue, netrin-1 and its
interaction with GAG molecules.

Netrin-1, an extracellular cue, shows chemotaxis and haptotaxis, is essential for the
maturation of the CNS cells both in embryonic and adult life. Many studies have already shown
the important functions of netrin-1 starting from axon guidance, branching, adhesion, cell
migration, cell survival to axon regeneration (17,44,47,100). In addition, netrin-1 is overexpressed
in metastatic tissues and MS lesions (43,73,101). Netrin-1 has glycosylation sites and cysteine-
cysteine disulfide bonds and therefore a mammalian expression system, HEK293T cells, was
chosen for stable expression.

The aim of this dissertation was to find the specific role of GAGs with netrin-1 (activator,
selector, coreceptor, or concentrator) and to study molecular details of the netrin-1 and GAG.

There are still some inconsistencies in the literature regarding the binding behavior of
netrin-1 with its dependence receptors (28-30). Netrin-1 showed multiple binding sites for
DCC/Neogenin and switching of some of the sites with other receptors showed a change in the
function of the netrin-1 DCC/Neogenin interacting hub (61). The focus of my work is to study
netrin-1’s dynamic behavior in detail and its interaction with GAG molecules attached to HSPGs
that are present extracellularly. HSPGs might increase netrin-1 local concentration on the cell
surface via GAG molecules interactions and are also proposed to be involved in the netrin-1
receptor interactions similar to cytokines-cytokines receptor complexes (102). A crystal structure
of netrin-1 DCC by Finci et al., 2014, reported the involvement of negatively charged molecules
in the binding between netrin-1 V-2 domain and DCC FN5-6 domains and suggested that HSPG
might be involved in switching the netrin-1 mediated attraction via DCC to repulsion via Unc5 or
vice versa (29). There is not much structural information of netrin-1 bound with the HSPG. Two
models are possible where netrin-1 would bind to the GAGs on the HSPG (Figure 1.11A) and the
first possibility is shown in Figure 1.11B. Here, heparanase cleaves the GAG chains resulting in
the formation of high molecular weight clusters of netrin-1 in the ECS. These oligosaccharides
bound netrin-1 might diffuse and create a concentration gradient for receptors. A second possibility
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is that the GAG clustered netrin-1 localize near the receptors on the cell surface (Figure 1.11C)

and could make receptor clustering that influences further downstream signaling.
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Figure 1.11 Model of netrin-1 GAGs interactions. A) Netrin-1 binds to the GAGs molecules on the HSPG near the
cell surface via C domain and V2 domain. B) Heparanase might cleave the GAG chains and form oligosaccharides
with netrin-1 attached to it. C) Netrin-1 molecules interact with the receptors on the cell surface and allow receptor
clustering (netrin-1 localize near the receptors with the help of HSPGs).

To gain deeper insight into the binding, their structure was studied by X-ray
crystallography with Sucrose OctaSulfate (SOS), a synthetic heparin mimic. Further biophysical
studies were performed using different length oligosaccharides to see the effect of these shorter
versions of HSs on the dynamic behavior of netrin-1. Binding studies were performed to verify the
involvement of short-length oligosaccharides in netrin-1 dependence receptor complex formation.
This work would potentially provide fundamental information about how netrin-1 could colocalize
or concentrate on the cell surface and show signaling via specific receptors. The results obtained
from this study could possibly contribute to a better understanding of netrin-1 dynamic behavior,
including the involvement of GAG molecules. This could potentially promote new ideas for the

development of small molecules targeting the GAG binding sites for the treatment of cancer.
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CHAPTER 2: Instrumentation and methods

2.1 Transfection and clonal selection

The C-terminal domain of netrin-1 is known to bind heparan sulfate (1) and is prone to aggregation
in vitro (2,3). This domain is attached via a flexible linker and is not required for the receptor binding
(4-6). Netrin-1 lacking domain C (V and VI domain Fc-fusion construct) induces similar axonal out-
growth as full length netrin-1 (2). HEK293T cells, containing transfected netrin-1 lacking the C-terminus
domain (netrin-1AC) via sleeping beauty transposon system (7,8), were a gift from Dr. Manuel Koch,
University of Cologne, Koln, Germany. The purpose of using the sleeping beauty transposon system was
to obtain stably transfected cells (7—10). Codon optimized netrin-1 from Gallus gallus (NP_990750, aa:
26 — 458) was synthesized (Thermo Fisher Scientific) and cloned via the two restriction sites
Nhel/BamH]I into the vector for mammalian expression (Figure 2.1 A) (11). It also had a sequence for
the Tet response element (TRE) (12,13), the BM-40 signal peptide (MRAWIFFLLCLAGRALAAPLE),
a multiple cloning site (MCS) for different enzymes MCS like Nhel, Xhol, Notl, and BamH]I (11), and
the thrombin cleavage sequence (LVPRGS) (Figure 2.1 B). The thrombin cleavage site is followed by

A B Signal Peptide

MRAWIFFLLCLAGRALAAPLAGYPGLNMFAVQTAQPDPCYDEHG

Netrin-1 LPRRCIPDFVNSAFGKEVKVSSTCGKPPSRYCVVTEKGEEQVRSC
K HLCNASDPKRAHPPSFLTDLNNPHNLTCWQSDSYVQYPHNVTLT
CMmV ,/ rTA LSLGKKFEVTYVSLQFCSPRPESMAIYKSMDYGKTWVPFQFYST
) QCRKMYNKPSRAAITKQNEQEAICTDSHTDVRPLSGGLIAFSTLD
TRE PuroR GRPTAHDFDNSPVLQDWVTATDIKVTFSRLHTFGDENEDDSELAR
ITR TR DSYFYAVSDLQVGGRCKCNGHASRCVRDRDDNLVCDCKHNTAG

PECDRCKPFHYDRPWQRATAREANECVACNCNLHARRCRENME

LYKLSGRKSGGVCLNCRHNTAGRHCHYCKEGFYRDLSKPISHRK
ACKECDCHPVGAAGQTCNQTTGQCPCKDGVTGITCNRCAKGYQ
QSRSPIAPCIKIPAGS SWSHPQFEKGGGSGGGSGGGSWSH

AmpR

PQFEKSG Thrombin Double
cleavage site Strep tag

Figure 2.1 A. Representation of a sleeping beauty vector with inserted netrin-1. The sleeping beauty vector
contains the terminal-inverted sequence (ITR) — recognition sequence for the transposase, PuroR-antibiotic
resistance genes for cell selection processes. The sleeping beauty vector along with the plasmid containing
transposase are used to transfect the cells. Figure with permission from “Homogeneous overexpression of the
extracellular matrix protein Netrin-1 in a hollow fibre bioreactor” (5). B. Sequence of netrin-1(black) without C
domain, containing a sequence for the signal peptide (red), thrombin cleavage (yellow), and double strep-tag

(blue).
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Strep-tag Il sequences (SWSHPQFEKGGGSGGGSGGGSWSHPQFEKSG). The Strep-tag Il contains a
double strep-tag that was very useful during downstream purification to confer strong adhesion to the
Strep-Tactin (11).

Clonal selection of the cell pool is a process to select a high-producing clone that also helps to
reduce the glycan heterogeneity (11), that is very useful for crystallography. Stably transfected HEK293T
cell pool was thawed quickly at 37 °C and transferred to a T-75 cm? flask containing 10 ml of Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS). Cells were
cultured at 37 °C in a humidified incubator with 5% CO,. Next day, the media was replaced by fresh
media to remove any dead cells, and dimethyl sulfoxide (DMSO) traces from the cryo-media. Once cells
were 90% confluent, cells were removed with Trypsin EDTA (TrypLE, Gibco) from the T-75 cm? flask
followed by centrifugation at 200 rpm for 3 min. The cell pellet was then resuspended in DMEM
supplemented with 10% FBS. Cell count and viability were assessed in a Countess II-FL (Thermo Fisher
Scientific) using the trypan blue exclusion method by using Trypan Blue stain 0.4% (Life Technologies
Corporation Oregon, USA). Cells were transferred to a 96-well culture plate (Corning Costar®), ensuring
a one-cell inoculum per well for proper clonal selection. The selection of clones was based on high
resistance to puromycin and faster growth with a high level of protein expression. Cells were allowed to
adhere, and it took 5-10 days to cover more than 50% of the bottom of the well (5-10 days). Culture
media was replaced in each well by expression media (DMEM containing 2.5% FBS and 1 pg/mL
doxycycline) to check the protein production. The next day, supernatant in each well was transferred to
a nitrocellulose membrane (GE Healthcare Life Sciences) in a Dot-Blot apparatus (BIO-RAD). Wells in
the 96 well plate were replaced with DMEM containing 2.5% FBS. The microfiltration Dot-Blot
apparatus allows the rapid immobilization of proteins onto the nitrocellulose membrane as a vacuum is
applied (11). The Dot-Blot apparatus was washed with PBS to remove any non-bound proteins before
taking out the nitrocellulose membrane to avoid cross-contamination between the wells. The
nitrocellulose membrane was transferred to an iBind™ Western-Blot system (Thermo Fisher Scientific)
and followed the manufacturer’s instructions. The protein was detected using strep tag® II-specific
monoclonal antibody conjugated to horseradish peroxidase (HRP) (IBA) diluted 1:10000. The membrane
was washed and incubated with 2 ml of LuminataTM Forte Western HRP substrate (Millipore). The
chemiluminescence generated by the HRP acting on the substrate was visualized using the FluorChemQ
System (ProteinSimple, Inc.). Three clones were selected and inoculated in T-75 cm? flasks for further
protein purification and storage. Clones were stored in cryoprotecting media containing FBS

supplemented with 10% DMSO in liquid nitrogen, and only one was used for further studies.
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2.2 Protein expression in a HYPERFlask

Corning ® HYPERFIlask® cell culture vessels (14,15) were used according to the manufacturer
instructions for protein expression. This high-yielding performance flask (HYPERFIlask) contains 19 gas-
permeable growing surfaces for enhanced cell attachment and growth. It provides greater surface area
leading to 10 times the cell yield compared to a standard T-175 cm? flask. An initial inoculum of 5.0 x
10°to 1.72 x 10" cells is required per flask. For HEK293T sleeping beauty transposon system, two ~90%
confluent T-75 cm? flasks were enough for the initial inoculum containing approximately 1 x 107 cells.
The cells were resuspended in 50 ml DMEM and inoculated in the flask according to the specification
(Corning HYPERFIask). The additional 200 ml of media helped distribute cells evenly in the HYPER-
Flask. Cells were grown in the media containing 10% FBS initially and decreased to 5% FBS level for
expression media. Once the top few layers in the HYPERFlask were more than 50% covered with the
cells (mostly took two days), media was replaced with DMEM + 1 pg/ml doxycycline, and FBS reduced
to 2.5%. Media was collected every two days, replaced with fresh media, and sterile filtered and stored
at -20 °C until use. A maximum of 5-6 collections were done initially, but it was found that after collec-
tion 4, there was less protein production in the collecting media. Cells started to die once cells cover the
layers completely. Thus, more metabolism with an increase in by-products level in the media might lead
to nutrient-deficient media and ultimately less protein production. We tried to detach all the cells and
reinoculate the flask again, but the chances for contamination increased with this approach and made

HYPERFIlask a discontinuous way of producing netrin-1.
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2.3 Protein expression in a Hollow Fiber Bioreactor (11)

The hollow fiber Bioreactor system has useful features such as in vivo-like environment, a 3-D
cell culture environment along with a high surface area to grow cells at high densities of greater than
1*108 per mL (FiberCell System Inc), for proper protein assembly and folding with little maintenance.
Constant monitoring for any by-products like lactose, ammonia, and their removal allow continuous
protein production by keeping cells in nutrient-rich media for proper glycosylation and good protein
stability. The chemically defined media-high density (CDM-HD) by FiberCell system Inc., is a protein
free medium designed to replace FBS which supports high density cell cultures. The use of CDM-HD
and in vivo-like cell densities also simplify the downstream processing. FiberCell Systems Inc. has a lot
of cartridges with assorted sizes, surface area, fiber type, and molecular weight cut-off. The Hollow Fiber

Bioreactor (HFBR) cartridge C2008 (FiberCell Systems Inc.) was used to produce netrin-

Perfusion Pump
s
-

Oxygenator p—

Cartridge Culture Media
ECS Outlet Port
- ouT
=
ICS

Figure 2.2 Diagram of a Hollow Fiber Bioreactor (16). The HFBR unit consist of a reservoir bottle with the culture media,
pump along with oxygenator, and a cartridge. The cartridge contains intra-capillary space (ICS), space inside the fibers for
media transport and extra-capillary space (ECS), space outside the fibers where cells secrete proteins. Continuous exchange
of media and waste occur through capillary walls. Outlet port is used for the extraction of expressed media and always
replaced with fresh syringe to minimize any contamination Figure reproduced with permission from (11).

1AC. C2008 cartridge is medium in size with a surface area of 4000 cm? with low flux polysulfone fiber
for excellent cell culture performance. Extra-capillary space (ECS) is 20 ml with 5 kDa molecular weight
cut-off (MWCO) fibers. This cartridge is suggested for recombinant proteins between 25 kDa and 100
kDa. It can support any cell line, for example CHO, HeLa, and HEK293, and cells up to 10° and produce
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100 pg/ml or more protein in 20 ml ECS. A Hollow Fiber Bioreactor working unit is shown in Figure

2.2.

Before inoculating the cartridge with the cells, the HFBR system was pre-equilibrated by
circulating phosphate buffer saline (PBS) followed by 250 ml of media DMEM and media supplemented
with 10% FBS. A clonally selected HEK293T clone for netrin-1AC was thawed quickly in a 37 °C water
bath and mixed with 10 mL pre-warmed DMEM media. The mixture was centrifuged at 200 g for 3 min
to remove the DMSO from the cryoprotectant, and the cell pellet was resuspended in fresh media
supplemented with 10% FBS. The cells were transferred to a T-75 cm? flask (Corning) and grew in a
37 °C humidified incubator until 90% of cell confluency. The cells were detached with Trypsin-EDTA
as mentioned before and resuspended in 10 mL of DMEM. Cell viability was again measured in a
Countess II FL automated cell counter (Thermo Fisher Scientific). A total of 1x107 cells with >90%
viability from four confluent flasks were used for further inoculation. Cells were resuspended in 20 mL
of DMEM and further used to seed the pre-equilibrated ECS. This unit was placed inside a humidified
37°C incubator with 5% CO». An attached peristaltic pump to the unit recirculated the media from the
reservoir bottle into the cartridge.

According to manufacturer instructions, glucose levels were checked every day. There is a need
to change the media once the glucose level decreases to 50% of fresh media to maintain proper cell
viability. After reaching 50% of the initial glucose concentration, the volume of media in the reservoir
bottle was increased to 500 ml. The media volume was further increased to 1 L as the glucose level
decreased to 50%. Once the reservoir volume reached 1 L, it was replaced with fresh DMEM
supplemented with CDM-HD. For the whole process, the replacement of media was the same as before,
which depends on maintaining glucose in the system > 50%. Doxycycline was added to the culture media
in the reservoir bottle for protein expression. Different concentrations of inducer doxycycline were used
to check protein production and determine the final concentration used in the system for continuous
production. Doxycycline concentrations were varied from 0.0625 to 2.0 ug/mL and finally 1.0 pg/mL
concentration was used, for long-term running of the bioreactor and optimal protein production (11).
During protein expression, a volume of 20 mL was collected from one of the ECS outlet ports with a
sterile syringe every time to avoid any contamination and replaced with the new sterile syringe. To
remove any dead cells, the alternate collection was done by mixing the media inside the ECS multiple

times before collection with the help of another side of the ECS outlet connected with a sterile syringe.
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Collected media was clarified by centrifugation at 22,000 g for 50 min and stored at 20 °C until further

downstream processing.

Glucose and L-lactate measurement

By-products such as lactate and ammonia, accumulate during the cell growth and inhibit cell
growth, protein expression, and may modify protein glycosylation patterns (17,18). Therefore, media
was replaced once the glucose level decreases to 50% of fresh media. The carbohydrate level was checked
daily from the reservoir bottle and after each ECS collection on an automatic glucose analyzer YSI 2700
SELECTTM biochemistry analyzer (Y SI Inc.). Dextran and lactose were used for calibration. According

to the manufacturer’s protocol, glucose and lactate were measured on a calibrated analyzer.

2.4 Protein purification of Netrin-1

Netrin-1AC had a double Strep-tag II, thus it was purified by affinity chromatography using a 5
mL Strep-tactin Superflow Plus cartridge (Qiagen). Each collection (HFBR and HYPERflask) was
loaded onto the column equilibrated with 50 mM tris, pH 8, 500 mM NaCl and washed with 15 ml of 50
mM tris, pH 8, 500 mM NaCl followed by 25 ml of 50 mM tris, pH 8, 1 M NaCl (11). The high salt
washing step was to eliminate any non-specific binding as protein is highly charged. Protein elution was
performed with 2.5 mM of d-Desthiobiotin (MilliporeSigma) in 50 mM tris, pH 8, 0.5 M NaCl. The strep
tag was removed with one unit of thrombin (MilliporeSigma) per mg of protein in a dialysis bag with
10-25 kDa molecular weight cut-off (Repligen, Spectra/Por) in 50 mM tris, pH 8, 1 M NaCl, 2.5 mM
CaClz and incubated overnight or for 24 hr at room temperature. The sample was passed through the
strep-tactin column on the next day to separate tagged and untagged proteins following the same protocol.
Finally, thrombin was removed using a Benzamidine column (HiTrap® Benzamidine FF, Cytiva)
following the manufacturer protocol. Protein sample before and after thrombin cleavage was mixed with
reduced 2X Laemmli buffer (Bio-Rad Laboratories Inc. CA, USA) in 1:1 ratio and heated at 95°C for 5
minutes followed by a quick spin at high speed before being loaded onto an 8% Tricine SDS PAGE with
molecular weight standard ladder (Precision plus protein ladder, Bio-Rad, CA, USA). The gel was run at
7 W for 1.5 hours in PowerPac HC (Bio-Rad Laboratories Inc. CA, USA) using running buffer (25 mM
tris base, 200 mM glycine, 0.1% w/v sodium dodecyl sulfate, SDS). Gel Electrophoresis was followed
by staining with Coomassie Brilliant Blue G250 dye and after a few hours, it was de-stained with a gel
de-staining solution. The gel was visualized using the Alpha Imager HP system (Alpha Innotech, CA,
USA).
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Tag-free protein was further purified using an AKTA FPLC system with a Superdex 200 10/300
GL column (Cytiva, Healthcare), pre-equilibrated with 50 mM tris, pH 7.5, 1 M NaCl. Purified netrin-
1IAC was concentrated to 1 mg/mL (using a molecular mass of 49.5 kDa and extinction coefficient of
49455 M™! cm™! obtained from ProtParam (19) (ExPASy Server) and stored at 4 °C until further use.

The protein was further dialyzed in 50 mM tris pH 7.5, 500 mM NaCl and 500 mM (NHa4)> SO4
in a 25 kDa molecular weight cut-off membrane overnight. The protein sample was passed through the
Superdex 200 10/300 GL Increase column equilibrated with the same buffer. For further studies, collected
peak fractions were dialyzed in 50 mM tris pH 7.5 200 mM NaCl.

2.5 Size Exclusion Chromatography

Size-exclusion chromatography (SEC) is an analytical technique to analyze proteins polymers. It
is based on gel exclusion, allowing the transport of biomolecules in an aqueous mobile phase through a
stationary phase of porous spherical beads (Figure 2.3). The larger molecules pass through the column
and elute earlier, while smaller molecules can penetrate to the pores and elute later. Any change in the
pore size changes the separation capacity, and various SEC columns with different separation capacities
to suit different molecular sizes have been manufactured. The stationary phase should be stable over a

wide range of pH, chemical and denaturant providing flexibility in the buffer composition (20).

Figure 2.3 Schematic representation of size exclusion chromatography (SEC).

SEC separates based on hydrodynamic size. Figure with permission from “SEC-MALS for absolute biophysical
characterization” (83).

In chromatography, the free energy change of a chromatographic process can be described:
AG® = AH° —TAS° =RT Ink (Equation 2.1)

Where AG®, AH, and AS° are the standard free energy, enthalpy, and entropy differences respectively; R
is the gas constant, 7 is the absolute temperature and % is the partition coefficient (21). Typically, SEC is
an entropic process if there is no protein adsorption to the column and therefore the Gibbs free energy

equation
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0
In(Kp) = — A% (Equation 2.2)

where Kp is the thermodynamic retention factor, with the implication that temperature should have no
effect on the retention of the protein (21), AH=0.

So, SEC is very fast, simple, and widely used to separate the proteins based on their molecular
weight. A SEC standard calibration curve is used to calculate the molecular weight of the unknown if it
shares the same conformation as the standard (22). Non-adsorbing globular proteins are best for SEC
calibration curves. Adsorbing protein alters the retention time and would not correlate with the protein
size (23). A calibration curve based on size can be generated from a set of known molecular weight (My)
proteins to estimate the My of an unknown (Figure 2.4). Plotting the log molecular weight vs. the
retention time of the known proteins can be fit to a third order polynomial with a linear region that
describes the highest resolution and M,, accuracy of the selected column (21). The linear region can be
modelled by the relationship:

log M, = mKp+ b (Equation 2.3)

where m and b are the slope and intercept of the line respectively.
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Figure 2.4 Size-exclusion chromatography calibration curve.

Log molecular weight is plotted as a function of retention time/elution volume. Figure with permission from

(22,83).

SEC columns are typically composed of 3-20 um silica particles (with and without modification)
or crosslinked polymer beads with different pore sizes and possess different characteristics like

hydrophobic, hydrophilic, or ionic (24). The Superdex 75 10/300 GL column is useful for separating
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smaller proteins with My range 3,000 -70,000 Da, and the Superdex 200 10/300 column has a larger
range from 10,000 to 600,000 Da.

2.6 Dynamic Light Scattering

In a typical light scattering experiment, a single frequency polarized light beam (laser light) is
used to detect light scattering from macromolecules. Dynamic Light Scattering (DLS) is a non-
destructive method that measures the Brownian motion of a macromolecule in solution over time and

relates it to the particle size. Small molecules will move fast, and larger particles will move slow (Figure

2.5) (25).

(a)
Smaller particles, faster Brownian motion, quicker the ACF decay Particle sizing (nm)
Fluctuations of the scattering light Mean Autocorrelation Function (ACF) o ‘

L fed

> \\\ g
é \\,._. !..
g \ = — |

\
= T - == ~1
, 10 10 10 107 10 0 10
Time
Time (s)
k) , N
Bigger particles, slower Brownian motion, slower the ACF decay
Particle sizing (nm)

Fluctuations of the scattering light Mean Autocorrelation Function (ACF) o
-4

e £
> S j

E‘ N\
10 10 10 10 10 10" 10 —

Time
Time (s)

Figure 2.5 Graphical representation of the intensity fluctuations for (a) smaller and (b) larger particles and its auto
correlation function (ACF) decay. Figure reproduced with permission from (20).

The larger molecules maintain the same position for a longer period while smaller ones constantly
change position (26). The diffusion coefficient (D-), the hydrodynamic radii (Rn), and polydispersity of
the particles can be obtained as the macromolecules undergo random bombardment by the solvent
molecules and cause fluctuations in the intensity of scattered light. DLS is also known as photon
correlation spectroscopy or quasi-elastic light scattering (27). The Brownian motion is affected by many
factors, such as temperature and solvent viscosity. Since solvent viscosity changes with temperature,
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therefore to get less error in the data, the measurements must be performed in a temperature-controlled
environment (27,28).

Changes in constructive or destructive interference of the scattered light with time are collected
and fitted with the autocorrelation function (25,27). To assess the sample homogeneity that is key for
structural biology and hydrodynamic radius, the Zetasizer Nano-S instrument (Malvern Instruments
Canada, Montreal, QC, Canada), equipped with a Ao = 633 nm (red), 4 mW He-Ne Laser and a 173°
backscatter detection system was used. D; could be measured at multiple concentrations and extrapolated
to infinite dilution as the backscatter system allows detection at a higher concentration by avoiding the
multiple scattering phenomena.

The Dx is related to the Ry, using the following equation:

__ kgT .
D, = p— (Equation 2.4)

Where «p is the Boltzmann coefficient (1.380 x 102 kg.m?.s2.K ™), T is absolute temperature and 7 is
the solvent viscosity (29).

Additionally, the translational frictional coefficient, f, can be calculated from the

RT
f= N 4Dz

(Equation 2.5)

Where R is the gas constant (8.314 x 1077 erg/mol.K), T is the absolute temperature, Na is Avogadro’s
number (6.022137 x 10* mol). The f can be further used to determine the frictional ratio (f/ fo, where
fo =6mmRo and Ry is the radius of a sphere). The f/ fo relates the Ry to the radius of a sphere with the
volume of a non-solvated molecule, and therefore can provide information on the solution conformation
of the macromolecules (f/fo =1 for a compact sphere) (30).

The Zetasizer nano S® is equipped with software that analyzes the scattering data and gives us
information about the size and homogeneity of the sample. For analysis, the refractive index of the
macromolecules and solvent viscosity are needed for accurate calculation. The intensity-weighted

distribution results give us z-average Ru.

6
o] — _@°Na100 .
%ol , NoabNyb6 (Equation 2.6)

where %/, represents the intensity-weighted distribution for a particle with size a (31). N, and Ny, are the
molecules in solution with sizes a and b, respectively. The Rayleigh approximation can be used to convert
the intensity-weighted distribution to a volume-weighted distribution (32). The mass of a spherical
molecule is proportional to its (size)’; therefore, mass can be correlated to the volume, providing the

uniform density of a system (27).
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So, the volume-weighted distribution for a solution containing N, and N molecules of size a and

b, respectively, can be characterized as

a3N,.100
Nga3+ Npb3

%V, = (Equation 2.7)

%V, represents volume-weighted distribution for molecules with size a, based on the volume of
molecules with size a. Volume weighted distribution provides the distribution of size based on the
volume/mass of the molecules and used mostly to represent the Ry value (31).

The intensity distribution can be converted to a number-weighted distribution which represents

the number of molecules present at a given size and is represented as

Ng.100

%N, =
a Ng+Np

(Equation 2.8)

Where N, and N, are the number of particles of size a and b, respectively (31).
DLS Method
SEC-purified protein was dialyzed in 50 mM tris pH 7.5, 200 mM NaCl and concentrated using

an Amicon® concentrator with 30,000 Da molecular weight cut-off. The sample was centrifuged at

13,000 rpm for 5 minutes in an Eppendorf™ MiniSpin™ centrifuge and filtered through a 0.1 pm

Millipore Ultrafree®—MC filter immediately before transfer to the 3 x 3 mm quartz cell (Hellma Canada
Ltd., Markham, ON, Canada) (33). The concentrated sample was diluted to the desired final
concentrations with the same buffer for multiple concentration measurements. Before starting the
measurements, samples were equilibrated at 20° C for 5 minutes. The Rn was plotted at multiple

concentrations ranging from 0.2-9 mg/ml for netrin-1AC.

2.7 Multi-Angle Static Light scattering

The behavior of proteins in solution with respect to their molecular weight, oligomerization,
or homogeneity is very important for biomolecular research. All this information helps the scientist to
determine if the protein of interest is suitable for further experiments. Crystallography, nuclear magnetic
resonance (NMR), or small-angle x-ray scattering (SAXS) all these techniques require homogeneous
samples without any aggregation to provide a structural determination. Even unstable products like
aggregated proteins/ fragments can also lead to artifacts in the functional assays. Researchers also use
many other methods to analyze a protein molecular mass like sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), Native PAGE, Mass Spectrometry (MS), SEC, and Analytical
Ultracentrifugation (AUC).

58



As mentioned, analytical SEC relies on the same conformation of standard, and reference and

reference protein should not interact with the column to give reliable information about molecular mass

(22). There are many factors that can lead to errors in molecular mass determination like glycosylation,

detergent, pH, and salt conditions because all these things can change the elution volumes of the proteins.

Combining ultraviolet (UV) spectroscopy, multiangle light scattering (MALS) (Figure 2.6), and

differential refractive index (dRI) detectors to
the SEC (Figure 2.7) makes it a more versatile
and reliable method to determine apparent
molecular weight. A UV detector determines the
concentration based on the absorbance at 280
nm. A MALS detector measures the proportion
of light scattered by the analyte into multiple
angles (34), while a dRI detector determines the
concentration based on the refractive index (35).
Refractive index of the solution changes after the

addition of the analyte (36,37).
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Figure 2.6 Schematic representation of Multiangle light
scattering (MALS).

MALS measure the light scattered by the solute into several
angles relative to the laser beam. Figure with permission from
“SEC-MALS for absolute biophysical characterization” (83)
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Figure 2.7 Schematic representation of a size-exclusion chromatography coupled with multiangle light
scattering (SEC-MALS) system.

The de-gassed buffer is pumped into the system. The sample is loaded, and analytes separated with respect to their
size through SEC column before it passes through the different detectors. The output signals from the detectors are
combined and analyzed by the software. Figure with permission from (26).

The intensity of scattered light relies on the size of the macromolecules, wavelength of light and
the Form factor (Py), that is associated with molecular size and the angle at which macromolecules scatter

light, and is defined in equation (34).

16 2 2R2 .
Pi =1+ %sin2 (g) (Equation 2.9)
[ 0

Where n, is the refractive index of the solvent, Ry is the radius of gyration, A is the laser wavelength and
0 is the measurement angle, 1/Pg relies on several factors including the measurement angle (angular
dependence).

A MALS detector measures scattered light at many angles, but most instruments measure at a
minimum of two different angles relative to the incident beam. There are two kinds of scattering, right-
angle light scattering (RALS) and low angle light scattering (LALS). Small macromolecules are detected
at 90° RALS, and the large ones are detected by both RALS and LALS at 7°relative to the incident light.
Thus, a molecular weight calculation is independent of the elution time since molecular weight can be

calculated from first principles using the following equation (34)

R(0)
M =
KC(% 2

(Equation 2.10)
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Where M is the molecular weight of the analyte, R (0) the reduced Rayleigh ratio (i.e., the amount of the
light scattered by the analyte relative to the laser intensity) determined by the MALS detector and
extrapolated to angle zero, ¢ the weight concentration determined by the UV or dRI detector, dn/dc the
refractive index increment of the analyte (difference between the refractive index of the analyte and the
buffer), and K is an optical constant (34,35). dRI is a universal concentration calculator because it can
analyze the sugar/polysaccharides that do not contain a UV chromophore (35).

Bovine serum albumin is a standard protein (monomer and dimer) to determine the system
constants that is very helpful for further SEC-MALS analysis, including molecular complexes,
glycoprotein, and detergent bound membrane proteins. SEC-MALS provides absolute molar mass

determination of the protein in the solution and does not count on the reference standards (Figure 2.8).
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Figure 2.8 Elution profile of known protein.

Elution volume of different known proteins and molar mass determined by MALS. Dotted lines represent the
molar mass in kDa. Alcohol dehydrogenase (ADH) tetramer has larger molar mass but elutes later than (Bovine
serum albumin) BSA dimer, while kinase has a lower molar mass than BSA but elutes at the same position as
BSA dimer. Figure with permission from “SEC-MALS for absolute biophysical characterization” (83).

The ASTRA method, developed by Wyatt technologies (34), is a commercial software package
and does data processing and analysis based on the readings collected from three detectors (34,38,39).

SEC-MALS Method

An in-line Dawn® Heleos® II 18-angle static light scattering (MALS) detector (Wyatt
Technology, Santa Barbara, CA, USA) was used in conjunction with an SEC column driven by an AKTA

pure FPLC system (GE Healthcare, Toronto, ON, Canada) to determine the molecular mass of netrin-1.
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Sample concentration was monitored by a 2 mm multi-wavelength UV flow cell (GE Healthcare) and an
in-line Optilab T-rEX differential refractometer (Wyatt Technology) (33). Two different columns were
used to study netrin-1AC (Table 2.1).

Table 2.1 Columns used for netrin-1AC.

Column Volume Sample concentration (mg/ml) Flow rate

injected (pul) (ml/min)
Superose ™ 6 Increase 24 ml 300 3-4 0.3
Shodex (KW403 column) 10/300GE 150 More than 4 0.4

BSA at a concentration of 6 mg/ml was used for detector alignment in the same buffer used for the
sample. Approximately 2 ml of netrin-1AC (concentration 1mg/ml) were concentrated to 300 ul (6
mg/ml) using an Amicon 4 concentrator (Millipore sigma, Oakville, Canada) with a 30 kDa MWCO.
Netrin-1AC (6 mg/ml) with different HS oligosaccharides (10 times) were incubated for 1 hour. The
sample was centrifuged for 5 minutes at 12100*g in a MiniSpin tabletop centrifuge (Eppendorf,
Mississauga, ON, Canada) immediately before injection to remove aggregates. The ASTRA 6 (Wyatt)

package was used for data analysis.

2.8 X-ray diffraction

Biomolecular interactions can be studied with many different techniques. Structural
information is very important for determining the chemical composition/interaction residues involved in
a binding event. Changes in a 3-D structure after binding can be studied via Nuclear Magnetic Resonance
(NMR), Cryo-Electron microscopy (Cryo-EM), and X-ray diffraction. X-ray diffraction requires the
crystalline material and is the ultimate method to determine the crystalline structure. Most of the proteins
can be crystallized except dynamic systems and intrinsically disordered proteins. Some crystallize within

minutes, and some may take months.
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Figure 2.9 Flow chart of X-ray crystallography

An X-ray dataset is collected followed by phasing and ultimately yielding an electron density map. Refinement is
performed using phenix.refine against the data and model building using coot. Completion of the structure building is
followed by validation and deposition in the Protein Data Bank. Figure adapted and modified with permission from (84).

The diffracted x-rays are recorded by the charged coupled device detector, and the diffraction
intensity data is collected (40). Different modern software packages are used to calculate the electron
density maps. There are many methods available to solve the phase problem, including molecular
replacement (MR), single/multiple isomorphous replacements (SIR/MIR), and single-wavelength
anomalous dispersion/multiwavelength anomalous dispersion (SAD/MAD) (40). Once the model of the
structure is predicted, further model building, and refinements are done using different computer
programs. A flow chart of X-ray crystallography is shown in Figure 2.9.

Method

Purified netrin-1 was concentrated to 9 mg/ml. Netrin-1AC crystals were grown using the sitting-
drop vapor diffusion technique at 293 K by mixing an equal volume of protein and reservoir solutions.
The crystallization trials were conducted using commercial crystallization kits: Index, Natrix 1+2, JBS
Classic 1-8, JCSG ++1 to ++4 (Jena Science), and HR2-117-112 from Hampton Research (CA, USA).
The plates were covered with clear film and incubated at 20 °C. Crystals appeared in 20% w/v
Polyethylene glycol (PEG) 8,000, 100 mM 2-(Cyclohexyl amino) ethane sulfonic acid (CHES) pH 9.5
(Jena Bioscience JBScreen JCSG++1).

For data collection, a single crystal of netrin-1AC was harvested directly from the initial screen,

soaked in 20% w/v PEG 8,000, 100 mM CHES, pH 9.5 supplemented with a final concentration of
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cryoprotectant 15% ethylene glycol and 1 mM SOS/ 1 mM decasaccharide (10 monomeric sugar units
or dp10) for one week at 293 K before flash-cooling in liquid nitrogen.

X-ray diffraction data were collected from both crystals on a Rigaku Micromax-007 HF
(A=1.5418 A) at 100 K in-house. X-rays images were integrated and scaled using X-ray Detector
Software (XDS) (41) and merged using aimless, the Collaborative Computational Project No.4 (ccp4)
software suite (42). Initial phases estimates were obtained from a molecular replacement experiment
using the crystal structure of mouse netrinl (PDB-40OVE) as a search model with phenix.phaser (43,44).
An initial model was built using phenix.autobuild (45,46). A further model was built in coot (47), and
refinements were carried out in phenix.refine (46).

To refine the structure, different refinement strategies were included like bulk solvent correction
and anisotropic scaling of the data, individual coordinate refinement, and translational-libration-screw-
rotation (TLS) parameterization. Further refinements involved the inclusion of native amino acid
residues, water molecules, ions, and N-glycan attachments. This led to the Rvae/Rree falling to 26.8/33.1.
At this stage, both SOS molecules had been fitted into a 3D contoured Sigma-A weighted Fo-Fc
difference Fourier map using the coordinates of SOS. The final Ryane/Rfee factors for the SOS (PDB
code: 7LRF) were refined to 22.7/28.1. The final model comprises amino acid residues P40-P357 and
contains two calcium ions, one sodium ion, and one chloride ion, four 1,2-Ethanediol (EDO) molecules,
2 Polyethylene Glycol (PEG) molecules, one CHES (2-[N-Cyclohexylamino] ethane sulfonic Acid)
(NHE) molecule and 44 water molecules. The side chains of N97, N118, N133, and N419 are N-
glycosylated. The molecular illustrations were made with the molecular visualization system, PyMOL
(Molecular Graphics System, Schrodinger, LLC, www.pymol.org). The structural model of netrin-1AC
interacting with GAG molecules was prepared using PyMOL by taking a monomer unit of netrin-1 SOS

structure with both SOS on the same netrin-1 monomer.

2.9 Analytical Ultracentrifugation

Analytical ultracentrifugation (AUC) i1s a versatile technique used to characterize
macromolecules in their native state in solution. It can determine a macromolecules molecular mass,
hydrodynamics, and thermodynamic properties. It works with a wide variety of particles with different
ranges of concentration and solvent conditions. AUC involves the spinning of the macromolecule under
the centrifugal field in an ultracentrifuge at high speed. The tracking of macromolecule sedimentation
rate in real-time gives information about the size, anisotropy, polydispersity, and conformational changes

of a molecule in solution (48). The AUC principle is that “mass will redistribute in a gravitational field
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until the gravitational potential energy matches exactly the chemical potential energy at each radial
position” (49). Optical systems used for AUC include Absorbance spectrophotometer and Rayleigh
Interferometer (Absorbance and Interference Optics). There are two main approaches to study
macromolecules: sedimentation velocity and sedimentation equilibrium (50)

In a typical sedimentation velocity (SV) experiment, the concentration gradient is formed as the
sample sediments under centrifugal force. During sedimentation, the protein/buffer boundary moves
from the meniscus towards the outer wall of the sample cell. The shape of the boundary and rate at which
proteins sediment provide hydrodynamic characteristics such as sedimentation coefficient (s), frictional
coefficient (f) , and diffusion coefficients (D) (49,51). These characteristics ultimately give us infor-
mation about the size and the shape of the protein molecule (52) and are related by the Svedberg equation
(48)

N (ﬂ) M M(1-vp)
- = (é) = R_’]lz = RT p (Equation 211)
f

Where, M is the molar mass, My is the buoyant mass, v is the partial specific volume of the
macromolecule, p is the solvent density, R is the gas constant, and T is the absolute temperature. If s and
f or s and D are known, the molar mass of the sedimenting macromolecule can be determined after
considering the partial specific volume and buffer density.

Sedimentation of macromolecules in the centrifugal field is described by the Lamm equation (53)

% = % [TD Z—: — sw? rzc] (Equation 2.12)

Where c is the concentration of macromolecule, ® is the rotor speed, s is the sedimentation coefficient,
and r is the distance from the center of rotation (54). According to the equation the concentration
distribution of protein molecules depends on the strength of the centrifugal field, s of the sedimenting

species and D. The sedimentation coefficient depends on both particle size and shape.

Absorbance optics

The most frequently and easiest to use detector for AUC is absorbance optics. Increased
sensitivity allows us to measure diluted samples too. A double beam spectrophotometer with a high-
intensity xenon flash lamp forms a wavelength range of 190 to 800 nm. Consequently, where the Beer-
Lambert law holds, the absorbance is proportional to the concentration of the sample, ¢ (4=ec/, where 4
is the absorbance, ¢ is the molar extinction coefficient, ¢ is the mass concentration, and / is the sample
pathlength) with a precision of £ 0.10 OD (49). The noise associated with absorbance measurements scan

is primarily stochastic and a little systematic. Stochastic noise appears as a high-frequency “fuzz” around
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the signal, and systematic noise is either radially independent (means the entire scan is shifted up or
down) or time-independent (means a feature, like a scratch, that does not move from scan to scan) (49).
Interference optics

As the name implies, this optics works on the principle that light velocity decreases as it passes
through a region of a higher refractive index. An AUC cell is a double-sector cell, one side for the sample
and another for the buffer, with a slit below each sector. Monochromatic light passes through these slits
and undergoes interference to yield a band of alternate light and dark fringes. Any material with a
difference in refractive index from the reference will contribute to an interference signal. Interference
optics are little more sensitive than absorbance optics; any stress on the optical components can lead to
refractive index changes (55,56). Careful alignment and focusing must be done for sapphire windows to
obtain an accurate result.

Data analysis

There are many methods for analyzing the SV-AUC data that use different approaches and
software. Sedfit (54) and Sedphat are programs that implement the c(s) method to obtain the
sedimentation coefficient distribution function from a direct fit to the data (57) and were used for netrin-
1 data analysis. Firstly, a grid of sedimentation coefficients is generated, which covers the expected range
of interest. With an assumption that all species have a constant shape and an equal frictional ratio, the
program creates a scaling relationship between s and D. The program then uses a numerical solution of
the Lamm equation to simulate the sedimentation boundaries for each point.

Further data processing uses fitting of data to a sum of Lamm equations using a least-squares
fitting procedure to define the concentration of each species in the grid (49). During this process, the
systematic noise of the baseline and vertical displacements from the data are removed by considering
them as additional linear fitting parameters. In the end, the program provides the result as a smooth
distribution of data (49).

The c(s) method has advantages like excellent resolution and sensitivity, no limit on the number
of scans that can be analyzed, characterizing homogeneity, quantifying impurities, and aggregation. The
main requirement is that all associating species reach equilibrium before sedimentation begins. It
assumes that the mixture is non-interacting or associates and dissociates rapidly such that the distribution
appears similar to those expected for limiting models (34). Another approach, the van Holde-Weischet,
is used for the initial, quantitative analysis of SV data. Furthermore, a new advancement allows the

analysis of highly heterogeneous systems, too (49).
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Another data analysis method, Ultrascan 3 developed by Demeler and colleagues (58,59), is a
free software suite that provides high-quality, comprehensive data analysis and modeling of
hydrodynamic data. US3 uses an online database with a web-based interface, named as UltraScan
Laboratory Information Management System (USLIMS) (58). After initial refinement of the data, all
further analyses can be performed without any additional noise processing or optimization of boundary
conditions. Like Sedfit, it also uses the Lamm equation to model SV data by the finite element method
(60,61). There are different analysis methods available in US3. For example, to obtain molecular weight
and anisotropy distribution of a heterogeneous sample, two-dimensional spectrum analysis - Monte Carlo
analysis (2DSA-MC) (62,63) is used. Another method to eliminate non-essential species from the
solution without degrading the quality of the fit is the generic algorithm (GA) (64).

AUC Method

In my work, Sedimentation Velocity (SV) experiments on netrin-1 were performed using a
ProteomeLab™ XL-I analytical ultracentrifuge (Beckman Coulter Canada, Mississauga, ON, Canada)
using an An50Ti 8-cell rotor, a rotor speed of 30,000 rpm, and a temperature T of 20 °C. Rotor speed
depends on the size of the particle; for example, a size between 40-50 kDa mostly requires a rotor speed
range from 20,000 to 40,000 to observe full sedimentation (65). Samples were dialyzed in 50 mM ftris,
pH 7.5, and 200 mM NaCl buffer for at least 8 hrs in Float-A-Lyzer G2 dialysis device (Repligen,
Waltham, USA) with a 20 kDa MWCO membrane and then diluted to the desired concentration. A
standard 12 mm Epon double sector centerpiece was filled with 400 pl of netrin-1 and buffer (in which
sample was dialyzed) into the respective channel. The 8-place An-50 Ti rotor with samples was
equilibrated to the pre-set temperature for at least 2 hrs. Data were analyzed using the SEDFIT program
to determine the sedimentation coefficients of netrin-1 and then converted to standard solvent conditions

(water) using buffer density and viscosity calculated from SEDNTERP.
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2.10 Small Angle X-ray Scattering

In Small-angle X-ray scattering (SAXS), the sample is placed in a collimated monochromatic X-
ray beam and an X-ray detector records the intensity of the scattered X-rays. The X-ray diffraction and
SAXS have some differences, such as the angle at which these samples are exposed, the resolution limit,
the crystalline/solvated nature of the sample, and the radial symmetry. In SAXS, there is no need to rotate
the sample while collecting the data, as needed for crystalline samples in crystallography. Advancement
in instrumentation, computational methods, and bright synchrotron X-ray sources have made SAXS a
very powerful technique to study macromolecules in solution. SAXS is a complementary technique to
NMR and x-ray diffraction that gives low-resolution structure information about protein size, shape,
conformation, and flexibility. It requires modest sample preparation and is a very powerful technique to
understand flexible systems. Combining low-resolution information from SAXS with a high-resolution
crystal structure can provide us with much other information and thus provide an accurate and complete
3-D model of the macromolecule (conformational change, interactions, and assemblies in the solution)

(66). A workflow of SAXS is shown in Figure 2.10.

The scattering curve, 1(q), is a function of the momentum transfer of the photons q= (4nsinf)/A,
where 20 is the scattering angle, and A is the wavelength of the incident X-ray beam (67). The scattering
curve for a homogeneous, monodispersed sample can be derived from the electron distribution of the

particle known as the pair-distance distribution function, P(r):
1(g) = 4m [{" P(r) > P dr (Equation 2.13)

Where Dy 1s the maximal particle dimension and r is the interatomic distance (68).
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Figure 2.10 Workflow of small angle light scattering.

Proteins in solution cause scattering of x-ray beam at low angles as it elutes from the column and the scattered beam is
recorded on the detector. Integration of radial intensity generates the SAXS scattering curve I(g) vs (s) (69,70). The scattering
curve is converted into a pairwise distribution to get knowledge about the maximum distance and radius of gyration in real
space. Further ab initio models are builds with the help of various tools available (71,72) by rejecting all outlier models and
averaging the other models to obtain the final averaged model. Finally Chimera (44) program is used to fit final model.

The radius of gyration (Rg), the square root of the average squared distance of each scatterer from
the particle center, gives the lowest resolution structural information. R is shape-dependent, similar to
Ry and the Stroke’s radius (Rs); therefore, it is a poor measure of the actual molecular weight of the

macromolecule. A Guinier approximation can describe the solution scattering at low resolution:
q2R2 .
1(q) = 1(0)exp [— Tg] (Equation 2.14)

where /(0) is the intensity at zero scattering angle (q=0) and Rg is the radius of gyration (66). A Guinier
plot of In(/(q)) against g° results in a straight line by which R, and /(0) can be determined. So, it is
recommended to do a SAXS experiment over a range of concentrations in the same buffer, and as such,

the Rg should not vary.

SAXS is a useful technique for identifying folded or unfolded states of proteins through the
Kratky plot of ¢’I(q) as a function of g, calculated from the original scattering curve. For folded
macromolecules, the scattering intensity at a higher q value falls off by Porod’s law as I(q) a q** and

appears roughly as a parabolic curve (66).
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The P(r) function is an autocorrelation function that represents the histogram of the distance
between all the pairs of electrons in the scattering particles (68). It can be directly calculated from an
indirect Fourier transform of the scattering curve (68). Dmax is also a very useful parameter to determine
the maximum particle dimension and heavily relies on the P(r) function. The P(r) plot uses all the
collected data to calculate the Ry and /(0) (69). The P(r) function along with a Kratky plot can provide

information for low-resolution modeling by indicating the overall shape of the macromolecule.

3D reconstruction of a 1D scattering curve is possible with many programs available even without
the pre-defined structure input. The ab initio (lack of pre-defined structure input) modeling of the
scattering data is done using the program DAMMMIF (72), a rapid ab-initio shape determination tool,
and density from solution scattering (DENSS) (73) using pair distance distribution information about
Dmax and Rg. In bead modeling, a particle/solvent is represented as a collection of many dummy atoms
packed densely inside a search volume. Sometimes limiting the search volume is very helpful in shape
reconstruction except for very anisometric particles. To avoid any kind of artifact, the algorithm of
DAMMIF allows searching in a variable volume. The program also uses energy minimization through a
simulated annealing protocol. The comparison of the experimental and predicted scattering profiles of
the sample gives the goodness of fit (). The program DAMAVER (33,72,74) rejects any outliers, filters,

and superimposes all the low-resolution models to build a final average model.

Another program, DENsity from solution scattering (DENSS) (73), calculates the electron
density map directly from the smooth fit to the scattering curve. The DENSS script “denss.all.py”
calculates 20-100 electron density maps per data set (voxel size set to 5 A and oversampling set to 3),
which is aligned and averaged by the “denss.all.py” script. Refinement of average electron density maps
against the original data uses the DENSS script “denss.refine.py” to ensure that the final maps are

representative of the original scattering data.
SEC-SAXS Method

To gain information about solution structure, SEC-SAXS data on netrin-1 were collected at the
B21 beamline at the Diamond Light Source (Didcot, UK) using an in-line Agilent 1200 (Agilent
Technologies, Stockport, UK) HPLC system connected to a temperature-controlled quartz cell capillary.
50 pl of netrin-1AC sample in two buffers (50 mM tris pH 7.5, 200 mM NaCl and 50 mM MES pH 6.5,
150 mM NacCl) with a concentration of 9 mg/ml were injected into a respective buffer-equilibrated 4.6
ml Shodex KW402.5-4F size-exclusion column. For netrin-1AC and HS studies, tag-free netrin-1AC was
shipped to the beamline at 1.0 mg/ml in 50 mM tris, pH 7.5, 1.0 M NaCl. Using a PD-10 desalting column
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with Sephadex G-25 resin (Cytiva, Vancouver, Canada), the buffer was changed to 50 mM tris, pH 7.5,
0.2 M NaCl, and the protein was then concentrated to 9.2 mg/ml using an Amicon concentrator
(MilliporeSigma, Etobicoke, Canada) with 30 kDa molecular weight cut-off. 20 pl of dp8 HS units in
water was then added to 100 ul protein solution and then incubated for 40 - 80 min before injection. Each
frame was exposed for 3 s at 1.0 A wavelength. The frames in the sample peak region were integrated

and buffer subtracted using the ScAtter software package (http://www.bioisis.net/scatter/). The software

package Chromixs (70) was used to assess the separation of netrin-1AC species in SEC-SAXS
experiments via elution profile and R, and reduce SEC-SAXS data corresponding to each species to
single scattering curves. Further processing utilized the GNOM program from the ATSAS software
package (75) to obtain the radius of gyration (Rg) and maximum particle dimension (Dmax) (76). The ab
initio structures for netrin-1AC were calculated using the program DAMMIF (72), and each model was
verified for quality by the goodness of fit parameter. Using identical parameters, sets of 20 models were
generated with DAMMIF; however, a different random seed for each model was used. The ab initio
models were then rotated and averaged using the program DAMAVER to obtain a representative shape

for the final low-resolution model.

The software DENSS (71) was used to calculate electron density maps. Crystal structures of
monomeric netrin-1 (4OVE) and an asymmetric unit from the dimeric netrin-1 SOS structure were fit
into the electron density maps using the software packages UCSF-Chimera’s the “Fit in Map” function

(44). PyMOL was used to make the figures.

2.11 Microscale Thermophoresis Binding Assay

Microscale Thermophoresis (MST), as the name implies, is the movement of molecules under
the application of a gradient of temperature on a microscopic level (77,78). It strongly depends on various
properties such as size, charge, hydration shell, or conformation of the protein (77) and is very helpful to
quantify biomolecular interactions (79). An IR laser of 1480 nm emission wavelength is used to generate
the temperature gradient. One of the binding partners is fluorescently labeled in an MST experiment,
therefore permitting the monitoring of the movement of fluorescent molecules through microscopic
temperature gradient (77). Elevation of temperature in the glass capillary at a particular region leads to
depletion of a molecule on the interface between solvent and molecule. MST offers advantages over most
of the other techniques used for binding studies, such as isothermal titration calorimetry (ITC) or surface
plasmon resonance (SPR), by avoiding surface immobilization and high sample requirement (77,78).

New advancements allow a label-free approach (intrinsic fluorescence of tryptophan-containing proteins)
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to use a variety of buffers or even cell lysate to study molecular interactions (80). The binding of small
molecules to proteins, a substrate to enzymes, or liposomes are also detectable (78). An MST instrument
gives different signals, starting with initial fluorescence (Laser OFF), followed by T-Jump (Laser ON,
no thermophoresis), thermophoresis for 30 seconds, inverse T-jump (Laser OFF), and lastly, back
diffusion of molecules by mass diffusion. Every step can give us information depending upon the type
of interaction. If the interaction changes the binding state of the labeled protein, the T-jump would be
affected, and if there is a change in size, hydration shell, or shape, it will show up in the thermophoresis
(78). The T-jump (Figure 2.11B, II) corresponds to the change in fluorescence intensity of a dissolved
fluorescent molecule with temperature, an inherent property of the fluorophore (81). The heating of the
solution by an IR laser takes place on the order of less than a second (78). Intensity change with a change
in temperature is due to changes in absorption, fluorescence lifetime, quantum yield, and a special shift
of the emitted fluorescence (78,82). The temperature dependence of fluorophores is also sensitive to their
local environment (79). Therefore, any change in the conformation of the protein after the binding event
at a position close to the dye, will be detected by the MST T-jump (78).

In an MST equilibrium experiment, the concentration of fluorescently-labeled molecule is kept

constant (low nM) whereas the concentration of binding partner is varied. As a rule of thumb,
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Figure 2.11 Microscale thermophoresis

A) The capillary filled with sample placed on a temperature-controlled sample tray (TC) is heated with an IR-Laser
(IR), coupled with fluorescence excitation and emission with an IR reflecting hot mirror (HM). FO: fluorescence
observation; OBJ: objective. B) Schematic representation of the fluorescence time trace recorded by the MST
instrumentation. I=initial fluorescence, [I=T-Jump, III= thermophoresis, IV=inverse T-jump, and V= back diffusion.
Figure with permission from “Microscale Thermophoresis quantifies biomolecular interactions under previously
challenging conditions” (85).
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the concentration of the target is at least “10 times above the expected dissociation constant down to sub-
stoichiometric concentration with respect to the labeled molecule” (78). The binding is detected from the
MST signal that gives information about the change in fluorescence (78) (depends on target
concentration):
Erorm = (1 — x)Fyorm(unbound) + x B,y (bound) (Equation 2.15)
Where, Fnom (unbound) is the normalized fluorescence of unbound labeled molecules, and Fnorm(bound)
is the normalized fluorescence of the complexes. From this equation, the difference in normalized
fluorescence will determine the fraction bound and thus the dissociation constant. An MST plot may
contain Fnorm, AFnom (after subtraction of the baseline value), or AFnom [%o0] (values are multiplied by a
factor of 1,000, relative fluorescence change in per thousand) (78).
MST Method
Netrin-1AC was labeled with Alexa 647 according to the manufacturer's protocol in 50 mM
HEPES, 500 mM NacCl buffer at a concentration of 20 uM. This method exclusively labels primary
amines. The binding check feature checks the binding before performing the full binding assay. This way,
it also provides information about the highest concentration to start the dilution (a titration experiment).
For a binding assay, the concentration of labeled netrin-1 was kept constant (10 nM) among all 16
capillaries, and ligand concentration was varied from 400 uM - 600 pM. The experiment was performed
in MST butffer (50 mM tris-HCI pH 7.4, 150 mM NacCl, 10 mM MgCl,, 0.05% Tween-20) supplemented
with 1% BSA. Samples were incubated for 10 minutes before loading into NanoTemper standard
capillaries. Microscale thermophoresis was carried out using 20% excitation power and 40% MST power
on NanoTemper Monolith NT.115. Kq was calculated from three individual experiments using

NanoTemper analysis software using Kq fit algorithm and plotted with Qtiplot using the Hill equation.
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CHAPTER 3: New Developments - Biophysical Analysis

3.1 Introduction-Biomolecular Interactions

Biomolecular interaction studies help understand the biological system, from metabolism
and signal transduction to cell migration. The detailed characterization of these interactions is
essential to understand biological systems better and apply the knowledge to the development of
new drugs to target those interactions. Furthermore, determining the stability and other
biophysical properties of proteins, nucleic acids, and small molecules is the key to understanding
the biochemical processes to improve the quality of life. There are many attractive ways to study
biomolecules and their interactions, including fluorescence-based assays, surface-based methods,
and label-free methods. Here, | present two new biophysical technologies, mass photometry and
Panta that helped me determine protein quality, homogeneity, and stability of an individual
protein and complexes with interacting partners, all together in one step. Mass photometry is very
useful in the case of complex and multivalent protein interactions. This chapter will start with a
brief introduction to biophysical techniques that most labs use to analyze protein quality, stability,

and interactions.
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Firstly, interaction studies start from the cellular environment using a method named yeast
two-hybrid system (1). Attaching an affinity tag to the protein of interest and passing it through
the affinity column with the cell lysate to identify the binding partners is very common. Pulldown
assays also work using the same approach (2). Combining affinity purification with mass
spectrometry helps identify binding partners (3). BiolD (proximity-dependent Biotin
Identification) is a newly developed technique for proximity-based labelling (4). Again, the cell-
based method allows the expression of a Protein of Interest (POI) as a fusion protein (POl + biotin
ligase) that biotinylates proximal endogenous protein within a range of ~10-15 nm. These proteins
can be isolated with affinity purification using Streptavidin conjugated beads and identified by
MS (3).

Another way is to separate the interacting biomolecules based on their size. Size exclusion
chromatography is one of them. Combining SEC with multiangle light scattering gives us more
accurate results as it provides additional data like apparent molecular mass and heterogeneity.
DLS is another a light scattering-based method. It can be used to study the interaction of two
proteins if size changes more than double the individual binding partners (5). Native Mass
spectrometry (Native MS) is another way to check the complexes. The main feature is mass
precision, which allows the measuring of any change in mass with the binding of small molecules
or even any change in glycosylation pattern (5). In the case of analytical ultra-centrifugation,
macromolecules are separated in a centrifugal field depending upon their molecular mass. Thus,
they give us different information about binding or even the individual proteins involved in the

interaction (6).

The most used approaches for assessing the binding are Isothermal Titration Calorimetry
(ITC), Biolayer Interferometry (BLI), Surface Plasmon Resonance (SPR), and MST. Every
approach has its pros and cons. ITC is a label-free technique that measures heat evolution
associated with the interaction (7). A concentrated solution of one binding partner is titrated into
a dilute solution of another partner. This approach requires a large amount of protein.

SPR and BLI allow the immobilization of one binding partner on a biosensor surface via
covalent binding or an affinity tag. Any physical changes on the immobilized surface are used to
monitor the binding. SPR is based on the change in the local refractive index upon analyte binding

that alters the momentum of the surface plasmon, while BLI measures the change in path length
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between the ligand-bound and unbound surface (8,9). The main drawback of these approaches is
the immobilization of protein that sometimes changes its properties and the relative sizes of the

interacting molecules.

Another solution-based method is MST which allows the movement of the biomolecules
under the application of temperature in a tiny area. One of the binding partners is fluorescently
labeled and kept at constant concentration, and another one is titrated with it. An infrared laser is
used to generate a micro heated area by 2-6 K. Any change in the fluorescently labeled protein
that results from the binding (shape, size, or hydrodynamic radius) is monitored in real time (10).
There are many fluorescence-based methods like intrinsic tryptophan fluorescence, fluorescence
anisotropy, and fluorescence resonance energy transfer (FRET). All these techniques require
fluorescently labeled proteins and a large amount of protein to study the interactions and are time-

consuming.
3.2 Mass Photometry

Newly developed, the mass photometer introduced by Young et al. 2018, is a single
molecule method based on interferometric scattering microscopy (11,12). Mass Photometry (MP)
is a label-free, immobilization-free, solution-based method to quantify the molecular mass of
biomolecules or interactions at a physiological concentration at the single-molecule level. A
typical MP experiment requires 10-20 ul of sample with an approximate concentration of 100 nM

or lower.

It can also measure sample purity, heterogeneity, aggregation, stoichiometry, binding
affinity, and kinetics of biomolecules and their complexes (11-14). MP detects single molecules
by light scattering as they bind non-specifically to a microscopic glass/solution interface (Figure
3.1). The instrument is equipped with a green laser (520 nm). With the help of optimized
interference between scattered and reflected light, any change in refractive index upon each
binding event that alters the local reflectivity at the interface can be detected by a camera. Images
captured by the camera during the measurement are further processed to obtain the contrast value
of the signal from the landing molecules compared to the surrounding static background. Contrast

values are proportional to the intensity of light scattered by a single particle. Thus, the single
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Figure 3.1 Principle of Mass photometry.

Label-free detection of single-molecules by imaging the interference of scattered and reflected light.
(Figure from https://www.refeyn.com/about-mass-photometry).

molecular level based molecular mass determination is based on this relationship: the change in

reflectivity generates a light scattering signal proportional to molecular mass. MP can give mass

resolution up to 20 kDa and mass accuracy up to 2% by calibration with biomolecules of known

mass (11).
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Figure 3.2 Contrast-mass calibration curve of mass
photometry measurement. Standard proteins used for
calibration: BSA, beta-amylase, and ADH.

Many methods can find the 1:1 binding
event, but analysis becomes complicated in the
case of multiple binding sites. MP is beneficial
in such kinds of interaction studies. It can
distinguish different binding events if the
complex is sufficiently populated in the reaction
mixture and shows a well-defined contrast
BSA, beta

amylase, and alcohol dehydrogenase (ADH) are

distribution. Standard proteins,

used to make the calibration curve for mass

photometry measurement. These three standard
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proteins give us a range of molecular mass from 60 to 230 kDa (Figure 3.2). All experimental
conditions such as treatment of slides, buffer etc. should be the same for the standard and
reference to calculate the molecular mass from the calibration curve. The sample should be
centrifuged and filtered to remove any aggregates before the experiment.

Mass Photometry Method

Microscope slides (No. 1.5, 24 x 50, VMR) were plasma cleaned under oxygen. Prior
to the measurements, the slides were treated with polyethylene glycol (PEG) silane and 3-
aminopropyl triethoxysilane (APTES) (15) to produce an amino silane functionalized slide. For
Polyethylene glycol (PEG)-silane treatment, the solution was prepared in 1% acetic acid in
ethanol, and plasma cleaned slides were coated with PEG-silane solution. The coating was
followed by baking at 70 °C for 45 minutes and further cleaned with Milli-Q water. For APTES
functionalization, the slides were dipped in 2% APTES solution in acetone and then baked for 1-
2 hours ina 110 °C preheated oven. After this, the slides were cleaned with isopropanol and Milli-
Q water. Flow chambers (as described by Young et al. 2018), and silicone gasket slides (Culture
well, reusable gasket, 3 mm diameter X 1 mm depth, GRACE BIO-LAB) were used for the
sample application with netrin-1 alone and netrin-1 with oligosaccharides (dp8 and dp10),

respectively.

Netrin-1 and netrin-1 with equimolar oligosaccharide concentration were dialyzed in 50
mM tris pH 7.5, 200 mM NaCl filtered buffer. BSA, ADH, and beta-amylase, were the three
standard proteins used for calibration. The samples were diluted in the filtered assay buffer
immediately before the experiment to the desired concentration to enable detection of enough
particles landing and well separated. 15 pl of a sample (50 nM concentration) was loaded on the
flow chamber (for netrin-1 alone studies), by replacing all the buffer without dilution. However,
in a gasket (for netrin-1 interaction studies with oligosaccharides), the sample was diluted directly
in the well, containing buffer to an approximate concentration of 100 nM. Interferometric videos
were taken on a mass photometric system and processed as described (12). Each protein sample
was measured in a new flow chamber and gasket. The objective was focused on the surface of the

glass-solvent interface to a maximize the value of the sharpness parameter by adjusting the stage.

The collected data/movie was processed with software Discover MP (Refeyn Ltd.).

The fitting parameters used for analysis were: number of binned frames (n) 10, threshold 1 =1.5
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(related to a given particle contrast amplitude relative to the background), and Threshold 2 = 0.2
(related to the radial symmetry of the detected point spread function of the same particle) (14).

3.3 Prometheus PANTA

The study of biomolecules, their interactions, and nanoparticles, usually requires analysis
of the sample for its stability and size as well as optimization of buffer conditions. There are many
ways to do this including DLS, thermal shift assay (TSA), and a nano-format of differential

scanning fluorimetry (nanoDSF).

A DLS instrument measures the diffusion coefficient Rn. The Brownian motion of
molecules in the sample causes the laser light to be scattered at different intensities depending
upon the size of the biomolecules. Smaller molecules moving faster and changing location more
frequently leads to faster intensity fluctuations than for larger particles. Thus, analyzing the
intensity fluctuations from the Brownian motion of the particle via the autocorrelation function
makes it helpful in analyzing the size, heterogeneity, and stability of proteins in solution. It
requires the knowledge of the temperature and solvent viscosity as scattering changes with these
parameters' changes. For DLS there is a possibility of using only one sample, so it is not optimal

for screening.

TSA is a high-throughput method to study the stability of biomolecules as a function of
temperature (16,17). There is a need to study the best buffer or ligand that maximizes the stability
of a protein during the purification process and ultimately to get good quality protein for
crystallization, any further biophysical analysis, and for functional studies. In addition, the
thermal stability of individual proteins after complex formation can be measured. This requires
small sample quantities and identifying good buffer conditions, ligands, small molecules, and
modifications that increase their Tm and relative stability. A ThermoFluor assay mainly quantifies
the changes in denaturation temperature of proteins in a range of buffers with different salts/ionic
strength, pH, and additives with a Real Time-Polymerase Chain Reaction (RT-PCR) instrument
(16-18). A fluorescent dye (SYPRO Orange) binds to the hydrophobic regions of the protein, and
dye molecules are quenched in an aqueous solution while incubated with protein. An increase in
temperature results in the unfolding of proteins and binding of the dye to the exposed hydrophobic

surfaces, resulting in an increase in fluorescence by excluding water. The stability curve with
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melting temperature Tm (50% of the maximum fluorescence intensity corresponding to 50% of
the protein being unfolded) is obtained by measuring the changes in fluorescence with a gradual
increase in the temperature and is very helpful in calculating the stability of proteins and protein
complexes (17).

Many commercially available kits have a different variety of combinations of buffer and
small molecules. They can be used to screen the relative thermal stability of a protein, the effects
of different molecules, optimal buffers for proteins, protein-ligand interactions, storage

conditions, and stability after any modification to the protein (16,17,19).

Prometheus nanoDSF, measures several different parameters of a protein like stability,
folding-unfolding, aggregation, and ligand binding under different thermal and chemical
conditions (20,21). It is a label-free, low sample consumption and high throughput technique (21).
So, it is possible to do buffer optimization, ligand screening, and protein stabilization with this
method. Protein aggregation at room temperature and thermally induced aggregation can also be
studied. NanoDSF monitors the intrinsic tryptophan fluorescence changes with high time-
resolution as a protein unfolds during the thermal treatment. An increase in temperature causes
unfolding of the protein, and the extent of tryptophan exposure is determined by measuring
fluorescence at 330 nm and 350 nm wavelength. Detection of protein aggregation is based on
back reflection-optics. Reflection from the sample as the light passes through the capillary is
quantified by the detector. Aggregation of the protein sample leads to the scattering of the incident
light, and thus the intensity of reflected light is lost. The temperature range is 15 to 95°C and the
protein concentration range is broad. For back reflection, the size resolution is larger than 12.5

nm radius. It is a dye-free method and any buffer with any additives works.

Prometheus PANTA (Nanotemper) is a multi-parameter characterizing technique that
characterizes the stability of biomolecules by combining nanoDSF, back reflection, and dynamic
light scattering. Simultaneous measurement of size distribution, polydispersity, scattering
intensity, self-interaction studies, thermal unfolding, and aggregation make this technique very
powerful and attractive for biomolecule studies. The blue laser wavelength and a photomultiplier
tube (PMT) detector are used for DLS to allow rapid measurement of DLS data and thermal
unfolding measurements without any compromise. It is highly precise, reproducible, and easy to

use.
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3.4 Panta Applications:

Starting from protein purification to scale up, to keep protein stable and free from
aggregates while maintaining the right size (conformational and colloidal stability), Panta
measure protein thermal stability under different buffer conditions along with size analysis by
DLS and measures turbidity by back reflection measurements (22). Sometimes thermal stability
experiments show that two or three buffers have approximately the same Tm value. In that case,
simultaneous DLS measurements help decide the best buffer that gives protein with the right size
and low polydispersity. Self-interactions can also be studied using Panta (23). It has an option to
study only the diffusion coefficient D that is related to the hydrodynamic radius Rn (24) by the
Stokes-Einstein equation

_ kpT
- 6mNRp

Equation 3.1
Where ky is the Boltzmann constant, T is the Temperature in Kelvin and 7 is the viscosity.
Equation 3.1 shows that D is inversely proportional to the Rn value. The particle with a smaller
size shows faster diffusion than a particle with a larger size (24). If there is an interaction between
the biomolecules, the diffusion value would be negative or smaller as there is an increase in size.
A concentration series is the best way to study self-interaction by plotting diffusion vs.

concentration (23). A negative slope indicates no aggregation with the increase in concentration.

Drug discovery, conjugate-based drug delivery (mAb + conjugates), and drug storage
require information about aggregation with time or concentration (25). Some drugs need to be
stored and delivered at high concentrations without aggregation. Panta can provide fast checking
of such effects. In the case of conjugate-based drug delivery to a specific location, it is crucial to
have all conjugate-bound mAb without any leftover conjugates. DLS helps to measure the
increase in the size of mAb after the addition of conjugates and can check the polydispersity in
the event that any extra conjugate is unbound or any aggregate forms after the reaction between

the conjugate and mADb (26).

Structural studies require high-quality protein with excellent stability. In particular,
protein crystallography requires more than 95% monodisperse sample along with high stability.
Thus, Panta is very useful to study protein before starting any crystallizing trials. With the use of
a combination of DLS and nanoDSF, we can get enough knowledge about the protein stability

89



quickly starting with buffer optimization to the presence of any additive on the stability and
ultimately choosing the best conditions that yield with monodispersed protein and low PDI
(27,28).

Panta allows the study of protein stability after ligand or small molecule interaction or any
change in the structure after binding along with aggregation, polydispersity index, and
heterogeneity (22). As mentioned before, screening ligand or small molecules in different buffer
conditions can be used to discover the best binding partner and can also be useful for other
biophysical analyses and crystallography. It can study 48 samples and provide analyzed results
within two hours. The concentration range for the instrument is 200 mg/ml to 5 ug/ml
(Nanotemper Prometheus Panta), so it is beneficial for membrane protein-containing detergent

(25,29) and even for highly concentrated antibodies for aggregation prediction (30,31).
Panta Method

The dialyzed netrin-1AC samples in different buffers were centrifuged before filling
the capillaries to remove dust and aggregates. Firstly, the fluorescence was checked to decide
which excitation power (%) would be suitable for all the samples with PR Panta control software.
There is an option to do another discovery scan too. In the case of samples with different
concentrations, the software can pick the best excitation power that will work with each sample.
Different measurements were done such as thermal unfolding, and size analysis (thermal
unfolding with DLS). Parameters used for the measurements were 40% excitation power (selected
from the initial scan), temperature slope (0.5 "C/min), high sensitivity mode of scattering,
Temperature range:15-95 °C, Refolding Ramp (OFF), Dynamic Light Scattering (ON), and DLS
Laser Power (100%).
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CHAPTER 4: Results

4.1 Expression of the extracellular protein Netrin-1 in a Hyper-flask and Hollow fiber
Bioreactor

The C-terminal domain of netrin-1, a positively charged domain, has been suggested to
bind to heparan sulfate and forms higher order aggregates (1,2). The C domain is attached via a
flexible linker to the V-3 domain and is not required for receptor binding (2—4); therefore, for this
study, a construct containing netrin-1 domain V and VI was used and named as netrin-1AC
(without C terminal domain) from chicken. The stable expression of netrin-1AC was based on the
sleeping beauty transposons system, a transposase-mediated DNA genome integration technique.
Puromycin-resistant selected clone, containing multiple copies of the gene of interest in the
chromosome, V311, was gifted by Dr. Manuel Koch, University of Cologne, Center for Molecular
Medicine, Ko6ln, Germany.

A further selection of the highest producing clone was based on the Tet-On inducible
system (5), which controls the activation of downstream genes only in the presence of doxycycline
that induces the reverse tTA (rtTA) to bind the promoter PTigh (a modified Tet-Responsive
Element (TREmod)) and switches on the expression of the regulated gene (5). In our construct,
the netrin-1AC gene is controlled by the Tet-On doxycycline-inducible system. The netrin-1 V311
clone was successfully grown to confluency in T75 flasks and moved to 96 well plates, ensuring
one cell per well for proper clonal selection. A dot-blot system was used to select high protein
secreting clones. The highest producing clone induced by the TRE promoter was detected by
western blot using a monoclonal antibody (anti-strep) for visualization. Purified proteins with and
without strep tag were used as a positive and negative controls respectively.

The highest producing clone of netrin-1AC was further used to inoculate HY PERFlask®
multilayer vessels. The yield of expressed protein increased from 1 mg to 15 mg/550 ml of
conditioned medium from the earlier transient expression system used in the lab. HYPERFlask®
is a ten-layer flask that allows ten times higher surface area than another traditional flask and is
easy to handle. The main limitation is the loss of cell viability over time as cells become confluent,
resulting in reduced protein expression yields. The initial four media collections containing
expressed netrin-1AC were done without compromising the expression yield, making it slow and
interrupted. At collection 6, the level of lactose increased in the media (Figure 4.1), which may

change the cell growth, cell viability, and ultimately yield poor protein stability. Netrin-1AC
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requires multiple downstream steps to get the final purified protein, and in every step, there is a
loss of protein. Therefore, there was a need to get the constant protein yield with continuous

production.
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Figure 4.1 Levels of Glucose and Lactose collected at different collections of media from HYPERflask containing
netrin-74C protein. Figure with permission from (6).

The Hollowfiber Bioreactor (HFBR) allowed continuous protein production with a
constant protein yield for each collection. The HFBR was operated with a continuous media flow
with daily removal of protein and dead cells. As glucose levels decreased to 50% of the initial
glucose level, media was replaced with fresh media to ensure the continuous delivery of all the
nutrients to the cells and stable protein production. The volume of media collected from the
cartridge was 20 ml, allowing further downstream processing to achieve the same protein
quantity as in the HYPERFlask® (~8 mg). The high-density cell growth in the HFBR reduced
the serum requirement which was the primary contaminant in the earlier protein production
trials.

To optimize the growth conditions and protein expression in the presence of the
inducer, we studied the expression of netrin-1AC at increasing concentrations of doxycycline
over time starting from 0.062 pg/ml to 2.0 pg/ml. Glucose and lactate levels were measured in
the media at different concentrations of doxycycline (Figure 4.2). The expressed netrin-1AC
with streptag at different concentrations was analyzed via SDS-PAGE and showed an
enhancement of the tagged protein band as the concentration of doxycycline increased (Figure
4.3). Protein quantity in media was determined using Biolayer Interferometry (BLI), combining
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it with an antibody fragment (Fab) specific for netrin-1AC (data not shown) (6). Maximum

protein production was associated with 1 pg/ml of doxycycline

concentration was used in the HFBR.
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Figure 4.2 Levels of Glucose (Red) and Lactose (Black) collected at different concentrations of doxycycline in the
ECS media. Data shown is the average of three measurement with error bars that represent the standard deviations.
Small increases were observed in the lactose level as the doxycycline level increases as it boosted the cell growth and

protein production. Figure with permission from (6).
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Figure 4.3 8% SDS-PAGE shows bands corresponding to selected individual ECS collection at different
concentrations of doxycycline. Red arrow indicates the region corresponding to the netrin-1 relative migration band.
Lane 1) Molecular weight ladder, 2) No Doxycycline, 3) 0.062 pg/ml Doxycycline, 4) 0.125 pg/ml Doxycycline, 5)
0.25 pg/ml Doxycycline, 6) 0.5 pug/ml Doxycycline, 7) 0.75 pg/ml Doxycycline, 8) 1.0 pg/ml Doxycycline, 9) 1.5 pg/ml

Doxycycline, and 10) 2 pg/ml Doxycycline. Figure with permission from (6)
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As mentioned before, the HFBR was maintained at >50% of the initial glucose level
for optimal growth conditions and optimal protein production for an extended period. Failure to
maintain the optimal level of nutrients will disturb cell growth, induce cell death, and ultimately
the reduce stability of the protein (7). Stable protein production was maintained by replacing the
nutrient-depleted media with new media to recirculate nutrients again through the system.
Accumulation of expression by-products, such as lactate and ammonia, inhibit cell growth and
protein expression and modify protein glycosylation patterns (8). Replacing the media in the
reservoir once initial glucose level reached 50%, reduced the accumulation of by-products thus,
maintaining the optimal cell metabolism.
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4.2 Biophysical characterization of Netrin-1

Netrin-1 is composed of an N-terminal domain VI, followed by Laminin-type
epidermal growth factor (V-1, V-2, V-3) repeats (LE domains) and a C terminal domain (1,9).
Since only domain VI and V are involved in interaction with its dependence receptors (1), therefore
netrin-1 without the C domain (netrin-1AC) was used for all the studies and characterization
reported here. For structural and biophysical studies, the stability of a protein is essential. This
chapter will include the purification process, biophysical analysis, and solution structure
information. This initial analysis is fundamental to permit study of protein-protein interactions as

well as protein-small molecules and ligand-receptor interactions.

4.2.1 Purification process

The protein expression and production were explained in this chapter's first section.
The further purification started with the streptactin affinity purified protein. The eluted sample
from the streptactin column and untagged protein sample after thrombin cleavage were run on
SDS-PAGE. The SDS-PAGE analysis of the thrombin cleaved protein showed two bands
corresponding to the tagged and untagged protein (Figure 4.4A), indicating incomplete cleavage.
Thrombin cleavage was performed again to increase the yield of untagged protein. The initial
attempt was not successful in achieving 100% untagged protein. Since netrin-1 forms aggregates
(data not shown), it is vital to separate tagged and untagged proteins at a certain point to avoid a
mixture of tagged and untagged netrin-1 for further biophysical analysis. Therefore, thrombin
cleavage was done for 24 hours for the next batch of eluted proteins and was immediately followed
by a second round of Streptactin purification. The SDS-PAGE analysis finally showed the cleaved
protein (Figure 4.4B).

Further purification on an analytical Superdex 200 gel filtration column in 50 mM
tris pH 7.5, 500 mM NaCl showed some aggregates (data not shown). The first peak that eluted
after the void volume contained only high molecular weight proteins or aggregates; however, other
peaks eluted after 10.5 ml. According to the gel analysis, peaks 2 and 3 correspond to netrin-1AC.

Since 95% pure protein is essential for the crystallization process, netrin-1AC was
dialyzed in 50 mM tris pH 7.5, 1 M NaCl overnight. The sample was loaded on a size-exclusion

column equilibrated with the same buffer. The first peak eluted at 11.68 ml shortly after the void
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volume (10.5 ml) and another peak eluted at 13.25 ml (Figure 4.5). In this attempt there was a
very less aggregated product (*) than the first attempt (Figure 4.5).
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Figure 4.4 Coomassie SDS PAGE of netrin-14C with and without tag. Affinity chromatography (Streptactin)
of purified netrin-1 with and without tag. A) Gel with all bands at the same position. First trial of thrombin
cleavage did not work. B) incubation with enzyme for 24 hours followed by a second round of streptactin column
purification showed untagged netrin-1. Run on 8% Tricine SDS PAGE.
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Figure 4.5 Size exclusion chromatography of netrin-14C without tag. Elution profile of netrin-1 without strep-
tag acquired from Superdex200 6 10/300GL column in 50 mM tris pH 7.5, 1 M NaCl buffer.
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4.2.2 Improving protein purification

To further purify the protein, the untagged netrin-1AC was dialyzed overnight in buffer
50 mM tris pH 7.5, 500 mM NaCl and containing an additional 500 mM (NHa)2 SO4 and loaded
on the column equilibrated with the same buffer. The gel filtration profile showed a smaller first
peak compared to the first profile (Figure not shown). Since netrin-1 binds with HSPG, leading to
higher molecular weight aggregates (10,11), a subsequent dialysis in ammonium sulfate buffer
was performed in 25 kDa cutoff dialysis membrane to get rid of most of the bound GAGs and was
followed by size exclusion chromatography purification on a Superose 6 10/300GL column in the
same buffer. The gel filtration profile showed a small first peak (marked as *) (Figure 4.6). As
discussed before, netrin-1 forms aggregates, so sulfates might help to replace any bound HS and
prevent aggregation. The peak that eluted at 11.75 ml had a shoulder and SDS PAGE analysis
showed that all the fractions in the peak correspond to netrin-1AC without strep tag (data not

shown).
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Figure 4.6 Size exclusion chromatography of netrin-14C treated with ammonium sulfate. Elution profile of netrin-
1 without strep-tag acquired from Superose 6 10/300GL column in 50 mM tris pH 7.5, 500 mM NaCl and 500 mM
(NHg)2 SO4.

Another trial to purify netrin-1AC included (NHas)2 SO4 in the buffer during the initial
purification process. After passing the media collected from a HFBR, the column was washed with
high salt to remove any non-specifically bound proteins from the Streptactin column. The high salt

washing step was replaced with another buffer with ammonium sulfate (50 mM tris pH 8.0, 500
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mM NacCl, and 500 mM (NHa)2 SOz (results in section 4.2.3). The main objective was to remove

any GAGs and get less aggregated proteins from the first step.

We also characterized the ammonium sulfate-treated and untreated netrin-1AC in 50 mM
tris pH 7.5, 200 mM NaCl buffer (low ionic strength buffer) using DLS. DLS measurements to
check the sample’s homogeneity are essential for the further crystallization of the protein. DLS
data analysis at multiple concentrations for untreated netrin-1AC showed a reduction in the Rn
values with an increase in concentration (Figure 4.7A), which means the sample is not stable.
Extrapolation to infinite dilution gave an Rnvalue of more than 7.41 £ 0.24 nm (Figure 4.7A).
However, ammonium sulfate-treated netrin-1AC could be concentrated to 9 mg/ml without any
change in the Ry and the protein was highly monodisperse (Figure 4.7B). Extrapolation of the
ammonium sulfate-treated netrin-1AC Rn measurements to infinite dilution provided an Rn value

of 6.42 + 0.14 nm (Figure 4.7B). DLS volume distribution plots showed a single peak
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Figure 4.7 DLS Hydrodynamic radius distribution of netrin-14C without and with ammonium sulfate in
the SEC purification. The R, of both samples were plotted at different protein concentrations with vertical
error bars indicating the standard deviation from five measurements. All measurements were done in 50 mM
tris pH 7.5, 200 mM NaCl at 20°C. A) SEC purified sample with 50 mM tris pH 7.5 1 M NaCl (protein A) B)
SEC purified sample with 50 mM tris pH 7.5, 500 mM NaCl, 500 mM (NH4)2 SO4 (protein B) C) Volume
distribution at 7.8 mg/ml concentration for protein A. D) Volume distribution at 9 mg/ml for protein B.
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(homogeneous sample) at the highest concentrations in both netrin-1AC preparations with a little
degraded product in the untreated netrin-1, <2 nm (Figure 4.7C). No change in Ry (Figure 4.7B)
and the monodisperse nature of the protein with increases in concentration (Figure 4.7D) show
the stability of the ammonium sulfate-treated netrin-1 protein. The decreasing Rn values with
increasing concentration (Figure 4.7A) along with the polydispersity show that untreated netrin-1
protein is unstable as concentration is increased except at the highest concentration suggesting

aggregation there.

4.2.3 SEC-MALS and Native Mass Spectrometry

The purified netrin-1AC was also checked by SEC-MALS to gain information about the
apparent molecular mass and state of homogeneity among the peaks. BSA was used as a control
at a 9 mg/ml concentration. It gave distinguishable monomer, dimer, and negligible trimer peaks
(Figure 4.8A). The netrin-1AC samples were 1) SEC purified netrin-1 in the buffer containing
ammonium sulfate (AS treated netrin-1AC) (Figure 4.8B) 2) only dialysis in ammonium sulfate
buffer. No further SEC purification (Figure 4.8C) 3) Addition of a washing step in the streptactin
column purification step (Figure 4.8D), that involved washing the column with ammonium sulfate
buffer before eluting the netrin-1AC with tag. In each case, the netrin-1AC sample was run at a
concentration of 7 mg/ml, and the analysis gave information about the relative molecular mass,
polydispersity, and oligomerization of the protein. Treatment on the Streptactin column yielded
lots of aggregates (Figure 4.8D) in comparison to the other samples in which repeated dialysis
was performed in buffer with ammonium sulfate (Figure 4.8C). The sample purified with size
exclusion chromatography after dialysis in the buffer containing ammonium sulfate (Figure 4.8B)
yielded negligible aggregates therefore this was the best to use for further studies.
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Figure 4.8 SEC-MALS analysis of netrin-1 on Superose 6 10/300GL column A) BSA as a control, B) SEC purified
netrin-/4C after dialysis in ammonium sulfate buffer shows monomeric and dimeric netrin-1. C) Ammonium sulfate
dialysis with ammonium sulfate buffer shows the presence of aggregates. D) Streptactin column netrin-1
purification with ammonium sulfate buffer washing step also shows lots of aggregates. Mass distributions across the
peaks which were traced by UV (A280) show heterogeneity. All the samples were run in 50 mM tris pH 7.5 200 mM
NaCl. Dotted calculated formula mass lines for netrin-1 do not go with measured lines because netrin-1 has four
glycosylation sites. Dimer netrin-1 measured lines do not go with calculated mass because first peak is a result of
monomer dimer equilibrium (correspond to average mass).

104



Netrin-1AC shows interaction with its dependence receptor at lower salt and pH conditions
(data not shown). To check and compare the purified netrin-1AC in two different buffer and pH
conditions, we again performed SEC-MALS. The netrin-1AC showed two peaks at pH 7.5 with
200 mM NaCl: a monomer (55 kDa), and a dimer (90 kDa) (Figure 4.9A). In the case of pH 6.5
with 150 mM NacCl, it showed only one broad peak with relative molecular mass with a distribution
of masses ranging from 55 to 80 kDa (Figure 4.9B). A 52.4 kDa molecular weight species is
consistent with the amino acid sequences with glycosylation consideration. The netrin-1AC has
four glycosylation sites, a possible reason for the broader peaks and heterogeneity among the
peaks. This heterogeneity was also seen when we performed native mass spectrometry on peptide
N-glycosidase F (PNGase) treated netrin-1 with Prof. John S. Klassen, University of Alberta,
Department of Chemistry, Edmonton, Canada. It gave different relative molecular masses of
netrin-1AC from 53-54 kDa / 58- 59 kDa (Figure 4.10). MS did not show any dimer peak.
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Figure 4.9 SEC-MALS analysis of netrin-14C on Superose 6 10/300GL column in A) 50 mM tris pH 7.5 and 200
mM NacCl buffer which shows monomeric and dimeric netrin-1. B) 50 mM MES pH 6.5 and 150 mM NaCl buffer
which shows mostly monomeric netrin-1. Mass distributions across the peaks which were traced by UV (A280) show
heterogeneity.
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Figure 4.10 Electrospray lonization-Mass Spectrometry (ESI-MS) profile of netrin-14C without tag. Peptide N-
glycosidase F (PNGase) treated netrin-14C after buffer exchange into 200 mM Ammonium Acetate pH 6.8 shows
many proteoforms and glycoforms. Used with permission from Prof. John S. Klassen, University of Alberta,
Department of Chemistry, Edmonton, Canada.

4.2.4 Stability of Netrin-1

To further check the stability of the protein, some experiments were performed using the
newly developed techniques Prometheus and Panta. They check the melting temperature (Tm) and

the polydispersity with temperature change without fluorescent labeling.

The melting curve obtained for netrin-1AC under different buffer conditions 50 mM MES
pH 6.5 150 mM NaCl, 50 mM HEPES pH 7.0 200 mM NaCl and 50 mM tris pH 7.5 200 mM
NaCl gave Tm of ~ 45.6 °C (Figure 4.11). Different buffer conditions and pH values did not show
much difference in the T values. Since netrin-1 has a Ca* sensor loop (1), therefore the addition
of Ca?" to the buffer was also tested for its effect on stability. CaCl, was added in the concentrations
2.5 mM and 5 mM. The buffer containing Ca?* had a Tm slightly higher (~51.6 °C) than the buffer
without Ca?* (~45.6 °C) (Figure 4.11). A temperature shift of 6 °C shows that netrin-1AC is
thermally more stable after the addition of Ca?*. Buffer with 2.5 mM CaCl, was enough to make
this change. Further studies to get information about the hydrodynamic radius and its
polydispersity, and some other experiments were performed with Panta Nanotemper. Analysis
showed that 2.5 mM CaClz in the MES buffer lowers the polydispersity index (PDI), which is
potentially beneficial for structural studies (Figure 4.12, Table 4.1).
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Figure 4.11 Ratio of fluorescence at 350 nm and 330 nm (Emassonm/Ema3onm) With respect to temperature
in three different buffers in the presence and absence of CaClo.

All buffers show the same trend. Without CaCl,, the Tm value is approximately the same in every buffer.
Addition of CaCl, changed the Tm value from 45.6 to ~51.6 with the same change in all the buffers. A) 50
mM MES pH 6.5, 150 mM NaCl B) 50 mM HEPES pH 7.0 200 mM NaCl C) 50 mM tris pH 7.5 200 mM

NaCl.
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Figure 4.12 Panta analysis of netrin-14C in 50 mM MES pH 6.5 150 mM NaCl (MES Buffer).

A) Ratio of Emasonm/EMazonm with respect to temperature from 20°C to 95 °C in MES Buffer (black line) and MES buffer
with 2.5 mM CaCl, (red line). B) Percent intensity distribution profile of netrin-1. Some bigger size molecules
(aggregates) at 200-300 nm scatter more and can be detected with intensity. C) Cumulant radius of netrin-1 with
respect to temperature shows netrin-1 in MES buffer with CaCl, (red line) is more stable over the range of
temperatures as shown in graph A too (Tm value 51.65).

Table 4.1 Properties of 20 UM netrin-1AC-Tn, with poly dispersity index (more than 0.25 is
polydisperse sample).

Buffer Tm Rn (nm) PDI

50 mM MES pH 6.5, 150 mM NacCl 45.5 (Tml) 4.98+0.77 0.40
62.2 (Tm2)

50 mM MES pH 6.5, 150 mM NacCl, 2.5 mM CaCl2 51.6 4.98+0.35 0.03
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4.2 .4 Solution Behavior of Netrin-1

In addition to SEC-MALS (Figure 4.8), sedimentation velocity experiments revealed that
netrin-1 exists in a monomer-dimer equilibrium in solution with lots of aggregates in the case of
netrin-1AC that was not treated with ammonium sulfate (data not shown). These higher molecular
aggregates made the SV analysis a little complicated. Purification of netrin-1 in buffer containing
500 mM of ammonium sulfate resolved this problem, and two resolved populations were observed.
Analysis showed one peak equivalent to monomer (50 £ 13 kDa Molecular mass) with a
sedimentation (s) value of 3.5 S and another with a molecular mass of 109 + 23 kDa and s value
of 4.2 S, dimer (Figure 4.13). AS treated netrin-1AC was dialyzed in 50 mM tris pH 7.5 200 mM
NaCl buffer for the sedimentation velocity experiment. Solvent properties of the buffer used for

the data analysis are mentioned in Table 4.2.

Table 4.2 Solvent properties of buffer for sedimentation velocity experiments.

Solvent properties of Buffers Buffer density (20°C) g/cm? Buffer Viscosity (20°C) (P)
50 mM tris pH 7.5 1.0079 0.0103173
200 mM NaCl
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Figure 4.13 Sedimentation coefficient distribution of netrin-14C. (A) The one-dimensional ¢(s) distribution. (B)
The 2-dimensional distribution converted to frictional ratio, yielding the c (s, f/fo) distribution. (C) The 2-
dimensional distribution converted to mass, ¢ (s, M) distribution. Values were converted to standard conditions
(pure water at 20°C. AS treated netrin-/4C in 50 mM tris pH 7.5, 200 mM NacCl.
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Finally, single-molecule mass photometry measurements were performed at a
physiological concentration <150 nM (12). Low concentration is preferred to obtain a suitable
particle density for single-molecule measurements (13). The calibration curve to calculate the
molecular weight could be made with any standard proteins to get enough points. | used BSA, Beta
Amylase (BA), and ADH in two different buffers and these proteins also form oligomers such as
BSA forms monomer and dimer. These standard proteins gave a range of molecular mass from 60
to 230 kDa. To get reliable data, the protein of interest should be run at the same conditions as the
standard proteins such as treatment of slides and buffer. PEG silane treated slides with flow
channels were used for the sample application. Raw MP data was processed in Refeyn DiscoverMP
software. The analysis showed a broad peak with a mean mass of 6311 kDa in 50 mM MES pH
6.5, 150 mM NaCl and 69+9 kDa in 50 mM tris pH 7.5, 200 mM NacCl (Figure 4.14). Since netrin-
1 has four glycosylation sites and expression could be heterogeneous, peak broadening is expected
and likely leads to more error in the molecular weight calculation. Another minor peak or tailing

of the first peak presumably corresponds to the dimer with MW ~109 kDa (not well resolved).
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Figure 4.14 Mass Photometry of netrin-14C in two different buffers.

A) 30 nM of netrin-1 in 50 mM MES pH 6.5, 150 mM NacCl shows a peak at 63+11 kDa B) 15 nM netrin-1 in 50 mM
tris pH 7.5, 200 mM NaCl shows a peak at 69+9 kDa. Red dashed lines represent the gaussian fit to a histogram.

Other techniques like AUC, SEC-MALS also showed slight variation in the mass from different

batches of expressed proteins.
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SEC-SAXS experiments helped provide information about the shape and size of netrin-1
in solution. AS treated netrin-1AC was dialyzed in two different buffers followed by synchrotron
data collection. HPLC-SAXS was necessary to obtain accurate solution information as scattering
from X-rays occurs as soon as the sample elutes from the column. SAXS data were collected at
the Diamond Light Source Limited (Chilton, Didcot, Oxfordshire) for netrin-1AC at ~7-9 mg/ml
concentration. The elution profile of netrin-1AC in MES buffer at pH 6.5 showed a single peak,
and in tris buffer at pH 7.5 showed a peak with a long tail and that eluted at approximately frame
number 290 corresponding to two species (monomer and dimer) (Figure 4.15). The initial analysis
involves sample peak integration, buffer subtraction, and merging to generate SAXS plots. Netrin-
1AC exists as a monomer and dimer in solution, according to the AUC data above. The P(r)
distribution function, which measures the paired set of distances between all the electrons in the
macromolecular structure, differed in these buffers.
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Figure 4.15 SEC-SAXS X-ray scattering
profile of netrin-14C while eluting from
the SEC column. Netrin-/4C elution
profile shows the presence of a single
species corresponding to a monomer in 50
mM MES pH 6.5 150 mM NacCl (Red) and
two species corresponding to monomer
and dimer in 50 mM tris pH 7.5 200 mM
NaCl (Black).
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Figure 4.16 P(r) distributions of netrin-
1AC in 50 mM MES pH 6.5 150 mM NacCl
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The P(r) distributions of netrin-1AC in both buffers depict a single peak with a longer tail,
characteristic of an elongated molecule (Figure 4.16). The Dmax values were ~2.18 nm and ~1.79

nmin pH 7.5 and 6.5, respectively (Table 4.3).

Ab initio electron density maps were generated using DENSS and DAMMIN from ten
averaged adjacent frames from the centers of the elution peaks. DAMMIN analysis generated
twenty models for each peak. 30/40 models for the first peak and 20 models for the second elution
peak were generated to obtain low-resolution structures using DENSS. Rigid body fitting of the
netrin-1AC (40OVE) crystal structure into the second peak and a non-crystallographic dimer to the

first peak confirmed our monomer and dimer, respectively.

Together, the low-resolution models from DENSS (Figure 4.17), suggest that netrin-1AC
is an elongated molecule in solution and exists as monomer and dimer in the buffer at pH 7.5, 200

mM NaCl and is mainly monomeric in the buffer at pH 6.5, 150 mM NaCl. This was also shown

Figure 4.17 Low-resolution models of netrin-14C (DENSS ENVELOP). A) Low resolution DENSS model of netrin-
14C in MES buffer at pH 6.5 superimposed with a high-resolution crystal structure (PDB code: 40OVE). B) low-
resolution monomer DENSS model of netrin-14C in tris buffer at pH 7.5 superimposed with a high-resolution crystal
structure (PDB code: 40VE) and C) low-resolution DENSS dimer model in tris buffer at pH 7.5 superimposed with
non-crystallographic dimer of 4OVE.
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by SEC-MALS (Figure 4.9). The hydrodynamic properties of netrin-1 were calculated for each
model using the program HYDROPRO (14) (Table 4.3).

Table 4.3 Summary of Hydrodynamic properties for netrin-1AC based on SEC-SAXS.

50 mM tris pH 7.5 50 mM MES pH 6.5
200 mM NaCl 150 mM NaCl

Parameters Monomer Dimer
Concentration (mg/ml) 9 6.7
Longest Dimension Dmax (nm) | 1.59 (datclass) 1.74 (datclass) 1.50 (datclass)

1.79 (DAMMIN) 2.18 (DAMMIN) 1.79 (DENSS)
Radius of Gyration Rg (nm) 4.51 +0.5 (AUTORG) 5.15+0.31(AUTORG) 42.6 £3.9

4.91 (DAMMIN) 5.82 (DAMMIN) (AUTORG)

4.44 (DENSS) 52.5 (DENSS) 4.22 (DENSS)
Support Volume (nm?) 179.594 (DAMMIN) 268.083 (DAMMIN) 181.1 (DENSS)
Formula Mass (kDa) 52.4 104.7 52.4
Chi square of fit 0.792 0.631 0.418
Resolution of averaged map (A) | 38.2 (20 maps) 33.8 (30 maps) 40 (39 maps)
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4.2.9 Crystallization of Netrin-1

The SEC purified protein was concentrated to 9 mg/ml for the crystallization experiments.
Crystallization trials were performed with different commercially available screens from Jenna
Biosciences and Hampton research that cover different combinations (pH, precipitates, salts, or
additives). Only two conditions gave us a single crystal, and only one diffracted well. Since a
netrin-1AC structure has already been solved by our group (1), therefore, after checking the space
group and phasing it using phaser, a crystal was used for soaking experiments with peptides and
small length oligosaccharides for further studies. Soaking of netrin-1AC crystals with 10 mM
sucrose octa sulfate (SOS) or HS-decasaccharide dpl10 for a week gave crystals with a physical
resolution of 3.21 A. Trials to optimize the conditions were performed with 20% w/v polyethylene
glycol (PEG) 8,000 and 100 mM CHES pH 9.5 but did not yield good crystals. Only one well

came back with a crystal and it was used for other soaking experiments.
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4.3 NETRIN-1 IN COMPLEX WITH HEPARAN SULFATE PROTEOGLYCANS

Heparan sulfate proteoglycans are glycoproteins, with covalently attached highly acidic
extended GAG chains that act as an attachment factor for many protein-protein interactions (10).
Glypican is a well-known HSPG that modulates netrin-1 signaling (15). Netrin-1 shows attraction
and repulsion of growth cone depending upon which receptor is present on the cell surface, netrin-
1 extracellular concentration, or other molecules on the extracellular surface like HSPG. Very little
is known about netrin-1 interactions with HSPG and its involvement in netrin-1 signaling. This
section will present the primary amino acid residues involved in netrin-1AC GAG binding (crystal
structure), the interaction of netrin-1AC with its receptors in the presence of HSPG (mainly short-
chain HS oligosaccharides), and how the interaction between netrin-1 with HSPG changes its

solution behavior.

4.3.1 Netrin-1 binding with Heparan sulfate proteoglycans

The binding of short-length heparin oligosaccharides was observed as a change in a
thermophoretic property of labeled netrin-1 upon complex formation. MST experiments were
performed to check the binding of these medium-chain oligosaccharides. 10 nM Alexa647
fluorescently labeled netrin-1AC was used. The highest concentration for oligosaccharide (ligand)
used in the experiment was measured by a binding check tool in the NanoTemper Affinity software
that gives information about the concentration where we would see enough difference between
bound and unbound proteins. Once we have this information, serial dilution manually can be
performed according to the experiment requirement. For netrin-1AC oligosaccharide interaction
studies, netrin-1AC concentration was kept constant, and serial dilution of the ligand was done
starting from the highest concentration of 400 pM dodecasaccharide (dpl2) and 600 puM
tetradecasaccharide (dp14). The dissociation constant (Kq) was calculated from three individual
experiments using the Nano temper analysis software Kq fit algorithm and plotted with Qtiplot.
The calculated Kg was 2.55+£1.04 pM for netrin-1AC+dp12 and 3.39+0.42 pM for netrin-
1AC+dpl14 (Figure 4.18). The change in normalized fluorescence amplitude depends on the
binding site, conformation, size, and hydration shell upon binding (16,17). Here, a change in

conformation/size upon oligosaccharide binding leads to the change in thermophoretic behavior.
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Figure 4.18 Protein-Ligand Interaction study using Microscale Thermophoresis

The interaction study of labelled netrin-/AC(NET1*) with dp12 and dpl4. The netrin-14C concentration was kept
constant at 10 nM and the ligand concentrations were varied (dp12 - 400 to 0.0976 uM and dp14 - 600 to 0.0183
KM). The difference in normalized fluorescence is plotted for analysis of thermophoresis. Error bars represent
standard deviations of three individual measurements. Ky calculated = 2.55+1.04 puM (netrin-/4C+dpl12) and
3.39+0.42 pM (netrin-14C+dp14).

4.3.2 Heparan sulfate proteoglycans do not act like a coreceptor for netrin-1 receptor
binding

To determine the binding of netrin-1 with glypican and any change in the interaction
between netrin-1AC and its receptors when glypican is bound, ELISA binding studies were
performed. For this experiment, 96-well plates were coated with netrin-1AC and netrin-1AC bound
to its dependence receptors. Strep-tagged glypican-3 in different concentrations were incubated in
the liquid phase. Binding was detected using strep-HRP antibody. The results show the binding of
netrin-1AC with glypican-3 (absorbance at 450 nm), and the receptors do not affect the binding of
glypican (500 nM) (Figure 4.19). In addition to glypicans, netrin-1 also showed binding to smocs,
testicans and syndecans (data not shown). Glypican-3 binding to receptors was also measured and
did not show any binding (data not shown). This suggests that the binding sites for GAG chains of
proteoglycan and receptor are different and non-overlapping on netrin-1.
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Figure 4.19 ELISA Binding studies show protein-proteoglycan interactions of immobilized netrin-1 and netrin-1+receptor
to glypican-3. Error bars indicate the standard deviation of n=3 technical repeats.

The binding of netrin-1AC with its receptors was also measured in the absence and
presence of dp12 short length and dp20 medium length HS oligosaccharides. 96-well plates were
coated with his-tagged netrin-1AC followed by overnight incubation at 4°C. After blocking the
non-specific binding sites with BSA in assay buffer, a competition assay was performed for HS-
dpl12 and dp20. After incubation with 1 uM HS for 1 hour, the plate was washed for any non-
specific binding. Strep-tagged netrin-1 receptors were added in a serial dilution and incubated for
90 minutes before washing and fixing with 1% glutaraldehyde. The bound receptor was detected
with a strep-HRP conjugate. Results suggest that binding epitopes on netrin-1 for heparan sulfate
oligosaccharides or GAG chains and receptors are distinct (Figure 4.20).
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Figure 4.20 ELISA binding studies show protein-protein interaction of immobilized netrin-1AC to netrin-14C
receptor in the absence and presence of HS oligosaccharides (short chain dp12 and medium length dp20) Error
bars indicate the standard deviation of n=3 technical repeats. Negative signs show the absence of
oligosaccharide and positive signs show the presence of oligosaccharide.

To further study the effect of different heparan oligosaccharides on the size of the
netrin-1AC, DLS experiments were performed. Different length oligosaccharides were added in 8
times excess to probe for any change in the size of netrin-1 and incubated for 1 hour. There is an
apparent change in hydrodynamic radius after the addition of oligosaccharides as shown in Figure
4.21 below. Intensity distribution analysis of netrin-1 with heparan oligosaccharides shows the
presence of some higher molecular weight species or aggregates >100 nm as bigger molecules
scatter more strongly and can be detected by intensity (Figure 4.21A). Volume distribution
analysis shows a clear change in Rn value after adding oligosaccharides (Figure 4.21B).
Comparison of dp8 and dp20 oligosaccharide peaks shows that the peak is less broad in dp20
(black line) than in dp8 (blue line) (Figure 4.21 A and B), showing greater homogeneity of the
sample in dp20.
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Figure 4.21 Netrin-1 and HS oligosaccharide interaction studies with DLS. A) Percent Intensity distribution profile
of netrin-1 with heparin oligosaccharides shows some bigger molecules or aggregates above 100 nm but they are
present in every sample. Since larger molecules scatter more strongly, even a trace amount can be detected with
intensity distribution analysis B) Rn distribution by volume derived from intensity profile shows only a single peak.

4.3.3 Molecular details of the Netrin-1 and SOS interaction

Further, crystallographic studies were performed with the smallest unit of heparin, SOS,
sucrose octasulfate that mimics HS, to gain molecular insight into the structure of the netrin-1 with
GAG chain of proteoglycans bound. A netrin-1AC crystal was soaked with SOS for one week. The
crystal structure revealed an antiparallel netrin-1 dimer in the asymmetric unit with one SOS per
monomer (Figure 4.22). Details of the data collection and refinement statistics can be found in
(Table 4.4). The antiparallel arrangement spans a maximum dimension of ~200 A and this
arrangement is the same as already published for netrin-1 structures pdb 40VE and 4PLM (1,3).
There is a clear electron density for glycan additions at four asparagine-glycosylation sites, Asn97,
Asn118, Asnl133, and Asn419. The crystal structure of netrin-1 by Xu et. al, 2014 and Meier et.
al, 2016, both did not find any electron density for glycans at Asn419. The calcium binding site is
in the globular LN domain at the sugar binding edge of the  sandwich encompassing Asn97 and
Asnl118 and is also reported in a previously reported crystal structure of netrin-1 (1). The V-2
subdomain is highly electropositive and characterized by a cluster of arginine and lysine sidechains
(1). The detected SOS binding epitope is also located on the V-2 subdomain. The CW motif RRXR
and the R374-H375, H399-R400 tandem form the loop ab and loop cd, respectively, that are

involved in GAG binding, (Figure 4.23) and it can form an extended linear structure over loop ab
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and cd. The primary interacting residues on both sites are basic and interact with negatively
charged sulfate groups of the SOS. In addition to this, there are many contributions by hydrogen

bonding and van der Waal’s contacts via Y325, N355, H375, and H399.

Monomer-B

Figure 4.22 Crystal structure of netrin-1AC with SOS an HS mimic. The antiparallel netrin-14C dimer spans a
maximum dimension of ~200 A. Cartoon of monomer A (silver) and monomer B (yellow) with one sucrose octasulfate
(SOS) per monomer (presented as sticks and balls, SOSa, and SOS ¢g). Calcium ions are shown as green spheres, the
sodium ion is magenta, and water molecules as red balls.

Figure 4.23 SOS binding motifs from X-ray crystal structure. SOS® and SOS® both show binding via V-2 domain.
A) SOS?® mainly involves CW motif (RRXR)-loop ab and B) SOS® involves R374-H375 and H399-R400 tandems -

loopcd.
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Table 4.4 Data collection and refinement statistics

Netrin-1 with SOS
pdb:7LRF

Data collection
Space group

Cell dimensions
a, b, c(A)
aBy(®)
Resolution (A)
Rsym or Rmerge

I /ol
Completeness (%)
Redundancy
CCup2

Refinement

No. reflections

Rvalue / Rfree

No. atoms
Protein
Ligand/ion

B-factors
Protein
Ligand/ion

R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Ramachandran Statistics
Favoured (%)
Disallowed (%)

P212121

75.105, 80.152, 241.702
90, 90, 90

47.08-3.21 (3.325-3.21) *
0.188 (1.061)

9.8 (2.0)

99.47 (98.67)

8.3 (8.4)

0.994 (0.634)

24519 (2375)
0.2273/0.2799
6727
6301
422

88.84
154.22

0.011
1.10

85.42
1.94

*Values in parentheses are for highest-resolution shell.
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4.3.4 Mutation of the loop ab and the loop cd

Binding assays were performed using different netrin-1 mutants to validate the
structural observations. Sequence alignment of netrin-1 from mouse, chicken, and human showed
that both loop ab and cd are highly conserved (Figure 4.24A). Amino acid residues involved in
SOS binding from loop ab and cd (Figure 4.24B) were mutated for the binding assay. A series of
netrin-1 modifications were produced by changing the amino acid residues with alanine that
contribute to the binding motifs (Figure 4.24) and that include 1) Double RR mutant (R350A and
R351A), 2) loop ab (RRXRFN) mutant (R350A, R351A, R353A, and N355A), 3) Loop cd mutant
(RH-HR) (R374A, H375A, H399A, R400A, and K401A), and 4) combined loop ab and cd mutant.

A

NET1_MOUSE
CNCNLHARRCRFNMELYKLSGRKSGGVCLNCRHNTAGRHCHYCKEGFYRDMGKPITHRKACKA
NET1 HUMAN
CNCNLHARRCRFNMELYKLSGRKSGGVCLNCRHNTAGRHCHYCKEGYYRDMGKPITHRKACKA
NET1_CHICK
CNCNLHARRCRFNMELYKLSGRKSGGVCLNCRHNTAGRHCHYCKEGFYRDLSKPISHRKACKA

B

Netrin-1_Chicken

** * * * * * * X %

343CNCNLHARRCRFNMELYKLSGRKSGGVCLNCRHNTAGRHCHYCKEGFYRDLSKPISHRKACKE405

Figure 4.24 A) Sequence alignment of V-2 subdomain of mouse netrin-1 (NP_008744), human netrin-1 (NP_004813)
and chicken netrin-1 (NP_990750). Sequence of V-2 subdomain (amino acid 343-405) of different netrin-1. B) The
eight cysteine residues, yellow (I-1V) (netrin-1 chicken) show disulfide linkages to create the four loops a-d. Both SOS
are shown on the monomer-A.
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Strep-tag netrin-1AC and mutants were coated onto 96-well plates. After overnight
incubation at 4 °C, washing was done, followed by blocking to remove any non-specific binding.
Biotinylated HS was then added in serial dilution starting from 1 pM concentration. Detection was
performed with a biotin-HRP antibody. The binding assay showed that wild-type netrin-1AC was
bound to porcine HS firmly, whereas the double RR mutant, and the loop ab and loop cd mutants
showed reduced binding (Figure 4.25). The combined loop abcd mutation showed no binding
(Figure 4.25). The observation of no binding with the combined mutants validates the observed
netrin-1 GAG interface.

2— WT

Hi

Absorbance (450 nm)
1

| RR
B Loop
] ab
0.5+ Loop
B Loop od
] abcd
, i r—-1

3.9 125 1000 1000 1000
Heparin concentration (nM)

Figure 4.25 ELISA-based GAG binding study of netrin-1 and netrin-1 mutants. Wild type (WT), double RR
Mutant (RR), loop ab-RRXR (loop ab), loop cd-RH-HR (loop cd) and loop abcd mutant. Mutation of only RR
from RRXR, loops ab and cd show decreased binding to heparin, and combined loop abcd mutant shows reduced
binding.

123



4.3.5 Effect of HS oligosaccharide on the oligomerization of Netrin-1

oligosaccharides.

To study the effect of GAG on oligomerization of netrin-1 different experiments were
performed on SEC-MALS, AUC, SEC-SAXS, and mass photometry.

SEC-MALS showed the first sign of oligomerization after the addition of heparan-

Incubation of netrin-1 (~48 pM) with dp8, dpl0, dpl2, and dp20 HS

oligosaccharides (10 times netrin-1 concentration) for an hour led to the formation of different

species larger than monomer and dimer (Figure 4.26). The addition of dp20 resulted in the

disappearance of the monomer-dimer peak and the appearance of a homogeneous higher-order

oligomer with a calculated molecular mass of 358.3 + 0.5 kDa (Figure 4.27).
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Figure 4.26 Effect of adding different sizes of heparan
oligosaccharide (dp6-dp20) to netrin-14C using SEC-MALS.

In the absence of heparin, netrin-14C (black line) runs as a
mixture of monomer and dimer on a Superose 6 10/300GL
column in 50 mM tris pH 7.5, 200 mM NaCl buffer. Incubation
of netrin-14C with oligosaccharide dp 6 (red), dp8 (orange),
dp10 (green), dpl12 (blue) and dp20 (purple) for an hour shows
the gradual interconversion between the monomer/dimer
mixture to a single higher order oligomeric species in the
presence of heparin (dp20).

Figure 4.27 Size exclusion chromatography coupled with
MALS-netrin-14C in the presence and absence of
oligosaccharide dp20.

In the absence of dp20 oligosaccharides, netrin-14C (black line)
runs as a mixture of monomer and dimer on a Superose 6
10/300GL column. In the presence of a defined heparin species
(dp20), netrin-14C (purple line) runs as a single higher order
oligomer on the Superose 6 column. Experiment was performed
in 50 mM tris pH 7.5, 200 mM NaCl buffer. (These are the same
results as in the figure 4.26 above).
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To further prove the oligomerization, AUC sedimentation velocity experiments were
performed. HS oligosaccharide dp8 and protein were dialyzed separately in a Float-A-Lyzer G2
dialysis device overnight with MWCO 0.5 kDa membrane in 50 mM tris pH 7.5, 200 mM NaCl
buffer. After buffer and components reached equilibrium, both were mixed to various ratios with
netrin-1AC at a concentration of 13 uM. After a temperature equilibration, the sedimenting
samples were measured at rotor speeds of first 30,000 rpm and in the second experiment at 42,000
rpm for 24 h. Both absorbance and interference data were collected. As discussed in section 4.2.4,
netrin-1AC exists in a monomer-dimer equilibrium in solution (Figure 4.28A), and the addition
of an equimolar amount of dp8 HS oligosaccharide resulted in an increase in the sedimentation
coefficient from 7.9 S to 10.2 S (Figure 4.28 B). Resolved species have associated molecular
masses of 163 + 26 kDa (Trimers), 273 + 48 kDa (Pentamers), and larger species. Solvent

properties used for data analysis are mentioned in Table 4.5.

Table 4.5 Solvent properties of Netrin-1AC, HS-Octasaccharide dp8 and buffer

Netrin-1AC at 20 °C (Sednterp)

Property Value
Partial specific volume v 0.70998 cm?/g
Molecular mass* 52367.5 Da
Hydration 0.390089 g/g
Octasaccharide dp8 (Iduron # HOO08) at 20 °C
Property Value Source
Partial specific volume v 0.467 cm3/g Pavlov et al., 2003
Mean molecular mass ~2400 Da Iduron

*Chicken netrin-1AC without tag has four common core pentasaccharides (6x B-D-N-Acetyl
glucosamine (GIcNAc), 9x B-D-Mannose (Man), 3x glycosidic linkage) based on the netrin-1AC
sequence. By assuming that the sugars are present, molecular mass was calculated according to
the core sugars (14).

50 mM tris, pH 7.5, 200 mM NacCl at 20 °C (Sednterp)
Density p 1.007900 g/cm3
Viscosity 1 0.0103573 P

125



2—
— 4 - -
T 0
wn wn
T 2 -] -
— —
O-l T T D-I T T
— N -~ 4 -
T 7
Vo4 -""‘_:
— % 2'
¥ 24 -
4 T
u O-I T T T T I T T T T I T D-I I I
S20°c, w (S) S20°c,w (S)

Figure 4.28 Sedimentation velocity experiments with netrin-14C in the absence (A) and presence (B) of
octasaccharide dp8 in 50 mM tris pH 7.5, 200 mM NacCl. In the 1-dimensional sedimentation coefficient c(s)
distribution A) the plots show two peaks whereas in B) the plots show a series of different populations in the presence
of short chain oligosaccharide. c(s,*) represents apparent sedimentation coefficient distribution (sedimentation
profile of non-diffusing species).

MASS photometry measurements were performed to validate the findings at physiological
concentrations <150 nM that was measured by axonal outgrowth (12,18). The experiment was
performed with filtered 50 mM tris pH 7.5, 200 mM NacCl buffer. Since netrin-1AC carries lots of
charged residues on its surface leading to more binding events, APTES functionalized glass slides
were used for the experiment. Standard proteins for calibration were also studied on the same
functionalized glass slides. Netrin-1AC was incubated with an equimolar concentration of HS-
oligosaccharide overnight in the assay buffer. Commercially available deep culture well gaskets
were used, and the sample was diluted directly in the well, containing buffer just before the
measurements. 50-100 nM concentration of netrin-1AC was used to see highly separated and
enough particles to do the further analysis. Netrin-1AC was treated with PNGase before adding
the oligosaccharide. Netrin-1AC is primarily monomer at lower concentration, nM range (Figure
4.29A) (discussed earlier in section 4.2.4, Figure 4.14, netrin-1 was not treated with PNGase), and
the addition of octasaccharides dp8 leads to the appearance of the dimer (Figure 4.29B). A higher-
order netrin-1AC hexamer appears after adding decasaccharides dp10 at the same concentration
(Figure 4.29C).
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Figure 4.29 Mass photometry of netrin-1 in the presence of short chain oligosaccharides.

A) Netrin-14C alone (49£1 kDa). B) Netrin-14C+ dp8, leads to the appearance of a dimer peak (9414 kDa) along
with monomer peak (51+2 kDa). B) Netrin-74C + dp10, shows additional peak corresponding to molecular mass of
six netrin-/4C (inset). Orange and green dashed lines represent the gaussian fit to a histogram. Netrin-14C was
PNGase treated and 50 mM tris pH 7.5, 200 mM NaCl buffer was used for the experiment.

To measure the overall shape of the higher mass species and to obtain molecular structural
information in solution, data were collected using an SEC-SAXS where data were collected every
3 seconds during elution from a size-exclusion column. It is a useful technique for separating
aggregated or degraded products as SEC is attached to the SAXS setup. The predominant peak
eluted at approximately frame number 290 after addition of HS-dp8 to the netrin-1AC while netrin-
1AC eluted at frame number 350 (monomer) and 320 (dimer) (Figure 4.30A). In general, the signal
in the chromatogram is the integral of the ratio of the scattering intensity of the individual frames
to the background intensity measured from the buffer. The individual scattering intensity profiles
that provided uniform Rg distribution and homogeneity were merged using the program
chromixs/PRIMUS (19,20), followed by Guinier analysis and demonstrated a monodisperse
preparation. The P(r) analysis (which represents a histogram of the inter-electron distances within
the structure) (21,22) was performed using the GNOM software (21). Based on the P(r) analysis,
we obtained the Rg and Dmax of netrin-1AC with bound octasaccharide dp8 as 6.56+0.005 nm
and 23.53+£0.07 nm, respectively (Figure 4.30B, Table 4.6). The number of DENSS models
generated was 94. A low-resolution DENSS model of netrin-1 with dp8 was superimposed with
the high-resolution X-ray diffraction structure (4OVE) (monomer) (1), netrin-1AC SOS dimer and
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chimera (23) “fit in map” tools were used to fit netrin-1 into the DENSS envelope (Figure 4.30C).

After fitting the netrin dimer into the DENSS envelope, it clearly showed the space for another

netrin-1AC monomer.
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Figure 4.30 SEC-SAXS X-ray scattering of netrin-14C with short chain HS. A) X-ray scattering profile of netrin-1
and netrin-1 with dp8 while eluting from the Shodex column. B) Pair distance distribution calculated from selected
frames from the elution peaks for netrin-1 monomer and dimer and netrin-1 bound to dp8. C) Low resolution DENSS
models superimposed with netrin-14C crystal structure bound to SOS.
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Table 4.6 Summary of hydrodynamic properties for netrin-1AC + octasaccharide dp8.

Parameters

Netrin-1AC + octasaccharide Dp8

Hydrodynamic radius Rh (nm)

7.16 £0.02 (HYDROMIC DENSS)

Longest Dimension Dmax (nm)

20.7(DATCLASS)
23.53 +0.07 (DENSS)

Radius of Gyration Rg (nm)

6.43+0.07 (AUTORG)

6.567+0.005 (DENSS)
Support Volume (nm?) 6185
Formula Mass (kDa) 261.8375 (Sednterp)
2 square of fit 0.136+0.007
Resolution of averaged map (A) 62.72
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CHAPTER 5: Discussion

This study presents the expression, purification, and biophysical characterization of a
human netrin-1AC construct. Further, it provides new molecular binding and structural knowledge
about the axon guidance cue netrin-1AC along with SOS, a heparan mimic. The crystal structure

and effects of HSPG allowed us to understand the dynamic nature of this guidance cue.

One of the main challenges in the structural and biophysical studies of proteins is to
produce proteins in milligram quantity (1). The expression of the protein in a high amount by
maintaining its stability must consider many factors. Chapter 4.1 showed the establishment of a
protocol for expressing netrin-1AC containing domains VI and V that was started with
HYPERFIask protein production and followed by hollow fiber protein production. Netrin-1AC
was expressed in mammalian cells for proper posttranslational modifications, as it contains four
glycosylation sites and 17 disulfide bonds forming cysteine residues. Earlier studies in the lab by
Dr. Markus Meier showed that transiently transfected cells produce less expressed protein netrin-
1AC (not published). So, stably transfected cell lines using the sleeping beauty transfection method
were used and proved to yield reliable expression. Netrin-1 full length (FL) forms higher molecular
weight aggregates (2—4). Netrin-1 without the C-terminal domain (AC) used in this study binds
with its receptors the same as netrin-1FL and enough was produced for structural and binding
studies (4-6).

Stable transfection of HEK293T cells using the sleeping beauty transposon system and
further selection allowed the higher netrin-1 DNA integrated cells. Clonal selection helped select
a clone with high protein expression that also retained homogeneous glycosylation. Keeping all
the necessary factors under control like pH, glucose, and any by-products helped reduce the batch-
to-batch differences in the protein stability. Maintaining these factors also helped obtain a protein
with proper posttranslational modifications, which is more stable and helpful in further biophysical

studies.

After selecting the higher protein-producing clones, the expression of netrin-1AC started
in a HYPERFIlask. After four collections from the HYPERFIlask, the cells began to detach and
produced less protein in the media. Since cells keep on dividing as we provide nutrients to them,
therefore, after 8-9 days, all the layers of the HYPERFlask were confluent. They started consuming

more nutrients, and ultimately the yield and stability of expressed protein were not good. Media
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with FBS also led to the BSA contamination which is problematic because netrin-1AC and BSA

have approximately the same molecular weight.

Consequently, the cell culture work was migrated to HFBR for continuous production
of netrin-1AC in large quantities. The main factors that maintain good protein yield and stability
are nutrient availability, removal of byproducts, oxygenation, and optimized inducer
concentrations (1). The in vivo-like high cell density in the HFBR allows maximizing the protein
production. Inducer doxycycline affects cell metabolic rates and protein production by altering the
glycolysis and oxidative phosphorylation pathways (6). A higher level of doxycycline produces
changes in cell metabolism that could lead to overproduction of toxic molecules such as lactate
that can hamper protein production. Therefore, to explore the optimal level, doxycycline
concentration was increased gradually to a maximum of 2 pg/ml over one month. The protein
concentration and lactate production measurements indicated that a higher concentration of
doxycycline decreases the netrin-1AC expression and increases cellular lactate (Figure 4.2 & 4.3).
Further protein production then used an optimal doxycycline concentration of 1 pg/ml. The usage
of CDM-HD also overcame the BSA contamination that was a problem with HYPERFIlask-
produced netrin-1 AC.

Chapter 4.2 showed the purification and assessment of the protein quality using different
biophysical tools for further analysis and structural studies. The main challenge during the
purification process was protein aggregation. The addition of the high salt wash step in the
streptactin purification protocol helped to remove any nonspecifically bound protein to the netrin-
1AC as it has a highly positively charged V2 subdomain with a net charge of +9.64 (3). The
abundant side chains of arginine and lysine in V2 provide recognition sites for acidic ligands (3).
It was challenging to remove the double strep tag as the protein formed aggregates; thus, there was
a reduction in the yield of untagged protein to half. Aggregation of tagged and untagged proteins
also showed partial cleavage by the enzyme thrombin and poor separation by the Streptactin
column. Changing the duration of the thrombin cleavage reaction and adding CaCl> helped to get

approximately 80% cleavage yield.

Further purification via size-exclusion chromatography showed higher molecular
weight aggregates but using buffer containing higher salt reduced the aggregation (Figure 4.6).
The V2 domain of netrin-1AC is highly positively charged (3). The addition of ammonium sulfate
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in the dialysis buffer and the use of a higher MWCO membrane may have allowed the exchange
of any negatively charged molecules like HSPG with the sulfates from the buffer to make the

protein less aggregated and suitable for further interaction studies of netrin-1 AC with HSPG.

Further stability measurements of purified netrin-1AC were performed using DLS, AUC,
SEC-MALS, and Prometheus Panta. Producing high amounts of protein is often associated with
higher metabolic stress, leading to lower protein stability by preventing proper folding (7).
Improper folding leads to non-functional proteins, and in experimental conditions, they start
aggregating and show different behavior. DLS is a non-destructive method and gave us
information about the Rn and homogeneity of netrin-1AC as structural studies require >95%
homogenous sample preparation (Figure 4.7). AUC can provide information about the
oligomerization, equilibrium in a protein, and a precise measurement of molecular mass. It clearly
showed that netrin-1AC in solution exists in a monomer-dimer equilibrium (Figure 4.13). SEC-
MALS provided additional information about the protein's apparent molecular mass,
oligomerization, and homogeneity among the netrin-1AC samples. Integration of all these

biophysical methods made the stability assessment fast and easy.

A crystal structure of netrin-1AC solved by our group showed the presence of a Ca?*
binding site in the VI domain (3). The addition of 2.5 mM Ca?* to the buffer increased the thermal
stability (Tm) of the netrin-1 AC by 13% (Figure 4.12). Different buffers with different pH and
salt did not show much difference in the Tm value as Prometheus showed (Figure 4.11). Another
approach to assess protein stability over the temperature range used the newly developed technique
Panta which also showed a lower PDI of the protein after adding CaCl. to the assay buffer (Table
4.1), which was very useful for structural studies. Panta helped to check the thermal stability of
the sample with different buffers along with its turbidity, hydrodynamic radii, and heterogeneity,
leading to the conclusion of using 2.5 mM CaCl, in the buffers for further studies. The
simultaneous measurement of all these properties made it a handy tool to assess stability before

undergoing structural studies and crystallization trials.

Netrin-1AC in two different buffers with pH 6.5 and 7.5 and salt concentrations of
150 mM and 200 mM, respectively, showed different behavior. In pH 6.5, netrin-1 AC mainly
behaved as a monomer as shown by SEC-MALS (Figure 4.9B) and BIO-SAXS (Figure 4.17A).
SEC-MALS showed that the protein displayed fast monomer-dimer equilibrium behavior. In pH
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7.5, netrin-1AC exists as a monomer and dimer in equilibrium as shown by SEC-MALS (Figure
4.9A). The protein concentration used in these methods was beyond the physiological range, but
protein samples did not aggregate at a high concentration as netrin-1AC was purified by multiple
steps using a buffer containing ammonium sulfate. Hofmeister discovered a series of salts that
have an effect on the solubility and stability of the protein and anions appear to have a larger effect
than cations (8,9). It has been shown that there is linear dependence of protein stability with the
molar concentration of salt (means following the Hofmeister ion series CO3? > SO4> > S,03% >
H:POs >F >CI>Br >NO3z >1">ClO4 >SCN™ ) and also the role of nonspecific interactions
in stabilizing the protein by the Hofmeister effect (10). Therefore, netrin-1 stability could be the
Hofmeister effect of the ions SO+ and its direct interaction with the protein netrin-1. One can also

speculate that sulfate might allow the replacement of bound heparin.

SEC-SAXS studies also confirmed that netrin-1AC in pH 7.5 exists in a monomer-dimer
equilibrium (Figure 4.15 & 4.17B&C), but in pH 6.5, only one peak was observed corresponding
to monomer (Figure 4.15 & 4.17A) The Pr distribution function also gave a Dmax value of ~218
nm for netrin-1AC in pH 7.5, 200 mM NaCl and ~180 nm for netrin-1AC in pH 6.5, 150 mM NaCl
(Figure 4.16). Low-resolution SAXS models showed clear monomer when netrin-1AC is present
in low salt and pH 6.5 while both monomer and dimer when present in pH 7.5 with 200 mM NaCl
buffer. Mass photometry allowed us to determine the behavior of netrin-1AC at the physiological
concentration range. Regardless of their pH, both buffers showed mostly monomer of netrin-1AC

in the solution at a concentration less than 50 nM (Figure 4.14).

Crystallization trials of netrin-1AC came up with one condition that yielded good,
diffracting crystals. Soaking experiments with SOS gave crystal with a resolution of 3.2 A. Since
netrin-1 AC is glycosylated, there could be chemical heterogeneity in the carbohydrate moieties
among different batches of protein. This may explain why further refinement of the original
crystal-forming conditions did not yield crystals. MS also showed a broad peak, indicating
heterogeneity within the sample with a difference in sizes of netrin-1AC of 53-54 kDa and 58-59
kDa. Crystals soaked with a medium length decasaccharide, flexible GAG, did not provide much
information. So, there is no supportive evidence of netrin-1 bound to bigger oligosaccharides using

crystallography.
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Chapter 4.3 presented the interaction of netrin-1AC with HSPG and how it changed the
monomer-dimer equilibrium of netrin-1AC in solution. It is known that netrin-1AC has an
electropositive V-2 domain that might allow binding of negatively charged molecules (3). Heparin-
binding proteins contain a stretch of contiguous arginine and lysine residues like XRRXR motifs
(11), along with ionic and non-ionic interacting amino acids for the specificity of GAGs.
Measurements of netrin-1 interactions with SOS might help to explain the role of GAGs in netrin-
1 activity, for example whether it acts as an activator, repressor, selector for receptors, or
concentrator to localize netrin-1 near the cell surface (12). Here, based on our structural model, |
propose the oligomerization of netrin-1 with the help of GAGs (Figure 5.1) on the cell surface and
ECM. Furthermore, in the literature (5) researchers mentioned netrin-1AC switches between
receptors to change its function in axon guidance from attraction to repulsion (5). The involvement
of heparan sulfate in receptor switching or acting as a co-receptor is not well elucidated. Netrin-1
interaction studies with HSPG at the molecular level and further with receptors might help to

understand the switching of receptor binding.
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Figure 5.1 Netrin-1 oligomerization with GAGS/HS chains. A) Netrin-1 dimer with one SOS each (yellow),
considering these binding interactions, netrin-1 molecules form oligomers via SOS. Netrin-1 electrostatic potential (-
71.49 red and +71.49 blue) B) Binding motifs on netrin-1(blue and silver) for SOS (yellow) that allow oligomerization.
C) Proposed model: GAGs or HS chains (orange) on HSPG allow oligomerization of netrin-1 (blue) near the cell
surface.
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Binding studies of netrin-1AC with medium-length oligosaccharides using MST showed
fluorescent changes with increasing concentrations of oligosaccharides. MST can detect any
change in shape, size, or hydrodynamic radius after ligand addition. Oligosaccharides might allow
the binding of one netrin-1AC to another and make a chain of it via oligosaccharides connections.
The changes in fluorescence measured by MST confirmed that the medium-length
oligosaccharides bind with netrin-1AC (Figure 4.18), and that binding induces the formation of

bigger assemblies.

Using the same netrin-1 construct | used here, Finci et al. 2014, hypothesized that heparan
sulfate might mediate receptor binding in netrin-1 and that distinct heparan sulfates may favor
binding of a particular receptors (5). Here, my ELISA-like binding assay results showed the
binding of netrin-1AC to its receptors. The addition of glypican and different lengths of heparan
oligosaccharides to study the interaction did not show any change in the binding affinity of netrin-
1 to its receptors (Figure 4.19). This observation suggests that GAGs have no effect on the
interaction between netrin-1AC with its dependence receptors. Both GAGs and receptors bind
independently to netrin-1.

The asymmetric unit of netrin-1AC in the crystal structure showed an antiparallel
arrangement of monomers in the netrin-1AC dimer with one SOS molecule bound per monomer
(Figure 4.22). Clusters of arginine and lysine are involved in the binding of GAG molecules (11),
and our finding also observed the involvement of the V-2 subdomain of netrin-1AC. Meier et al.
2016, showed the electropositive nature of the laminin-type EGF-like fold of netrin-1 (same
construct as in my study, without C-terminal domain) with a cluster of arginines and lysines. The
GAG binding sites involved basic amino acids and other ionic and non-ionic amino acids
interacting via hydrogen bonding and van der Wall's interactions for more specificity. The netrin-
1 SOS structure also suggests the contribution of ionic and non-ionic amino acids near the SOS

binding region to accommodate the flexible HS.

Deeper insight into identifying amino acids involved in the GAG binding came via netrin-
1AC mutant studies that confirmed the role of the RRXR motif and the RH-HR tandem. RR double
mutant, RRXR, and RH-HR mutants showed reduced binding. However, the complete loss of
binding in the case of both mutants together indicated the involvement of both sites to make the

binding region strong (Figure 4.25).
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Biophysical characterization showed that netrin-1AC exists in a monomer-dimer
equilibrium in solution at low uM concentration range and mostly as a monomer at a physiological
concentration that is nM concentration range (13). The addition of HS oligosaccharides showed
the formation of another species apart from monomer and dimer (Figure 4.26). The complete
disappearance of monomer-dimer heterogeneous species and a new homogeneous peak emerged
after adding oligosaccharide dp20 (Figure 4.27). This oligomeric species may contain six to seven
netrin-1AC molecules interacting via HS-oligosaccharide based on the molecular mass calculated
from the SEC-MALS experiment. AUC also showed dp8-induced multimerization of netrin-1AC
(Figure 4.28).

Finci et al., 2014, Xu et al., 2014, and Ross et al., 2021, proposed the formation of an
extended signaling cluster of netrin-1 and DCC and the involvement of multiple netrin-1 molecules
for this clustering. SEC-MALS (Figure 4.27), AUC (Figure 4.28B), Mass Photometry (Figure 4.
29), and BIOSAXS (Figure 4.30A&C) confirmed the formation of multimeric netrin-1AC
assemblies via highly charged oligosaccharides that may lead to the receptor clustering. These
results along with the netrin-1 SOS structure could contribute to the field to understand the role of

HSPG in netrin-1 receptor interactions.

Furthermore, these findings could help explain multiple processes, including pathological
conditions where participation of netrin-1 has been shown along with its receptors. GAG
molecules might allow netrin-1 to colocalize near the cell surface (haptotaxis) and lead to
multimeric netrin-1 assemblies that cause receptor clustering and ultimately cell signaling (14).
Moreover, this study's results could lead to thinking about netrin-1AC chemotropic gradient
generation along with netrin-1 mobility via different length short-chain GAGs. The different length
HS oligosaccharides induced a gradual transition of netrin-1 from a monomer-dimer equilibrium
to trimer, tetramer, and higher-order assembly formation (Figure 4.26 & 4.28) and might allow
building of a concentration gradient. Additionally, the involvement of GAG chains in bringing
netrin-1 near the cell surface and binding of these GAGs molecules might prevent netrin-1 from
proteolysis as happens with Fibroblast Growth Factor (FGF)-HS complex (15). Therefore,
targeting the GAG binding site with a small molecule could be a good strategy for treating cancer,

neurodegenerative diseases, and developmental disorders.
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CHAPTER 6: Conclusion & Future Perspective

In my research, | characterized the dynamic behavior of netrin-1 containing domain VI and
V (netrin-1AC) in solution. | also solved the structure of netrin-1AC with the HS mimic, SOS by
X-ray crystallography. HSPGs interactions with netrin-1 have been known for a long time (1,2),
and here | showed how it binds with netrin-1AC and changes its behavior. The structure of netrin-
1AC with SOS revealed two distinct binding sites for SOS which suggested that GAG chains of
different length could associate with netrin-1. Addition of short chain oligosaccharide shifts the
monomer-dimer equilibrium to higher order assemblies. The biological relevance of these bigger
assemblies should be examined. Moreover, in vivo studies via electron microscopy (EM) would
be great to show the localization of netrin-1 on the cell surface along with short chain
oligosaccharide. Heparanase-1 is expressed by cancerous cells and is involved in tumor metastasis
(3). Heparanase-1 the only known mammalian endoglycosidase, degrades HS chains in the
extracellular matrix (4) and short chain HS molecules are formed. One might also consider
studying the effect of Heparanase treatment on the distribution of netrin-1AC and FL protein on
the cell surface and on cell survival. | speculate that netrin-1 release with short chain HS molecules
from the cell surface and form oligomers. These netrin-1 oligomers might diffuse from its location
and induce the cell signaling via interacting with its receptors and might cause cell survival,
migration of cells and angiogenesis resulting in metastasis. It is well known that domains VI and
V of netrin-1 are involved in interactions with dependence receptors (5-7) but still there is a need
to study the distribution of netrin-1 with HS oligosaccharide on the cell surface and ECS and its

effects on receptor binding.

Through biophysical techniques | was able to show oligomerization of netrin-1AC with
short chain oligosaccharides as well as identify a binding region for netrin-1 with HS with a high-
resolution crystal structure with SOS. | hypothesize that these oligomerizations act as a seed for
bigger assemblies. A cryo-EM structure of netrin-1 with short chain oligosaccharide should be
employed to provide structural knowledge of these bigger assemblies. Still there is a lot to uncover
about these interactions and any effect on netrin-1 receptors complex formation. In this study,
ELISA-like binding experiments showed that short length oligosaccharides and receptors bind
netrin-1 independent to each other. In the previous studies (6), a proposed model suggested that
different HS recruit different receptors on a netrin-1 binding site at domain V2 and thus switch the

attraction of the growth cone to repulsion or vice versa. Further structural studies with cryo-EM
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should be a good method to see whether netrin-1 can bind to its receptors after forming big
assemblies or if there is any effect of different length oligosaccharides on binding of receptor to

the netrin-1 assemblies like the receptor protein tyrosine phosphatase (RPTP) and FGF (8,9).
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