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Abstract

Netrins are axon guidance cue molecules belonging to the laminin related protein. These
molecules play a significant role in neuronal migration, by releasing chemotrophic cues and
allowing either chemoattraction or chemorepulsion. Netrin holds capability to bind multiple
different receptors including Deleted in Colorectal Cancer (DCC), Uncoordinated 5 (UNC5) and
Neogenin (Neo). In order to investigate the binding of Netrin with its receptor Neogenin, two
different constructs of Neogenin, Neogenin 3-5 Long and Neogenin 3-5 Short were investigated
with its binding partner Netrin in a biophysical approach followed by crystallization screening.
Netrin and the two constructs of Neogenin alone and in complex were analysed by gel
electrophoresis, Size exclusion chromatography, dynamic light scattering (DLS) and small angle
X-ray scattering (SAXS). The findings from the low-resolution models reveal that the models for
the complex appear larger and more compact than the individual models of the chNetAC,
Neogenin Long 3-5 and Neogenin Short 3-5, which appear elongated. The models propose the
following Dmax values which indicate complex formation, Dmax = for 198.1nm chNetAC, Dmax =
162.3nm for Neo Long 3-5, Dmax = 157.8nm for Neo Short 3-5 Dmax = 240.9nm for chNetAC-
Neo Long 3-5 complex and Dmax = 252.0nm for chNetAC- Neo Short 3-5 complex. This
analysis provides some insight into the interaction of Netrin with Neogenin and identifies 47%
w/v 2-methyl-2,4- pentanediol 100mM HEPES, pH 7.5 and 35% wi/v 2-methyl-2,4- pentanediol

100mM Imidazole, pH 8.0 as preliminary conditions for crystallization of the complex.
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1. Introduction

1.1 SIGNIFICANCE OF NETRIN IN THE HUMAN BODY

Netrins are a family of laminin related proteins that act as axon guidance cue molecules
(1,2). These molecules serve as bifunctional signals, where they attract some neurons and repel
others as the brain develops. Their function is concentration dependent in that a growing axon
will either move towards or away from an area of higher concentration of Netrin, allowing Netrin
chemotrophic properties (1-3).

The family of netrins includes five mammalian netrins, netrin-1, netrin-3, netrin-4, netrin-
5 and the glycosylphosphatidylinositol (GPI)- anchored netrins-G1 and -G2, however, Netrin-1
is of particular interest (4,5). Netrin-1 encoded by the NTN1 gene is known to play various key
roles including neuronal navigation, immune cell migration, angiogenesis and cell survival (5).
Moreover, Netrin-1 has also been shown to have implications in multiple diseases including
diabetes, cancer and cardiovascular diseases (6,7).

Netrin has been extensively researched for its role in many diseases but most importantly
for its role in cancer (8). Netrin-1 signalling pathways have been shown to be upregulated in
several cancer types including colorectal cancer, non-small cell lung cancer, neuroblastoma,
glioblastoma and metastatic breast cancer (8,10). The significance of Netrin in the evolution of
tumor comes from its ability to regulate cell proliferation and cell mobility (8,9). Increasing cell
proliferation and mobility of cancerous cells allows them to increase in number at a much faster

rate and invade other tissues, ultimately allowing a faster spread of cancer (10).



1.2 CRYSTAL STRUCTURE OF NETRIN

The full- length molecule of Netrin is one that consists of 600 amino residues (4). The
peptide sequence of Netrin begins with a signal peptide consisting of 24 residues and reveals
three asparagine-linked glycosylation sites at Asn95, Asn116 and Asn131 (4). Multiple disulfide
bridges throughout the molecule help stabilize the secondary structure of the molecule (11).

The crystal structure of this molecule reveals an N-terminal laminin domain (LN also
known as domain V1), followed by three laminin-type epidermal growth factors (LE) repeats
(LE1, LE2 and L3; also known as domain V) and as well as a positively charged C-terminal
domain (4,11). The crystal structure for mouse Netrin-1 as depicted in Figure 1 was resolved by
Dr. Markus Meier at a resolution of 2.64A° and as such shows a head to stalk like arrangement of
the molecule, where the globular shaped N terminal domain forms the head (4). The head is
followed by three rod- like LE domains that make up the stalk. The three consecutive LE
domains with their irregular coil segments allow the molecule an overall linear and elongated

appearance (4).



Figure 1. Ribbon Model structure of Netrin-1. The N-terminal LN domain is shown in red
along with three LE repeats LE1 (magenta), LE2 (blue), LE3 (yellow). N-linked glycans are

drawn as green sticks, and calcium ions as green spheres (PDB: 40VE).




1.3 NETRIN AND ITS RECEPTORS

Netrins are proteins that conduct both attractive and repulsive responses in neurons by
extending axons and migrating cells in the central and peripheral nervous system (9,13). They
are able to carry out both attractive and repulsive cues due to their ability to bind multiple
different receptors (10). This activity of Netrin-1 is regulated through the induction of signal
transduction pathways upon binding to receptor. Upon binding different receptors in nanomolar
affinity, a signal is transmitted across the membrane of a migrating neural cell, and the
appropriate response is brought upon by the cell (9).

This control of neural navigation in the nervous system is accomplished through the
binding of Netrin-1 to one of its main receptors deleted in colorectal cancer (DCC) and
Uncoordinated 5 (UNC5) (6-11). Another very important but lesser known receptor of Netrin-1
includes Neogenin (11).

The binding of DCC with Netrin-1 results in attractive guidance cues whereas binding of
Netrin-1 with UNCS5 leads to repulsive cues (12,14). Both DCC and UNCS5 are single pass
transmembrane receptors, which induce cell death when alone and not interacting with ligands
such as Netrin (13). However, in the presence of such ligands, the dependence receptors bind and
block the proapoptotic activity of the cells. The binding of Netrin with its receptors activates a
signal transduction pathway which brings upon positive signals in the cells that lead to the
activation of proteins such as MAPK and PI3K (4). In instances where the receptors are
unbound, apoptosis of the cells is triggered.

Netrin-1 associated repulsive cues are brought upon through the interaction of Netrin
with its receptor UNC5 (14). Four different orthologues of UNC5 have been identified in

mammals including UNC5H1, H2, H3 and H4 (12,16). Recent studies on the interaction of



UNCS5H with Netrin-1, reveal UNC5H as another tumor suppressor (15). UNC5H genes were
also shown to be downregulated in many cancers, especially colorectal cancer (16).

UNCS5 is a transmembrane receptor consisting of both intracellular and extracellular
domains (15). The extracellular domain of UNCS5 consists of two immunoglobulin repeats and
two membrane- proximal thrombospondin repeats (18). The intracellular domain of UNC5
consists of three identified conserved domains: a ZU5 domain, a DCC-binding (DB) domain and
a death domain (DD) (19). Axonal repulsion by UNCS5 is brought upon as Netrin-1 binds both
immunoglobulin repeats.

From all the receptors that can bind Netrin-1, the interaction between DCC and Netrin-1
is the most well researched. DCC, which is known to be a tumor suppressor gene is located on
chromosome 18921 (11). In the absence of Netrin-1, DCC can trigger apoptosis in tumor cells
that would otherwise proliferate and cause cancer (14,16). Therefore, the loss of DCC has been
implicated in advanced colorectal and many other cancers (17).

DCC is a transmembrane receptor which consists of an extracellular domain and as well
an intracellular domain (19). The extracellular domain of DCC consists of four immunoglobulin-
like domains and six fibronectin type 111 (FNIII) domains (11,14). Previous research conducted
on the interaction of DCC with Netrin-1, revealed the interaction of the FNIII repeats of DCC
with the LN and LE regions of Netrin-1 (14,15). Furthermore, in-vitro studies suggest that the
FNII1 domains of DCC play a crucial role in bringing upon apoptosis of cancerous cells. Hence
upon the binding of Netrin with DCC, these FNIII domains are no longer available to trigger

apoptosis (14,17).



The intracellular domain of DCC consists of three domains P1, P2 and P3 (18, 19). These
domains hold phosphorylation and binding sites for intracellular proteins but have no known
catalytic function (19). The P2 domain is known to be rich in proline residues and contains four
PXXP putative SH3 domain-binding motifs (18,19). The P3 domains contains many highly
conserved phosphorylation sites (19).

The DCC receptor is required for axon chemoattraction to Netrin-1 (18). As Netrin-1
binds, it induces the multimerization of DCC through the association of the P3 domains, a step
that is essential for chemoattraction (20). Phosphatidylinositol transfer protein- o (PITPa) can
bind the P3 domain of DCC and promote the production of phosphoinositides (PIPs) by
phosphatidylinositol 3-kinases (PI3Ks) (19,20). These PIPs can then by hydrolyzed by
phospholipase C (PLC) into inositol 1,3,5- triphosphate (IP3) and diacylglycerol (DAG) which
leads to Ca2+ release from the intracellular stores and hence activation of protein Kinase C
(PKC) (19). Once Netrin-1 binds to DCC, the intracellular domains of DCC are phosphorylated
and that leads to the association of many proteins such as Fak, Fyn and Pak (19). As the
intracellular Ca2+ levels increase, Rho GTPases Cdc42 and Rac proteins are activated and cause
the remodeling of the cytoskeleton through proteins such as the Wiskott-Aldrich syndrome

protein (N-Wasp), Ena/Vasp, and Map1b (19,20,28).



1.4 NEOGENIN BINDS NETRIN ALLOWING IT ATTRACTIVE GUIDANCE CUE
PROPERTIES

Another receptor for Netrin-1 is a DCC paralogue Neogenin (11). This attractive
guidance cue molecule is one that plays a role in neural development, morphogenesis, cell
migration, differentiation and apoptosis (11,20-21,28). Besides Netrin-1, Neogenin can bind
Netrin-3 to mediate signalling during myotube-3 formation and as well bind Netrin-4 for
signalling during angiogenesis (18). Neogenin mediates axon guidance and controls neural
differentiation by either binding Netrin-1 or Repulsive guidance molecule a (RGMa). Upon
binding with Netrin-1, Neogenin promotes chemoattraction, and on binding RGMa, it promotes
chemorepulsion (22-24). However, prior research suggests Neogenin has a higher affinity for
RGMa over Netrin-1 (27).

Neogenin is homologous to DCC in that it shares 50% amino acid identity with DCC and
has an identical secondary structure (26). Belonging to the group of dependence receptors
Neogenin induces apoptosis in cells in the absence of its ligand (18,25). As such any cancerous
cell is able to escape apoptosis in the presence of the ligand Netrin. This further allows cancerous
cells to proliferate at a higher rate and spread faster.

Like DCC and Unc5, Neogenin is also a single-membrane spanning protein that consists
of both intracellular and extracellular domains (24). It is a member of the 1g superfamily and as
depicted in Figure 2a. the intracellular domains consists of four immunoglobulin-like (1g)
domains followed by six fibronectin type 111 (FNIIT) domains (FN1-FN6) and a transmembrane
domain (24-26). The intracellular domain similar to that of DCC consist of P1, P2 and P3, which

allow intracellular binding of other proteins (19).



Previously, the structure of the netrin/Neogenin complex has been determined at a 3.2A°
resolution (11). A Neogenin construct consisting only of domains FN4 and FN5 is known to
interact with Netrin as a 2:2 heterotetramer in a head-to-head X-shaped dimer (11). Two
molecules of Netrin interact with the FN4 and FN5 domains of two molecules of Neogenin. Here
the LN domain of one Netrin interacts with the FN4 domain of Neogenin, while the LE3 domain
of the same Netrin interacts with the FN5 domain of another molecule of Neogenin (11). In a
similar manner another molecule of Netrin is involved and brings about the 2:2 heterotetramer
conformation.

Based on prior research conducted by other groups, for the purpose of our own study, two
different constructs of Neogenin were used. These constructs are Neogenin Long 3-5 (Neo Long
3-5) and Neogenin Short 3-5 (Neo Short 3-5). As Figure 2b and ¢ show, these constructs only
consist of domains FN3-FN5 and are hence deprived of all other domains that make a full length
Neogenin molecule. The Neo Long 3-5 construct consists of a linker sequence composed of 16
amino residues situated between the FN4 and FN5 domains, which is missing in the Neo Short 3-

5 construct.



Figure 2. Schematic representation of Neogenin. (A) Domains of Neogenin are labelled
starting with 1g, Immunoglobulin domains coloured in sky blue, FN, Fibronectin domains in dark
blue, TM, Transmembrane domain in blue and Three P domains in green. (B) Neogenin Short 3-
5 construct composed of FN3-5 as shown in dark blue. (C) Neogenin Long 3-5 construct

composed of FN3-5 with an additional linker sequence situated between FN4 and FN5.

DTSEVDLFVINAPYTP

Extracellular
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1.5 OBJECTIVES

Here, we investigated the binding of Netrin with two different constructs, Neogenin Long
3-5 and Neogenin Short 3-5. To study the interaction between this ligand and receptor many
preliminary steps must be mastered before the use of biophysical approaches. The first goal
encompasses, successful protein production through cell proliferation of protein expressing cells.
Upon successful protein production, the protein must be successfully purified through strep-
Tactin affinity chromatography and Size exclusion chromatography. Successful binding of the
ligand and receptor is then required prior to analysis through biophysical techniques, including
DLS and SAXS. In addition, for the purpose of X-ray crystallography, several potential
conditions for crystallization of the complex were identified. Although structures of the complex
between Netrin and Neogenin is available, there is a lack of information as to how other domains
of Neogenin interact with a full-length Netrin molecule. This is an important path for
investigation as the binding of Netrin with Neogenin promotes chemoattraction and hence cell

proliferation by allowing cancerous cells to avoid apoptosis.
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2. Materials and Methods
2.1 MAMMALIAN CELL CULTURE

Chicken Netrin-1 gene (NTN1 GenBank ID Q90922) lacking the c-terminal domain was
inserted into HEK293 chromosome to express recombinant protein chNet1 AC using sleeping
beauty transposon system to obtain stable transfected clones (28). Neogenin gene Mus musculus
gene Neol (Gen Bank ID P97798) truncated versions (Fibronectin domain 3-5, a.a 667-986)
were also stably transfected with sleeping beauty transposon system into HEK293 cells (28).
Mouse Neogenin produced in this study only consisted of recombinant Neogenin fragment
domain FN3-5, with and without the linker regions referred to as Neo Long 3-5 and Neo Short 3-
5 respectively. In the sleeping beauty transposon plasmid used to generate HEK293 clones, in the
DNA construct the gene expression was regulated by the TRE promoter inducible by
doxycycline (29) and the protein produced had an additional sequence for thrombin cleavage
(LVPRGS) followed by two strep-tag peptides in a row at the c-terminal end to facilitate protein
purification. Cloning, DNA sequencing and generation of stable cell clones were performed in
Professor Manuel Koch Lab at the University of Cologne, Germany and HEK293 cell were sent
to our lab for protein production. Upon arrival, cells expressing Netrin-1 and Neogeninl FN3-5
were transferred to T75 flask containing DMEM, 10% FBS (Thermo Fisher Scientific,
Massachusetts, USA) and incubated at 37°C in humidified atmosphere with 5% CO2. Adherent
cells grew until 90% confluency before resuspended in FBS, 10% DMSO and transferred to

cryovials and stored in liquid N2.
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2.2 CLONAL SELECTION

HEK?293 cell pools were thawed for less than 1 minute at 37°C and transferred to T75 flasks
containing 10mL of DMEM, 10% FBS. Culture media was replaced by fresh media after 24
hours to removed death cells and DMSO traces from cryo-media and cells were incubated at
37°C, in humidified atmosphere with 5% CO2. Once cells were 90% confluent, culture media
was aspirated, and cells washed once with 10ml sterile PBS. To detach cells from flask surface, a
volume of 3ml of TrypleE (Gibco, Life Technologies, New York, USA) was added to the flask
and incubated at 37°C for 3 minutes. Detached cells were resuspended in DMEM and cell
viability determined using Trypan Blue Stain 0.4% (Life Technologies Corporation Oregon,
USA) and a Countess IHFL cell counter (Life Technologies Corporation Oregon, USA). Cells
were diluted and transferred to a 96-well plate (Corning Incorporated Life Sciences,
Massachusetts, USA) ensuring a one cell per well consistency through the 96-well plate. Cells
were allowed to grow until they covered >50% of the well surface and protein production was
induced in each well by adding DMEM, 1pg/ml Doxycycline. After 24 hours incubation at 37°C,
5% CO2, a volume of 100 pl of supernatant from each selected well was applied to a 96-well
Bio-Blot (Bio-Rad) that contained a Nitrocellulose (NC) membrane on each well. The
microfiltration apparatus Bio-Blot permits the rapid immaobilization of protein samples onto a
Nitrocellulose membrane after the application of vacuum (30). A volume of 200 ul of PBS
buffer was added to remove removed non bound free protein from NC. Then, NC membrane was
removed from the Mio-Blot apparatus and blocked with 1X IBind solution (Thermo Fisher
Scientific, Massachusetts, USA). NC membrane was transferred to IBind Western System device

(Thermo Fisher Scientific, Massachusetts, USA) to detect the presence of tag protein using a
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specific anti Step-tag 11 monoclonal antibody conjugated to horseradish peroxidase (iba
Solutions for Life Sciences, Goettingen, Germany). Luminate Forte HRP substrate (Millipore
Sigma, Massachusetts, USA) was added to the membrane to visualize by chemiluminescence the
production of secreted strep-tag recombinant protein. Dot blot was imaged using the Cell
Biosciences imager (Cell Biosciences, Santa Clara, USA). Intensity of fluorescence
corresponded with the amount of protein produced by each clone after 24 hours in the presence
of the inducer doxycycline. Higher protein producing clones were selected and used to inoculate
24 well culture plate. Depending on cell viability and protein production cells were further
moved down to 12 well plate and eventually to a six well plate. Three of the best clones were
chosen and added separately to T75 flasks. Upon confluency, one out of the three clones, was
selected and split for further protein production. Selected clone was used to inoculate T75 flasks
with 10mL DMEM, 5% FBS, 5ug/ml puromycin. Individual clones were resuspended in 1.5ml

cryo-media consisting of 90%FBS and 10% DMSO and then frozen gradually at -20°C for

couple hours, then moved to -80°C overnight and finally frozen in liquid nitrogen.

2.3 PROTEIN PRODUCTION IN HYPERFlask

Clonal selected clone was expanded in T75 flasks and 95% confluent adherent cells were
used to seed a Hyperflask (Corning, Incorporated Life Sciences). Briefly, 1.0 x 107 cells were
resuspended in 50 ml of fresh DMEM, 5% FBS. Cells were then equally distributed to all layers
of HYPER Flask and 500ml of DMEM, 5% FBS was added, according to Corning Hyperflask
specifications (31). Cells were allowed to grow until 90% confluency upon which media was
exchanged by the expression media DMEM, 2.5%FBS, 1ug/ml of Doxycycline. Cell culture

media containing recombinant protein was collected every 2 days, sterile filtered and stored at -
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20°C until use. Each media collection was followed by the addition of fresh expression media in
the Hyperflask. A total of 5 supernatant collections were performed and stored at -20°C until use.
All three proteins chNet1AC, Neo Long 3-5 and Neo Short 3-5 were produced in similar ways

using a HYPER flask.

2.4 PURIFICATION OF NETRIN/NEOGENIN WITH STREP TACTIN COLUMN

For strep-tagged protein affinity purification, supernatant was adjusted to 20 mM Tris pH 8,
500 mM NacCl with stock solutions 1M Tris HCI, pH 8.0 and 5M NaCl before affinity
chromatography purification. To purify Strep tag recombinant proteins, a 5ml StrepTrap HP
column prepacked cartridge with StrepTactin sepharose beads was used (GE healthcare,
Chicago, Illinois, USA). Strep-tactin column was equilibrated with 5 column volumes of 50mM
Tris, pH 8.0 500mM NacCl buffer. Cell culture supernatant was then run through the affinity
column. Column was washed with 2 column volumes of 50mM Tris, pH 8.0 500mM NaCl and 3
column volumes of 50mM Tris pH 8.0 1M NaCl. Protein elution was performed with 3 column
volumes of 50mM Tris, pH 8.0, 500mM NacCl, 2.5 mM of d-Desthiobiotin. Column was
regenerated with 5 column volumes of 100mM Tris, pH 8.0, 150mM NaCl, ImM EDTA, 1mM

HABA, followed by 50 mM Tris, pH 8.0, 500mM NacCl.

2.5 PREPARATION OF NETRIN
2.5.1 Strep Tag Removal of Netrin

ChNet1AC- strep-tag eluted was concentrated to 1.0mg/ml in Amicon Ultra 30Kda cut-off
centrifugal filter (Millipore Sigma, Ireland). To remove the Strep-tag, thrombin from bovine

plasma (GE Healthcare, Chicago, Illinois, USA) was used to a ratio of 1 unit of thrombin per mg
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of protein. A dialysis membrane (Spectrum Laboratories Inc. Rancho Dominguez, CA, USA)
with cut-off of 6-8kDa was used and protein was dialyzed for 24 hours at room temperature into

500ml of 50mM Tris, pH 8.0, 1M NaCl, 0.15M glycine, 2.5mM CacClz.

2.5.2 Separation of tag free Netrin

Upon overnight dialysis, tagged and untagged chNet1 AC was separated using a Strep Tactin
column. Column was equilibrated with 5 column volumes of 50mM Tris, pH 8.0, 1M NaCl.
Dialyzed protein was applied to the column and untagged protein was collected. Tagged netrin
protein bound to the column was eluted by applying 3 column volumes of 50mM Tris, pH 8.0,
1M NaCl, 2.5 mM d-desthiobiotin. Column was regenerated with 5 column volumes of 200mM
Tris, pH 8.0, 150mM NaCl, 1ImM EDTA, 1ImM HABA and 50mM Tris, pH 8.0, 500mM NaCl.
To remove thrombin in the tag free recombinant protein a HiTrap Benzamidine column (GE
healthcare, Chicago, Illinois, USA) was used. Untagged chNet1 AC protein was dialyzed for 24
hours at room temperature in 500ml of 50mM Tris, pH 7.5, 1M NaCl with a buffer change once
through the dialysis. Dialyzed protein was stored at 4°C at a concentration of 1mg/ml or less

until further use. Strep-tag removal was confirmed by SDS-PAGE and Western-Blot.

2.6 PREPARATION OF NEOGENIN LONG/SHORT
2.6.1 Strep Tag Removal of Neogenin Long/ Short

Neo Long 3-5 and Neo Short 3-5 strep-tag proteins were separately added to the dialysis bag
(cut-off 6-8 kDa) along with thrombin at a concentration of Lunit of thrombin per mg of protein.
Protein was dialyzed for 24 hours at room temperature into 500ml of 50mM Tris, pH 7.5,

200mM NacCl.
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2.6.2 Separation of tag free Neogenin Long/ Short

Tagged and untagged recombinant proteins were separated using Strep Tactin column.
Column was equilibrated with 5 column volumes of 50mM Tris, pH 8.0, 500mM NacCl. Dialyzed
protein was applied to the column and untagged protein was collected. Tagged Neogenin protein
bound to the column was eluted by applying 3 column volumes of 50mM Tris, pH 8.0, 0.5 mM
NaCl, 2.5 mM d-desthiobiotin. Strep-tactin column was regenerated with 5 column volumes of
100mM Tris, pH 8.0, 150mM NaCl, ImM EDTA, 1mM HABA and 50mM Tris, pH 8.0, 500mM
NaCl. To remove thrombin in the tag free recombinant protein a HiTrap Benzamidine column

was used. Strep-tag removal was confirmed by SDS-PAGE and Western-Blot.

2.6.3 Purification through Size Exclusion Chromatography (SEC)

Protein was purified on a Superdex 200 10/300 GL SEC column equilibrated with 50mM
Tris, pH 7.5, 200mM NaCl. A homogenous peak corresponding to a single protein was observed
on the Size exclusion chromatogram, and protein fractions were collected according to the

absorbance at Aaso.

2.7 PREPARATION OF PROTEIN COMPLEXES

ChNet1AC and Neo Long/Short purified protein were mixed in 1:1 molar ratio. Each
component at a concentration of 110uM was loaded into a dialysis bag and dialyzed for 24 hours
at room temperature in 50mM Tris, pH 7.5, 200mM NaCl, with a buffer change once through the
dialysis. The complexes formed were purified on a Superdex 200 10/300 GL SEC column

equilibrated with 50mM Tris, pH 7.5, 200mM NaCl. Fractions corresponding to protein complex
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peak were combined and concentrated. Protein concentration was measured using a Nano Drop
microvolume spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA). For Neo Long
3-5 and chNet1 AC complex a molecular weight of 86.096kDa and an extinction coefficient of
g260= 106 295 M cm™* was used to determine protein concentration. For Neo Short 3-5 and
chNet1AC complex a molecular weight of 84.333kDa and an extinction coefficient of e260= 104
805 M cm* was used to calculate protein concentration. Molecular weights and extinction
coefficients were calculated using the EXPASy ProtParam (Protein Identification and Analysis

Tools on the ExPASYy Server) (32).

2.8 POLYACRYLAMIDE GEL ELECTROPHORESIS (SDS PAGE)

Protein samples and molecular weight standard ladder (Percision plus protein ladder, Bio-
Rad, CA, USA) were separated using 8% Tricine SDS-PAGE gel electrophoresis, at a constant
10 watts in PowerPac HC (Bio-Rad Laboratories Inc. CA, USA) using SDS-PAGE running
buffer (25mM Tris base, 200mM glycine, 0.1% w/v SDS). After electrophoresis the gel was
soaked in Coomassie Gel Staining Solution for a few hours before destaining with a Gel Destain

solution. Gel was visualized using the Alpha Imager HP system (Alpha Innotech, CA, USA).

2.9 DYNAMIC LIGHT SCATTERING (DLS)

Data were collected using the Nano-S Dynamic Light Scattering system (Malvern
Instruments Ltd. Malvern, UK) equipped with a 663nm laser and using 173° scattering angle. All
protein solutions were filtered using 0.1um centrifugal filter (Millipore, USA) and equilibrated
to 20°C for 30 minutes prior to data collection. Neo Long alone and protein complexes were

measured separately in a 45ul quartz cuvette at a range of concentrations. Protein alone and its
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complex were measured in 50mM Trist pH 7.5 200mM NaCl. Measurements were collected in

automatic mode and 15 measurements were obtained for each concentration.

2.10 SMALL ANGLE X-RAY SCATTERING (SAXS)

Samples were sent to Diamond Light Source Limited (Chilton, Didcot, Oxfordshire) for
BioSAXS data collection with their respective concentrations included, chNetl AC (6.3mg/ml),
Neo Short (8.0mg/ml), Neo Long (7.9mg/ml), chNet1 AC with Neo Short (9.0mg/ml) and
chNet1AC with Neo Long (9.3mg/ml). Data were collected by a beamline scientist with a B21
High Throughput SAXS beamline with beam size <75um and an Eiger 4M detector (30). B21
beamline operates with a fixed camera length configuration (4.014 meters) at 12.4 KeV. Data
collection was through standard data collection method of size- exclusion chromatography
coupled SAXS using an Agilent HPLC system with a KW400 series Shodex column. Buffer and
sample at a range of concentrations were each exposed from 0.5 seconds to 5 minutes and the
raw data was reduced and analyzed using the scatter software. The momentum transfer, s, was
defined as follows: s=4rsin6/XA, where 0 is the scattering angle and A is the wavelength (34).
Individual data sets were merged and radius of gyration (Rg) and maximum particle dimension
(Dmax) were calculated using the program PRIMUS (35). An algorithm DENSS was used for
calculating 3D particle electron densities directly from 1D solution scattering data. Multiple low-
resolution solution models were generated by DAMMIF, a rapid ab initio shape determination
program that relies on simulated annealing using a single-phase dummy atom model (36).
Furthermore, a program DAMAVER was used to align these ab initio models and build an

averaged model.
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2.11 CRYSTALLIZATION TRIALS

In an effort to obtain protein crystals for the Netrin-Neo Long and Netrin- Neo Short
complexes, crystallization trials were conducted using commercial crystallization kits from Jena
Bioscience (Jena, Germany) and Hampton Research (CA, USA). The complexes were prepared
as described above in section 2.7. Sitting drops for Netrin-Neo Long 3-5 composed of 0.4ul of
the species to be crystallized and 0.4l of the reservoir solution was set up in 96 well plates using
the Arts Robbins Instruments- Crystal Gryphon (Sunnyvale CA, USA). Sitting drops for Netrin-
Neo Short 3-5 composed of 0.3ul of the species to be crystallized and 0.3ul of the reservoir
solution was set up in 96-well-3 LVR plate (Hampton Research, CA, USA) in the same manner.
Each of the wells contained 50uL of reservoir solution. All species were filtered using 0.2um
filters prior to crystallization. The plates were covered and sealed with clear protective film
(Clear Seal Film, Hampton Research, CA, USA) and incubated for 20°C. Jena Bioscience Screen
1-4, 5-8, 9-10 and JCSG +++1-4 (Jena, Germany) and Hampton Research screens, Crystal
Screen HT, Natrix HT, Index HT and PEG/ION HT (CA, USA) were used to test crystallization
conditions for Netrin-NeoShort at 9.3mg/ml. Similarly, Jena Bioscience Screen 1-4, 5-8, and
JCSG +++1-4 (Jena, Germany) and Hampton Research screens, Crystal Screen HT, Natrix HT
and Index HT (CA, USA) were used to test crystallization conditions for Netrin-Neo Long at
12.4mg/ml. Concentration of the complexes were determined spectrophotometrically using the
Nano Drop Microvolume Spectrophotometer and parameters calculated on the basis of
equimolar binding between both proteins in a complex. The crystal plates were observed for
crystals growth daily for the first week, every three days for the next week, weekly for the
subsequent month and monthly for the remainder of the time using the Olympus SZX10

Microscope (Olympus Life Science, Japan, Tokyo).
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3. Results
3.1 EXPRESSION AND PURIFICATION OF NEOGENIN SHORT AND NEOGENIN LONG
3-5.

In order to perform biophysical assays on Neogenin and Netrin, expression of Neo
Long3-5 and Neo Short 3-5 was performed in HEK293 cells. Neo Long 3-5 and Neo Short 3-5
both only consist of Fibronectin regions 3-5 in an anticipation to improve the ability of the
protein to crystallize and to deduce the interaction of these regions with Netrin-1. Cells
expressing both constructs of Neogenin were successfully grown to confluency in T75 flasks and
moved to a 96 well-plate ensuring a one cell per well consistency. A western Dot Blot was
performed by inducing the TRE promoter with doxycycline to quantify the amount of protein
produced by each clone through fluorescence (Figure 3A and 3B). The intensity of the green
fluorescence in each clone, represented by a dot, directly corresponds to the amount of protein
produced by the clone and as such, clones with brighter intensity are desired. To ensure the
accuracy of the dot blot experiment, a DCC with strep tag was used as a positive control and
DCC without strep tag was used as a negative control. The intensity was compared between the
clones, and three of the brightest clones were selected for storage, and furthermore, one of the
three clones was used to inoculate the hyper flask. Clone D11 was used for Neo Long3-5 hyper
flask and clone D2 was used for Neo Short 3-5 hyper flask. A total of 5 supernatant collections
were collected and purified using Strep- Tactin columns which resulted in an average of 10mg
total of protein from each collection.

Upon retrieval of the protein from the column, both Neo Short and Neo Long 3-5 were
dialyzed in 50mM Tris, pH 7.5 200mM NacCl, along with bovine plasma thrombin to cleave off

the strep tag. To ensure successful cleavage of the strep tag, both Neo Long 3-5 and Neo Short 3-
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5 with and without tag were subjected to analysis through SEC and SDS-PAGE Gel. A slight
downward shift on the SDS PAGE gel indicates ~3kDa reduction in protein size which can be
attributed to successful strep tag removal (Figure 4a, 4B and 4C).

Further analysis to ensure successful cleavage of strep tag was carried out on the
Superdex 200 10/300 GL SEC column. For both proteins, samples with and without tag were run
on the column in 50mM Tris, pH 7.5 200mM NacCl. The size exclusion chromatogram (Figure
5), shows two peaks, Neo Short 3-5 with tag which elutes at 13.9ml and Neo Short 3-5 without
tag which elutes out at 14.3ml. Likewise, two peaks that correspond to Neo Long 3-5 with tag

which elutes at 13.4ml and Neo Long 3-5 without tag which elutes at 13.1ml (Figure 6).
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Figure 3. Western Dot Blot image of clones secreting Neogenin. A. Dot Blot image of clones
secreting Neogenin Long 3-5. B. Dot Blot image of clones secreting Neogenin Short 3-5. Cells
were induced with Doxycyline. Secreted protein with strep tag was visualized through

Chemiluminescence with strep tag specific Anti Step-tag 11 monoclonal antibody conjugated to

horseradish peroxidase. Positive control — DCC with strep tag Negative Control -DCC without
tag

Positive _>‘
Control-

DCC with D11- Neogenin Long
Strep Tag Clone
Used to Inoculate
HYPER Flask
Negative Control-
DCC without Strep
Tag
Positive
Control-
DCC with
Strep Tag
D2- Neogenin Short
Clone
Used to Inoculate
HYPER Flask

Negative Control-
DCC without Strep
Tag
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Figure 4. SDS PAGE Gel Images of samples collected of chNetAC, Neo Long 3-5, Neo

Short 3-5 and their complexes. All samples were run on 8% SDS- PAGE Gel.
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Figure 5. Elution profiles of Neogenin Short 3-5 with Strep tag and Neogenin Short 3-5
without Strep tag acquired from the Superdex 200 10/300 GL size exclusion
chromatography column. The following colour scheme was used: Neo Short 3-5 with strep tag,
blue; Neo Short 3-5 without Strep tag, green. All species were eluted in 50mM Tris, pH 7.5

200mM NaCl.
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Figure 6. Elution profiles of Neogenin Long 3-5 with Strep tag and Neogenin Long 3-5
without Strep tag acquired from the Superdex 200 10/300 GL size exclusion
chromatography column. The following colour scheme was used: Neo Long 3-5 with strep tag,
purple; Neo Long 3-5 without Strep tag, red. All species were eluted in 50mM Tris, pH 7.5

200mM NacCl.
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3.2 CHNETAC- NEO LONG 3-5 AND CHNETAC- NEO SHORT 3-5 COMPLEX
FORMATION

To ensure successful complex formation between the receptor Neogenin and Netrin, the
complex was purified on Superdex 200 10/300 GL SEC column and run with 50mM Tris, pH 7.5
200mM NacCl. Elution volume of the receptors Neo short 3-5, Neo Long 3-5 and chNetAC on the
SEC chromatogram were compared with the elution volumes of their complex. Proteins with a
bigger molecular weight elute out sooner as compared to proteins of smaller molecular weight.
Therefore, a distinction between the elution volumes gives insight into complex formation. The
elution volume of Neo Long 3-5 is 13.6ml, that of chNetAC is 11.8ml and that of the Neo Long
3-5 - chNetAC complex is 10.6ml (Figure 7). The elution volume of Neo short 3-5 to be 14.2ml,
that of chNetAC is 11.8ml and that of the Neo Short 3-5 - chNetAC complex is 10.5ml (Figure
8). The significant difference between the elution volumes of the proteins alone as compared to

the elution volumes of the complex, suggest successful complex formation.



27

Figure 7. Elution profiles of Neogenin Long 3-5 without Strep tag, chNetAC and their
complex, acquired from the Superdex 200 10/300 GL size exclusion chromatography
column. The following colour scheme was used: Neo Long 3-5 without strep tag, red; chNetAC,
brown; Neo Long3-5 e chNetAC, blue. All species except chNetAC were eluted in 50mM Tris,

pH 7.5 200mM NaCl. ChNetAC was eluted in 50mM Tris, pH 7.5 1M NaCl.
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Figure 8. Elution profiles of Neogenin Short 3-5 without Strep tag, chNetAC and their
complex, acquired from the Superdex 200 10/300 GL size exclusion chromatography
column. The following colour scheme was used: Neo Short 3-5 without strep tag, green;
chNetAC, brown; Neo Short 3-5 e chNetAC, yellow. All species except chNetAC were eluted in

50mM Tris, pH 7.5 200mM NaCl. ChNetAC was eluted in 50mM Tris, pH 7.5 1M NaCl.
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3.3 CHNETAC, NEO LONG 3-5, NEO SHORT 3-5, CHNETAC- NEO LONG 3-5 AND
CHNETAC- NEO SHORT 3-5 COMPLEX IN SOLUTION

DLS measurements of Neo Long 3-5 alone and in complex with chNetAC were
conducted prior to SAXS data collection and reveal the presence of monodisperse species in
solution (Figure 9). The Ry values of Neo Long 3-5 alone is 4.4+ 0.3nm and that of the complex
is 7.2+ 0.1nm. This difference in the Rn values can be attributed to a larger molecule as a
consequence of complex formation (37).

SAXS data for chNetAc, Neo Long 3-5, Neo Short 3-5, chNetAc- Neo Long 3-5 and
chNetAc- Neo Short 3-5 complex was collected at ~9mg/ml concentration to obtain low
resolution information on the protein behaviour. Scattering curves were buffer subtracted and
merged to generate SAXS plots.

The P(r) distribution function gives the paired set of distances between all the electrons in
the macromolecular structure (38,39). The P(r) distribution of Neo Long 3-5 and Neo Short 3-5,
both depict a single peak with a longer tail, characteristic of an elongated macromolecule
(Figure 10A and B). The P(r) distribution of chNetAC depicts a single prominent peak and a
smaller less prominent peak, signifying a protein of multiple domains (Figure 10A and B). The
complexes, chNetAC- Neo Long 3-5 and chNetAC- Neo Short 3-5 both show P(r) distributions
with a single broad peak, signifying proteins of a globular shape (Figure 10A and B).

The Kratky analysis of the biological macromolecules give information on the unfolded-
ness and overall shape of the macromolecule (38). Kratky plots of chNetAC, along with Neo
Long and Neo Short, demonstrate a bell-shaped curve representative of a globular
macromolecule. However, these molecules also represent partial unfoldedness due to the slight

plateau as the curve descends, indicating their “extended” like shape (Figure 11A and 11C).
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Analysis of the chNetAC — Neo Long complex and chNetAC- Neo Short complex depict a
sharper bell curve and therefore confirm a macromolecule of globular shape (Figure 11A and
11C).

The merged SAXS data for the chNetAC and Neo Long 3-5 proteins alone were
processed using the P(r) analysis to obtain the Rg and Dmax values. The Rg and Dmax values of
chNetAC were 57.45 +0.3 and 198.1nm respectively, and that of Neo Long 3-5 were 41.30
(£0.1) and 162.3nm respectively (Table 1). The P(r) function calculated from the SAXS data of
the complex differs from that of chNetAC and Neo Long 3-5 proteins alone. The merged SAXS
data for the complex were processed using the P(r) analysis to obtain a Rq value of 60.12 (+0.1)
and a Dmax value of 240.9nm (Table 1).

Similarly, the P(r) function calculated from the SAXS data of the chNetdC- Neo Short 3-
5 complex differs from that of chNetAC and Neo Short 3-5 proteins alone. The Rg and Dmax
values of chNetAC were 57.45 +0.3 and 198.1nm respectively, and that of Neo Short 3-5 were
41.00 (£0.1) and 157.8nm respectively (Table 2). The Rg and Dmax values of the complex were

67.21 (+0.1) and 252.0nm, respectively (Table 2).
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Table 1. Summary of the Hydrodynamic Parameters for chNetAC, Neo Long 3-5 and
chNetAC-Neo Long 3-5 complex.

Parameters chNetAC Neo Long 3-5 chNetAC-Neo Long 3-5 Complex
Ru (A%)2 - 44.01 (£0.3) 72.07 (£0.1)
Rg(A°)° 57.43 (£0.3) 41.30 (£0.1) 60.12 (+0.1)
Dmax (A°)° 198.1 162.3 240.9

Rg (A°)° 57.00 (+0.3) 41.87(+0.2) 60.16(+0.3)
Dmax (A°)° 195.4 156.2 248.6

R (A?)d - 41.24 72.07
Chie 1.30 1.20 1.34

Rg (A% 48.93 41.58 57.76
Dmax (A°)f 180.49 147.29 206.1
Chi¢ 6.79e-01 3.32e-01 1.98

Table 2. Summary of the Hydrodynamic Parameters for chNetAC, Neo Short 3-5, and
chNetAC-Neo Short 3-5 complex.

Parameters chNetAC Neo Short 3-5 chNetAC-Neo Short 3-5 Complex
Rg (A°)P 57.43 (£0.3) 41.00 (£0.1) 67.21 (£0.1)

Dmax (A°)° 198.1 157.8 252.0

Rg (A%)° 57.00 (+0.3) 40.76(%0.2) 67.24(+0.3)

Dmax (A°)° 195.4 155.8 254.1

Chie 1.30 1.32 1.35

Rg (A% 48.93 40.27 64.52

Dmax (A%)f 180.49 141.73 220.58

Chi9 6.79e-01 1.73e-01 1.38

@The values were experimentally determined from DLS with error obtained from linear

regression analysis to infinite dilution for multiple concentrations.
b Experimentally determined using GNOM analysis from SAXS Data

¢Parameters obtained from DAM Models

dModel-based parameters calculated from HYDROPRO

¢ Goodness of fit parameter suggesting agreement between raw data and data back calculated

from ab intio model DAMMIN
‘Experimentally determined using DENSS

9Goodness of fit parameter suggesting agreement between raw data and data back calculated

from ab intio model DENSS
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Figure 9. Dynamic light scattering profiles of Neo Long 3-5 alone and its complex with
chNetAC. The concentration dependence of the Ry of Neo Long 3-5 and its complex is shown in

figure B and C. All samples were analyzed in 50mM Tris, pH 7.5, 200mM NaCl.
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Figure 10. Normalised Pair distribution function of chNetAC and Neogenin alone and in
complex obtained from SAXS Data. The data was collected in 50mM Tris, pH 7.5, 200mM

NacCl.
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Figure 11. Kratky plots for chNetAC, Neogenin alone and in complex obtained from SAXS

data. The data was collected in 50mM Tris, pH 7.5, 200mM NaCl.
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The DENSS algorithm reconstructs 3D electron densities from 1D solution scattering
data. The algorithm uses a mathematical approach called “Iterative phase retrieval” to construct
density models (40). The program calculates the density and provides a Rq value which is the
radius of gyration calculated from the density map and as well a Chiz value which provides the
goodness of fit between the calculated density and the interpolated experimental data (40).
Density models were constructed for chNetAC, Neo Long3-5, Neo Short 3-5 and their
complexes (Figure 13 and 14). The experimental Ry, Dmax and 2 value of chNetAC, Neo Long
3-5 and Neo Short 3-5 are as follows: 48.93A°, 180.49A° and 6.79e-01, 41.58A°, 147.29A° and
3.32e-01, and 40.27A°, 141.73A° and 1.73e-01, respectively (Table 1 and 2). The Rqvalues of
the proteins alone differ from that of the complex. The Rg, Dmaxand 2 value of chNetAC- Neo
Long3-5 complex is 57.76 A°, 206.1A° and 1.98, respectively (Table 1). Similarly, the Rg, Dmax
and y? value of chNetAC- Neo Short 3-5 complex is 64.52 A°, 220.58 A°, and 1.38, respectively
(Table 2). Scattering profiles provided fit well and show convergence with the interpolated data
from DENSS (Figure 12).

Low-resolution shape reconstruction using the DAMMIN program, suggests an extended
shape conformation of chNetAC, Neo Long3-5 and Neo Short 3-5 (Figure 16, 17A, 18A).
DAMMIN structures of the chNetAC-Neo Long3-5 complex and chNetAC- Neo Short 3-5
complex demonstrate a larger structure with at least 2 molecules present (Figure 17B and 18B)
(41). The 2 value of 1.30, 1.20, 1.34, 1.32 and 1.35 for chNetAC, Neo Long 3-5, chNetAC-
Neo Long 3-5 complex, Neo Short 3-5, chNetAC- Neo Short 3-5 indicate that the individual

models agree well with the SAXS data (Table 1 and 2). Scattering data superimposed with
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scattering profiles calculated from the low resolution DAMMIN models show high convergence
between the data sets (Figure 15).

In order to confirm the parameters obtained from DLS for Neo Long 3-5 and its complex
with chNetAC, agree with that of the DAM models, HYDROPRO was used. The Ru values
obtained from HYDROPRO for the DAM models of Neo Long 3-5 and chNetAC-Neo Long 3-5
were 41.24A° and 72.07 A°, respectively (Table 1). In comparison to the Rx values obtained for
Neo Long 3-5 and chNetAC-Neo Long 3-5 through DLS (44.01 (+0.3) A° and 72.07(+0.1) A°)
(Table 1), these values are in close proximation to those obtained by DLS and hence, we can

safely conclude the parameters obtained are not an artifact.
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with the scattering profiles calculated based on the 3D electron density models constructed

through DENSS shown in Figure 14 and 15. A. chNetAC B. Neo Long 3-5 C. Neo Short 3-5

D. chNetAC - Neo Long 3-5 complex E. chNetAC - Neo Short 3-5 complex
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Figure 13. Electron density reconstructions from experimental solution scattering data. 3D
electron densities of (A) chNetAC, (B) chNetAC superimposed with high resolution chNetAC

structure (PDB: 40VE) (C) Neo Long 3-5 (D) Neo Short 3-5. Models were constructed using the

DENSS algorithm.




Figure 14. Electron density reconstructions from experimental solution scattering data.
3D electron densities of (A) chNetAC- Neo Long 3-5 complex (B) chNetAC- Neo Short 3-5

complex. Models were constructed using the DENSS algorithm.
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Figure 15. Solution conformation of chNetAC, Neogenin and their complexes determined
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by SAXS. The merged measured data for Neogenin and its complexes is superimposed with the

scattering profiles calculated based on the low resolution DAMMIN models in figures 16,17 and

18.
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Figure 16. Low resolution model of chNetAC. Model was determined by DAMMIN.
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Figure 17. Low resolution models of Neo Long 3-5 and chNetAC -Neo Long 3-5 complex.
Low resolution model of (A) Neo Long 3-5 (red) and (B) chNetAC -Neo Long3-5 complex

(blue) determined by DAMMIN.

f & By

® -
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Figure 18. Low resolution models of Neo Short 3-5 and chNetAC -Neo Short 3-5 complex.

Low resolution model of (A) Neo Short 3-5 (red) and (B) chNetAC -Neo Short 3-5 complex

(blue) determined by DAMMIN.
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3.4 CRYSTALLIZATION TRIALS

Several commercial crystallization screen from Jenna Biosciences and Hampton Research were
used to test crystallization solutions for a condition suitable for crystallization of chNetAC-Neo
Long 3-5 complex and chNetAC-Neo Short 3-5 complex. The complex chNetAC-Neo Long 3-5
was tested at a concentration of 12.5mg/ml and chNetAC-Neo Short 3-5 complex was tested at
9.3mg/ml. Both complexes only crystallized in wells containing solution form JBScreen Classics
7. The solution condition for chNetAC-Neo Long 3-5 complex crystals was: 47% w/v 2-methyl-
2,4- pentanediol 100mM HEPES, pH 7.5. Similarly, the solution condition for chNetAC-Neo
Short 3-5 complex crystals was: 35% w/v 2-methyl-2,4- pentanediol 200mM Imidazole, pH 8.0
(42). All crystals varied in shape and size, with some more round and some with a more

elongated shape.
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Figure 19. Image of crystals of chNetAC- Neo Long 3-5 Complex grown in sitting well drop
in 47% wi/v 2-methyl-2,4- pentanediol 100mM HEPES, pH 7.5. Sitting drops were prepared

by adding 1uL of reservoir solution to 1uL of chNetAC- Neo Long 3-5 Complex at 12.4mg/ml.
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Figure 20. Image of crystals of chNetAC- Neo Short 3-5 Complex grown in sitting well
drop in 35% wi/v 2-methyl-2,4- pentanediol 100mM Imidazole, pH 8.0. Sitting drops were

prepared by adding 1uL of reservoir solution to 1uL of chNetAC- Neo Short 3-5 Complex at

9.3mg/ml.
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4. Discussion
Netrin has been identified as a laminin related protein which plays a key role in axon

guidance. As Netrin binds to its receptor Neogenin, it promotes chemoattraction and hence
morphogenesis, which can promote cancer cell migration and proliferation. While the interaction
of Netrin with its receptor DCC Is well understood, much more research needs to be conducted
on Neogenin. For this reason, we have employed the use of biophysical approaches to better
understand the binding of Netrin to Neogenin. Previous structural studies using X-Ray
Crystallography have been conducted on truncated versions of Neogenin and their interaction
with Netrin. This research concluded that Netrin and Neogenin interact with one another in a 2:2
Heterotetramer, implying that in order for successful interaction between the ligand and receptor,
two molecules of both must be present. Furthermore, they propose the interaction includes, the
FN4 region of Neogenin interacts with the LN region on the N terminus of Netrin and the FN5
region of Neogenin interacts with the LE3 region on the C terminus of Netrin. As such the
interaction of two molecules of Netrin with two molecules of Neogenin, forms an X shaped
heterotetramer. The goal in our research was to further the current studies on the interaction by
using constructs of Neogenin which include FN regions 3-5. Elucidating the binding interaction
of Netrin to its receptor Neogenin will allow us insight into their mechanism of action and
potential to design a drug candidate to halt such an interaction.

Our biophysical studies revealed that our chNetAC is dimeric in solution. A previously
resolved crystal structure (Figure 1, PDB 40VE), reveal chNetAC to have an elongated

structure. Our 3D electron density models from DENSS and model from DAMMIN, demonstrate
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similar results and depict chNetAC as a molecule of elongated shape. Furthermore, overlapping
the electron density map with the crystal structure (Figure 13B) reveals chNetAC to be a dimer.

According to the different constructs used in our research, Neo Long 3-5 with a linker region
should be longer than the Neo Short 3-5 construct which lacks the linker region. This difference
between the two constructs can be observed in biophysical data. SAXS data reveal the Rq value
and Dmax value of Neo long 3-5 to be 41.30 (+0.1) nm and 162.3nm, respectively (Table 1). As
compared to Neo Short 3-5 which has a Rg value of 41.00 (+0.1) nm and a Dmax value of 157.8nm
(Table 2), which are both slightly smaller values than that of Neo Long 3-5.

Successful complex formation between chNetAC and Neo Long 3-5 was confirmed through
SAXS and DLS. According to DLS analysis the Rn values of Neo Long 3-5 alone is 4.4+ 0.3nm
and that of the complex is 7.2+ 0.1nm. According to data from SAXS, the Rq value of the
complex is 60.12 (£0.1) and the Dmax value is 240.9nm (Table 1). This difference in values
between the proteins alone as compared to the complex, indicates successful complex formation.
Electron density maps obtained from DENSS along with low resolution models from DAMMIN
both depict structures that are larger than that of the ligand or receptor alone (Figure 13, 14, 16-
18).

Likewise, complex formation between chNetAC and Neo Short 3-5 was confirmed through
SAXS. Here the Rq value of the complex is 67.21 (£0.1) and the Dmax value is 252.0nm (Table
2). These values differ from that of the proteins alone and comparatively indicate successful
complex formation. Electron density maps obtained from DENSS along with low resolution
models from DAMMIN both depict structures that are larger than that of the ligand or receptor
alone (Figure 13, 14, 16-18). Previous studies conducted, reveal a 2:2 Heterotetramer

conformation upon interaction of chNetAC and Neo Short 4-5. However, no firm conclusions
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can be made supporting or rejecting this conclusion through my biophysical assays. An attempt
to align a previous crystal structure of Netrin complexed with Neogenin (PDB: 4PLN) to our
density map obtained from DENSS rendered unsuccessful. This failure to perfectly align can be
attributed to the use of a different Neogenin construct used in their complex formation, which
lacks one of the FN regions included in ours. This difference in structures can also suggest that
perhaps more than two molecules of each partner are playing a role while interacting. However,
due to the nature of these biophysical experiments conducted within solution, models of high
enough resolution are not obtained and hence render us from making any solid conclusions on
the conformation of the complex.

Through our biophysical approach to elucidate the interaction between chNetAC and
different constructs of Neogenin, we can shed some light on complex formation. Although,
SAXS and DLS can assure successful complex formation through its experimental parameters, a
X-ray crystal structure would be ideal to make any further conclusion on the interaction of the

two molecules.
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5. Summary and Future Directions

Netrins are axon guidance cue molecules from the laminin related protein family. They play a
key role in neuronal navigation, immune cell migration, angiogenesis and cell survival. Netrin is
known to have to many binding receptors including DCC, UNC5 and Neogenin.

In this research we used a biophysical approach to study two different constructs of Neogenin;
Neo Long 3-5 and Neo Short 3-5. We studied their interaction with chNetAC, to better
understand their binding and further their mechanism of action to ideally construct a drug target,
halting their interaction. Gel electrophoresis, Size Exclusion Chromatography, dynamic light
scattering, and small angle X ray scattering were used to conduct a comprehensive analysis of
chNetAC, Neo Long 3-5, Neo Short 3-5 and their complexes. The low resolution SAXS models
for the complexes appear larger and more compact than the extended models for the ligand or
receptor alone (Dmax = for 198.1nm chNetAC, Dmax = 162.3nm for Neo Long 3-5, Dmax =
157.8nm for Neo Short 3-5 Dmax = 240.9nm for chNetAC- Neo Long 3-5 complex and Dmax =
252.0nm for chNetAC- Neo Short 3-5 complex). Two conditions 47% w/v 2-methyl-2,4-
pentanediol 100mM HEPES, pH 7.5 and 35% w/v 2-methyl-2,4- pentanediol 1200mM Imidazole,
pH 8.0 have been identified as suitable for crystallization of chNetAC- Neo Long 3-5 complex
and chNetAC- Neo Short 3-5 complex, respectively. However, further optimization of these

conditions is necessary and there is an ongoing attempt to crystallize the complex.
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7. Appendix

7.1 LIST OF ABBREVIATIONS

Y Chi Value

ASN Amino Acid Asparagine

DAG Diacylglycerol

DCC Deleted in Colorectal Cancer
DENSS Density from Solution Scattering
DLS Dynamic Light Scattering

Dmax Maximum particle dimension
DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethyl Sulfoxide

DNA Deoxyribonucleic Acid

EDTA Ethylenediaminetetraacetic acid
FAK Focal Adhesion Kinase

FBS Fetal Bovine Serum

CO2 Carbon Dioxide

FN Fibronectin Type Domains

FYN Tyrosine Protein Kinase

GPI Glycosylphosphatidylinositol
HABA 4'-hydroxyazobenzene-2-carboxylic acid
HEK Human Embryonic Kidney

HRP Horseradish Peroxide

IG Immunoglobulin Domains

IP3 Inositol 1,3,5- triphosphate

LE Laminin-type epidermal growth factors
LN Laminin Domain

MAP Microtubule Associated Proteins
MAPK Mitogen-activated protein kinases
NEO Neogenin

NTN1 Netrin-1 Gene

P(r) Electron pair distribution function
PAK Threonine Protein Kinase

PEG Polyethylene Glycol

PI3K Phosphoinositide 3-kinases

PIPs Phosphoinositides



PITPa
PKC
PLC
RAC
Ry
RGMa
RH
SAXS
SDS PAGE
SEC
TRE
UNC5
VASP
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Phosphatidylinositol transfer protein- o
Protein Kinase C

Phospholipase C

Ras Related Protein

Radius of Gyration

Repulsive Guidance Molecule a

Radius of Hydration

Small angle X-ray scattering

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Size exclusion chromatography
Tetracycline Inducible Expression
Uncoordinated 5
Vasodilator-stimulated phosphoprotein



