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Abstract

Synapse formation, differentiation and plasticity involve modulation of pre- and post-synaptic
elements. During synaptogenesis synaptic compartments differentiate in response to molecular cues. Once
contact is made, both dendritic and axonal cells undergo further morphological changes resulting in the
formation of a synapse which then matures in response to activity. The a-amino-3-hydroxy-5-methyl-4-
isoxazole-propionic acid (AMPA) receptors are responsible for fast excitatory neurotransmission in the central
nervous system. Here the AMPA receptor GluA2 amino terminal domain (ATD) structure was solved to 1.8A
resolution and revealed important insights into the domain’s involvement in subunit specific assembly and the

presence of a putative ligand binding site.

In a physiological context, the AMPA receptor spends little time alone. Shuttle proteins control its
transport to the cell surface, intracellular scaffolding molecules synaptically anchor the receptor and auxiliary
proteins modulate channel conductance but all interactions are structurally uncharacterised. This thesis aimed
to give structural and biophysical insights into protein-protein interactions involving the AMPA receptor
ectodomain. Biophysical analysis confirmed that neuronal pentraxins (NPs) interact with AMPA receptor
ATDs (all GIuA2, 3 &4 ATDs and NP1, NP2 and NP receptor-pentraxin (PTX) domain combinations tested),
where a preferential interaction occurred between GluA4_ATD and NPI_PTX. Stable homogenous oligomeric
neuronal pentraxins were developed to investigate their physiological effects on AMPA receptors where
receptor clustering had previously been observed. Cellular analysis indicated that AMPA receptors are
internalised when stimulated with trimeric NP1. Additional AMPA receptor-interacting proteins were also
investigated where biophysical analysis found that Brorin, a BMP antagonist, interacts with the LBC of GIuA2.
Attempts were also made to optimise the expression of the AMPA receptor auxiliary protein cystine-knot
AMPA receptor modulating protein-44 (CKAMP44) and transmembrane AMPA regulatory protein-2 (TARP2)

that are also postulated to interact with the AMPA receptor ectodomain but remain structurally uncharacterised.

Regulation of synapse formation and function can also be achieved through adhesive mechanisms.
The recent identification of meprin/A5 protein/ receptor protein tyrosine phosphatase mu (MAM)-domain
containing glycosylphosphatidylinositol (GPI)- anchor protein 1 (MDGAL) as a key modulator of the neurexin-
neuroligin interaction in inhibitory synapse formation suggested its potential role as the first identified negative
regulator of inhibition. MDGAL was structurally uncharacterised but here the structure of the secreted MDGAL
ectodomain was solved to 3.4A and presented a highly unusual interlocked dimer in a ‘tubular bells’ formation.
Biophysical analysis determined that MDGAL interacts with both neuroliginl, usually post-synaptically
expressed at glutamatergic synapses, and neuroligin-2, expressed at y-aminobutyric acid (GABA)-ergic
synapses. MDGAL may therefore be a key regulator of both excitatory and inhibitory synapse formation and

function.
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Chapter 1 General Introduction

1.1 General overview

1.1.1 The synapse

The human brain is the most complex organ known to mankind. It contains a vast and
highly specialised network of cells which form connections termed synapses that evolve in an
activity dependant manner. The term synapse, from the Greek synaptein “to clasp” was coined by
Sir Charles Sherrington at the time research was beginning to disprove the ‘reticular theory’
which assumed that the axon of one cell was continuous with the dendrite of another and gave
strength to the ‘neuron theory’ which hypothesized that nerve cells are indeed segregated bodies,

contacting other nerve cells at specialised regions termed synapses (Sherrington 1897) (figure

1.1A).
A B
Cell body —
(soma) NEURONAL o
CONNECTIONS I'his figure has been removed due
nucleus to copyright restrictions

Axon

;'_J
Dendrites

Figure 1.1 Neuronal synaptic connections.
A) Schematic representation of neuronal cell contacts highlighting key features including the cell body (soma), axons and
dendrites. B) This figure has been removed due to copyright restrictions

There are many types of neuronal cells, which in turn appear to be involved in a variety
of synaptic connections that can be characterised according to their structural morphology. They
vary in size, shape and composition in their pre- and post-synaptic organisations, some key

features of which are discussed here.
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1.1.2  Synaptic components

The pre-synaptic compartment of the axon is typified by the presence of a large number
of vesicles that contain neurotransmitters (figure 1.1B). The vesicle membranes are packed full of
proteins involved in exo- and endocytosis (Takamori et al. 2006; Gordon et al. 2011). Vesicles
vary in size but are typically spherical and the majority are between 20-40nm in diameter (Cowan
et al. 2003; Takamori et al. 2006), although additional forms termed dense core vesicles have
been observed up to 150nm in diameter and contain secreted proteins with a multitude of

functions (Wegrzyn et al. 2010).

The synaptic cleft (figure 1.1B) is often oversimplified and wrongly depicted to be a void
in which neurotransmitters diffuse across to reach targets on the post synapse. Close analysis
reveals that it is more like an intercellular plague containing a dense array of glycoproteins and

glycolipids (Bourgeois et al. 1994; Lucic et al. 2005; Zuber et al. 2005).

The dendrite completes the connection and is typified by the presence of a post-synaptic
density (PSD) (figure 1.1B). Sometimes the connection between the two cells appears
symmetrical i.e. the pre- and post-synaptic specialisations are roughly the same size (as frequently
observed at inhibitory synapses), however the dendritic PSD is often more substantial in size and

can increase in response to excitatory activity (Cathala et al. 2005).

1.1.3  Types of synapses

Synapses do not always form between the axon of one neuron and the dendrite of another
(i.e. axodendritic) (as depicted in figure 1.1A) but can form many connection types including
axodendritic, axoaxonal and dendrodendritic (figure 1.2A-C) (Cowan and Kandel 2003).
Synapses do not only occur at neuronal-neuronal contacts but are also present at neuromuscular
junctions between muscle cells and motor neurons (Hughes et al. 2006). Generally speaking, all
synapses can also be classified into two types, chemical and electrical. Throughout history there

has been speculation as to whether neuronal synapses are chemical or electrical in nature. It is

3



Chapter 1 General Introduction

now widely accepted that both types occur in vivo. The majority of synaptic connections are
chemical, where neurotransmitter release triggers an action potential (Bliss et al. 1993). In rare
cases, two cells may form an electrical connection, for example the dendrodendritic contacts at

gap junctions that act to synchronise cell firing in inhibitory interneurons (Gibson et al. 1999).

1«0»

Dendrite
Dendrite Dendrite Dendrite

A

Figure 1.2 Schematic representation of three synaptic types.
A) The “classic” axon (navy blue) and dendrite (light blue) axodendritic interaction. B) An axodendritic plus an axoaxonal
interaction. C) An axodendritic synaptic connection plus a dendrodendritic interaction.

At synapses, a bidirectional flow of information occurs between cells and is modulated in
response to activity. In addition to the different synaptic morphologies outlined above, neuronal
synapses are either inhibitory or excitatory in nature and differ hugely in their molecular content.
The presence of particular neuroreceptors indicates what type of signalling mechanisms occur at

that specific synapse.

1.1.4 Neurotransmitters

Neurotransmitters are amino acids, peptides or small molecules that must meet a certain
criteria. They must be synthesized by the pre-synaptic neuron, released upon stimulation
(membrane depolarisation), produce rapid-onset reversible responses in the target cell and they
must have a specific receptor (Cowan and Kandel 2003). Neurotransmitters are released from
vesicular compartments within the pre-synaptic density in response to neuronal activity (Cowan
and Kandel 2003) (figure 1.3). Glutamate is considered to be the major excitatory
neurotransmitter of the central nervous system (CNS) (Danbolt 2001). Many other excitatory and

inhibitory neurotransmitters have been discovered over the years including acetylcholine,
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dopamine, serotonin, glycine, noraderenaline and gamma-aminobutyric acid (GABA) and all
have well characterised effects (Nicoll et al. 1990). Development of the glutamate-derivative
synthetic n-methyl-d-aspartate (NMDA) led to the NMDA and non-NMDA initial classification
of glutamate receptors (Davies et al. 1979). The non-NMDA group was then divided into the
kainate (Davies et al. 1979) and alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) subtypes (Honore et al. 1981). Most recently, D-serine was shown to modulate a

subgroup of glutamate receptors, the delta receptors (Naur et al. 2007; Hansen et al. 2009).

Neurotransmitter release ultimately results in morphological remodelling of the synapse
to alter the strength of the connection in response to activity. Hebbian theory aims to describe
neurological changes associated with learning. It is often summarised by ‘cells that fire together
wire together’ (Hebb 1949) and forms the basis of the modern view of a plastic synapse i.e. the
ability of the synapse to alter its strength, in an activity dependant manner (Martin et al. 2000).
Synaptic plasticity resulting in an increase in synaptic strength through high frequency
stimulation is known as long term potentiation (LTP) (Bliss et al. 1973). LTP has been
extensively studied in vitro in CAl hippocampal pyramidal cells, where long-lasting
morphological changes, resulting from molecular processes outlined below, have been observed

(Malenka et al. 1999).

1.1.5 Long term potentiation (LTP)

In CA1 hippocampal pyramidal cells, LTP requires the activation of NMDA receptors. At
low levels of neuronal activity NMDA receptors contain a Mg?* plug that blocks the ion channel
(figure 1.3). When a nerve impulse (or wave of depolarisation) sweeps down the axon into the
pre-synaptic terminal it triggers the release of glutamate into the synaptic cleft (Meldrum 2000).
Glutamate activates many pre- and post-synaptically located receptors including the post-synaptic
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, where glutamate
binding causes conformational changes to open their ion channels. An influx of Na** ions then

ensues, causing the depolarisation of the post-synaptic membrane and release of the NMDA
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receptor Mg?* plug. The NMDA receptor GIuN2 subunits bind glutamate, but receptor activation
is further potentiated by the ability of the GIuN1 and GIuN3 subunits to bind glycine (Johnson et
al. 1987; Furukawa et al. 2005). An increased influx of Ca®* ions through NMDA receptors then
initiates a complex array of downstream signalling pathways including AMPA receptor
phosphorylation and receptor trafficking (Berridge et al. 2003). The influx of Ca®* ions also
initiates the transcription of a vast number of genes and has been shown to increase cCAMP
response element-binding protein (CREB) activity which regulates the transcription of multiple
genes containing the CRE consensus sequence in their promoter region (Lonze et al. 2002).
Calcium also induces transcription of immediate early genes (IEGs), for example the neuronal

activity dependant protein (NARP) (also known as neuronal pentraxin 2, NP2) which potentially

AMPA NMDA VGCC Adhesion mGIuR
receptor receptor protein

acts to cluster AMPA receptors (O'Brien et al. 1999) (discussed in section 1.5).

EXCITATORY SYNAPSE

AXON

synaptic cleft
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- @ Glycine
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Figure 1.3 Excitatory synaptic transmission.

Schematic representation of an excitatory synaptic connection to depict a select number of cellular processes occurring as a
result of long term potentiation (LTP). Release of glutamate from pre-synaptic compartment triggers activation of AMPA
receptors on the post synaptic membrane causing an influx of Na™ ions. This depolarises the post synaptic compartment
enabling the release of NMDA’s Mg™ plug. An influx of calcium ions ensues which have many downstream effects
including an increase in AMPA receptor trafficking,
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1.1.6 AMPA receptor trafficking in LTP

AMPA receptor synthesis, subunit assembly and trafficking mechanisms have been
closely dissected to reveal important key events. The AMPA receptors are synthesised and
assembled in the endoplasmic reticulum (ER). Exit from the ER is dependent on the subunit
composition and ribonucleic acid (RNA) processing. Importantly for this discussion, AMPA
receptor trafficking is implicated in LTP (Malinow et al. 2002) where its movements into the PSD

leads to an increase in synaptic strength.

Mobile pools of AMPA receptors diffuse laterally in and out of the synapse by Brownian
motion and can be recycled via clathrin-dependant endocytosis and exocytosis at distinct regions/
zones (Petrini et al. 2009). LTP results in the synaptic recruitment of AMPA receptors from
extra-synaptic and intracellular pools (figure 1.3) (Hayashi et al. 2000; Malinow and Malenka
2002; Kessels et al. 2009) and this facilitates rapid receptor trafficking, enabling a non de novo
transcriptional response to synaptic activity. AMPA receptors are then anchored at the synapse by
their intracellular interactions with PSD scaffolding proteins such as glutamate receptor-
interacting protein (GRIP) and protein interacting with C-kinase (PICK) as well as through
interactions with auxiliary proteins such as transmembrane AMPA regulatory protein-2 (TARP2)

(discussed in section 1.6.2) to PSD-95.

AMPA receptor phosphorylation, specifically an increased phosphorylation of the GIuAl
subunit, is also involved in the activity-dependant remodelling that occurs in LTP (Lee et al.
2000). A knock-out (KO) mouse model demonstrated that the presence of the AMPA receptor
subunit GIuAl is vital for LTP to occur in the hippocampus (Zamanillo et al. 1999). The GIuAl
subunit contains several phosphorylation sites at its intracellular C-termini. GIuAl
phosphorylation by protein kinase A (PKA) and protein kinase C (PKC) was mapped to residue
S845 and S831 respectively (Roche et al. 1996) and phosphorylation at S845 is postulated to
cause AMPA receptor trafficking to extra-synaptic locations, ready for insertion into the synaptic

PSD (Oh et al. 2006). Phosphorylation of GIuAl also enhances binding to an actin localisation
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protein termed 4.1N, which enables the receptors to be inserted into the membrane (Lin et al.

2009).

1.1.7 Long term depression (LTD)

A decrease in synaptic strength induced by prolonged repetitive stimulation is a
phenomenon known as long-term depression (LTD). Mechanisms of LTD are still not fully
understood but are thought to involve the endocytosis of receptors (Collingridge et al. 2004),
because inhibition of AMPA receptor endocytosis was shown to prevent LTD (Luscher et al.
1999). In LTD, an increase in intracellular calcium levels activates the calcium sensor hippocalcin
which then binds to the adaptor protein complex 2 (AP-2) causing its translocation to the plasma
membrane. AP-2 interacts with AMPA receptors and recruits clathrin, resulting in AMPA
receptor internalisation into clathrin coated vesicles (Palmer et al. 2005). The influx of calcium
also triggers the phosphorylation of the AMPA receptor GIUA2 subunit by PKC at residue S880
which affects its binding to the domain present in PSD-95, Dlg, and Z0O-1/2 (PDZ) -containing

proteins GRIP1 and PICK1, resulting in AMPA receptor internalisation (Hee Jung et al. 2000).

In NMDA-independent forms of LTD, activation of pre- and post-synaptic metabotropic
glutamate receptors (mGIuRs) triggers a cascade of intracellular biochemical events to modulate
synaptic activity (Ozawa et al. 1998). The mGIuRs are members of the G-protein-coupled
receptor (GPCR) family of proteins and their activity results in the phospholipase C (PLC)
controlled release of calcium from intracellular stores. This mGluR-associated release of calcium
has been stated to result in the activation of tumor necrosis factor-o converting enzyme (TACE)
(a matrix metallo-protease (MMP)) that has been postulated to cleave pre-synaptically attached

neuronal pentraxin receptor (NPR) and results in AMPA receptor endocytosis (Cho et al. 2008).

1.1.8 Negative effects of synaptic alterations

Alterations and deficiencies in synaptic signalling components are involved in a vast

number of neurological disorders. In fragile X syndrome, synapses appear unable to mature from

8
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filopodia (Fiala et al. 2002) potentially as a result of a mutation in Fragile X mental retardation
protein (FMRP) which is thought to be involved in mRNA transport and synaptic development
(Bassell et al. 2008). Synaptic morphological changes, resulting in cognitive and motor decline,
occur in neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease and
amyotrophic lateral sclerosis (ALS) (Bossy-Wetzel et al. 2004; Kessels and Malinow 2009). An
increase in surface expression of synaptic receptors involved in LTP is also observed in addiction

(Wolf et al. 2004).

Diseases implicating AMPA receptors often actually result from dysregulation of proteins
involved in AMPA receptor trafficking, synaptic surface expression and intracellular signalling
mechanisms, which act to impair or enhance receptor signalling, rather than from mutations in the
AMPA receptor themselves. In AD, soluble amyloid Beta (Af) protein was shown to impair
AMPA receptor trafficking mechanisms, resulting in a reduction of synaptic AMPA receptor
levels that is implicated in the AD-associated spine loss and subsequent neurodegeneration (Ting
et al. 2007; Henley et al. 2011). Transmembrane AMPA receptor interacting proteins (TARPS),
involved in the control of AMPA receptor synaptic surface expression and intracellular signalling,
have also been associated with schizophrenia. TARPs modulate AMPA receptors by several
methods (discussed in Chapter 1, section 1.6.2). They bind to the intracellular C-terminal of
AMPA receptors, anchoring them to the synapse by bridging an interaction to PSD-95 protein.
They also modulate AMPA receptor gating mechanisms to slow recovery from desensitization
(Cho et al. 2007). Using in-situ hybridization analysis of brain sections from schizophrenic
patients at post-mortem, led to the observation that TARP2 mRNA levels were increased in the
dorsolateral prefrontal cortex and was postulated to be the cause of the AMPA receptor
dysregulation associated with schizophrenia (Beneyto et al. 2006). It is rapidly becoming
apparent that pathological changes in cellular signalling pathways, which are implicated in
synaptic plasticity, form the basis of many neurological conditions. Therefore unravelling the

complex web of signalling mechanisms is of huge medical importance.
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1.2 The iGluRs

1.2.1 Overview

Receptors for glutamate can be broadly categorised into two groups; ionotropic (iGIuR)
and metabotropic (mGIUR). The iGIuRs were classified according to the synthetic agonist that
they were first found to bind and are referred to as AMPA, NMDA, kainate and delta receptors
(figure 1.4A). The iGluRs are ligand-gated ion channels that bind the neurotransmitter glutamate.
All iGIuR subunits share a common domain organisation consisting of an extracellular amino
terminal domain (ATD) and ligand-binding core/domain (LBC/LBD) as well as a transmembrane

region and an intracellular C-terminus (figure 1.4B).

A

This figure has been removed due to
copyright restrictions

Figure 1.4 iGluR nomenclature.
A) This figure has been removed due to copyright restrictions.

B) Conserved iGluR domain organisation including amino terminal domain (ATD), ligand binding core (LBC) and
transmembrane domain containing helices termed M1, 2, 3 & 4 (where M2 forms the receptor pore), each subunit also
contains an intracellular C-terminal.

1.2.2  Origins of the iGIuRs

Eukaryotic iGIuRs have a highly conserved modular domain organisation, suggesting a
common evolutionary ancestral path, postulated to have formed from the fusion of three separate
genetically dissimilar gene segments (Mayer 2006). Phylogenetic analysis demonstrates that the

iGIuRs are an evolutionarily ancient class of proteins, predating the plant-animal divergence.
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Glutamate-like receptors (GLRs) are present in plants (Lam et al. 1998) and contain the
distinctive LBC and transmembrane domains. The functionally important pore-forming portion of
the plant GLR transmembrane domain contains the highest sequence conservation to vertebrate
iGIuRs (Chiu et al. 1999). An iGIuR receptor (termed AvGIUR) has been identified in the ancient
eukaryote Adineta vaga whose sequence alignment predicts a similar domain organisation to
higher order eukaryotic iGIuRs and the protein is thought to be an evolutionary link between
prokaryotic and eukaryotic glutamate receptors (Janovjak et al. 2011). Recent structural analysis
of the AvGIuR LBD shows that it binds glutamate in the same conformation as eukaryotic LBDs,

but like prokaryotic LBDs, it can also bind other amino acids (Lomash et al. 2013).

Eukaryotic iGIUR ATDs show fold homology to bacterial leucine/isoleucine/valine-
binding proteins (LIVBP) (figure 1.5) which are involved in the active transport of sugars and
amino acids (Amanuma et al. 1974). The ATD has a clam-shell fold that contains two lobes
(termed D1 and D2) with a central B-sheet surrounded by a-helices and forms a dimer in solution.
The LBD is much smaller than the ATD and shows homology to bacterial potassium channels
(Chen et al. 1999). The LBD is formed by two unconnected polypeptide chains termed S1 and S2
and like the ATD has a clam-shell topology also with two lobes (D1 and D2). The LBD is
responsible for binding glutamate and has a flexible hinge region which acts to pull apart the
transmembrane region, allowing the iGIuR channel to open and close (Armstrong et al. 2000).
Finally the transmembrane domain of each AMPA receptor subunit comprises four hydrophobic
helices termed M1-4 (I-1V) with the M2 portion forming a central pore-like helix (figure 1.4) and
shows sequence homology to an inverted form of the bacterial potassium channels (Panchenko et

al. 2001; Kuner et al. 2003).
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Figure 1.5 Structural homology conservation.

A) AMPA receptor GluA2 ATD (PBD entry 2WJW) and B) bacterial leucine isoleucine valine binding protein (LIVBP)
(PDB entry 1Z17). Diagrams were generated using PDBsum (http://www.ebi.ac.uk/pdbsum/) to highlight overall fold
conservation.

1.2.3 The iGluRs in the developing brain

During development neurons migrate, form branches (aborizations) and then go on to
make synaptic connections that are tightly regulated by neuronal activity. In early embryonic
stages of development NMDA receptors are expressed but are silent because the AMPA receptors
present are non-functional, impeding the membrane depolarisation required for release of the

NMDA Mg?** channel plug (Ben-Ari et al. 1997).

AMPA receptor subunits contain alternative splice variations and RNA editing sites. The
flip/flop variants are created by alternative splicing of an interchangeable exon in a 115bp region
preceding the fourth transmembrane helix (M4) (figure 1.6) (Sommer et al. 1990). A higher level
of GIuA2 flip, associated with slower receptor desensitisation kinetics, is observed before birth
while in adults, levels of the flop form (whose kinetics are much faster) become dominant (Seifert
et al. 2000). A codon switch, controlled by intronic elements, edits an R/G site preceding the
flip/flop variable region (figure 1.6) and results in faster AMPA receptor recovery following
desensitization (Lomeli et al. 1994). Finally the Q/R RNA editing site is responsible for

controlling calcium permeability in the GIuA2 subunit (figure 1.6) (Swanson et al. 1997).
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1.3 The AMPA receptor

1.3.1 Overview

The AMPA receptors are responsible for mediating the majority of fast excitatory
neurotransmission in the CNS (Ozawa 1996). AMPA receptors contain combinations of four
subunits termed GluA1-4 (Collingridge et al. 2009) (previously termed GIluR1-4). These subunits

exist in hetero-tetrameric, dimer of dimers assemblies, encoded for by four genes; GRIA1-4.

AMPA receptors have been linked to several disease states. The flip/flop region been
implicated in ALS, a form of motor neuron disease associated with a weakening of muscle,
eventually leading to death. ALS may be caused by a variety of genetic mutations but patients
suffering from this disease have an abundance of the flip variant (Tomiyama et al. 2002). Flip-
form AMPA receptors have lower desensitisation Kkinetics resulting in glutamatergic
excitotoxicity-associated motor neuron death. The GIuA2 subunit is responsible for rendering the
AMPA receptor impermeable to calcium by its glutamine to arginine (Q/R) editing site. The
positively charged arginine prevents calcium ions from passing through the receptor’s pore. In
cases of epilepsy and forebrain ischemia, GIuA2 mRNA is down-regulated causing an increased

expression of AMPA receptors that are permeable to calcium and thus enhances excitotoxicity.

1.3.2 AMPA receptor subunit organisation

Sequence alignment of GluA1-4 (figure 1.6) demonstrates that regions of both high and
low sequence conservation are present across subunits. The transmembrane domains are the most
conserved regions, whereas highest levels of variability are observed in the ATD and intracellular
C-terminal. The intracellular C-terminal is involved in AMPA receptor subunit-specific protein-
protein interactions (Ayalon et al. 2001). Each subunits C-terminal is also differentially
phosphorylated and interacts with a host of PSD proteins (Santos et al. 2009). The ATD is
postulated to have a role in subunit-specific receptor assembly and trafficking (Jin et al. 2009;

Sukumaran et al. 2011), where the sequence divergence enables subunit-specific protein-protein

13



Chapter 1 General Introduction

interactions to occur (Ayalon and Stern-Bach 2001). Truncations of the ATD have no effect on
channel conductance, since AMPA receptors lacking their ATDs were shown to gate normally
(Pasternack et al. 2002). Despite homology with proteins known to bind small molecules at the
ATD inter-domain cleft between D1 and D2, at the time this research commenced there were no
published data describing the AMPA receptor ATDs in such an interaction. AMPA receptor
ATDs are involved in interactions with the neuronal pentraxins, postulated to cause receptor
clustering (O'Brien et al. 1999; O'Brien et al. 2002; Sia et al. 2007; Chang et al. 2010). Clustering
of AMPA receptor by neuronal pentraxins was shown to be impeded in ATD truncated AMPA

receptors (O'Brien et al. 1999; Sia et al. 2007) (discussed in Chapter 4).
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Figure 1.6 AMPA receptor subunits GluA1-4 alignment.

Rat GluA1-4 alignment generated in Multalin (http://multalin.toulouse.inra.fr/multalin/). Includes notations from SignalP
(http://www.cbs.dtu.dk/services/SignalP/) for a predicted secretion signal. HHPred
(http://toolkit.tuebingen.mpg.de/hhpred) domain predictions for ATD, LBD and TM regions. Additional trans-membrane
domains prediction (based on TMHMM Server v. 2.0 http://www.cbs.dtu.dk/services/ TMHMMY/). N-linked glycoslyation
sites are indicated by yellow hexagons (yellow/black when subunit specific) as predicted by NetNGlyc
(http://www.cbs.dtu.dk/services/NetNGlyc/). Pink hexagons indicate palmitoylation sites (Hayashi er a/ 2005). The
GluA2 specific editing site (Q/R) also indicated (black triangle).

1.3.3 Structural information timeline

When this research project began, only the structure of the AMPA receptor LBC was
known. There are now more than 40 GIuA2 LBC structures deposited in the protein database
(PDB) either in complex with the neurotransmitter glutamate, or with other agonist or antagonist
ligands. These structures give atomic resolution knowledge to explain how the LBC controls
AMPA receptor gating. A tight association of the LBC top lobes (D1-D1) form a dimer and
disruption of inter-dimer salt bridges and hydrogen bonds of the D1 lobe result in rapid AMPA
receptor desensitization (Horning et al. 2004). The range of domain closure upon ligand binding
is attributed to the flexibility in the D2 lobes and differentially effects the receptor responses
(Mayer 2006). The LBC is involved in protein-protein interactions with cystine-knot AMPA

receptor modulating protein-44 (CKAMP44) (Von Engelhardt et al. 2010) and TARPs (Tomita et
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al. 2003) (discussed in Chapter 5). These auxiliary proteins act to modulate the channel

conductance, but there is currently no structural evidence to show how this occurs.

As already eluded to, the AMPA receptor ATD was structurally uncharacterised when
this project was in its infancy, therefore crystallization of the GluA2 ATD was attempted and
proved successful (Clayton et al. 2009) (results of which can be found detailed in Chapter 3).
Since then, the structures for all AMPA receptor ATDs have been solved (GIuAl (Yao et al.
2011), GIuA3 (Sukumaran et al. 2011) and GluA4 (Dutta et al. 2012), a comparative analysis of
which can be found in the discussion section of Chapter 3. Following the publication of the
GIluA2 ATD structure detailed in Chapter 3, the full length homo-tetrameric rat GIuA2 was
solved to 3.6 A (Sobolevsky et al. 2009) (figure 1.7). The protein was shown to be functionally
active with gating properties similar to the wild type (WT) protein but may not be physiological
because AMPA receptors do not typically form homo-tetramers (Greger et al. 2007). The
structure confirms years of analysis of isolated individual receptor components and enables a vast
amount of data to be interpreted, including how receptor desensitisation is caused by a disruption
of the LBC D1-D1 interface that results in a rigid body rotation to a closed conformation
(Sobolevsky et al. 2009). An unexpected feature was the proteins’ mismatched 2- to 4-fold
symmetry caused by an ATD ‘domain swap’, the authors postulating that this subunit crossover
increases receptor stability in vivo. Extensive subunit-subunit interactions were also observed in
the transmembrane domain which confirms the previous observation that the M4 helix is involved

in receptor assembly (Wollmuth et al. 2004).
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Figure 1.7 Structural analysis of the AMPA receptor GluA2 homotetramer.

A) Cartoon rendering of the GluA2 homo-tetramer with the four chains (subunits) individually coloured (pink, yellow, blue
and green) including schematic “top-down’” view to highlight the mismatch in symmetry caused by the ATD. For example in
the LBC region the pink and blue chains form a dimer whereas in the ATD the pink and the yellow chains form a dimer. B)
Single GluA2 subunit rendered in cartoon format with rainbow colouring from N-terminal (blue) to C-terminal (red) to
highlight convoluted chain organisation through the molecule. This figure was generated in PyMOL (DeLano, 2002) using
PDB ID 3K G2 (Sobolevsky et al, 2009).

1.3.4 Examples of structural information aiding medical intervention

Ampakines are a class of cognitive enhancement drugs (nootropic agents) which act as
positive allosteric modulators of AMPA receptors to enhance glutamatergic synaptic transmission
(Lynch 2006). Their ability to induce LTP without triggering seizures (Staubli et al. 1994) has
made them a potential drug target for treating neurodegenerative and psychiatric diseases.
Aniracetam was one of the first ampakine compounds noted for its ability to reversibly enhance
excitatory post-synaptic potentials (EPSPs) (Ito et al. 1990), although its binding efficiency was
considered to be relatively weak (5mM) (Tang et al. 1991) . Many other structurally-related
benzamide compounds have since been developed e.g. CX614 (Cortex Pharmaceuticals) (Arai et
al. 2000). Protein structures solved using X-ray crystallography have provided a detailed
understanding of how ampakines interact with AMPA receptors to stabilise the LBC clamshell in

the closed (glutamate bound) conformation, slowing receptor desensitisation kinetics (Jin et al.
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2005). Structural information can therefore enable target compounds to be modified to improve

their binding specificity and drug potency and reduce side effects (Jin et al. 2005).

Structural information can also give insights into how disease states involving AMPA
receptor mutations manifest at the protein level. The Online Mendelian Inheritance in Man
(OMIM) database found at http://www.ncbi.nlm.nih.gov/omim provides information on all
currently known genetic phenotypes. In one case X-linked mental retardation was linked to the
AMPA receptor subunit GIuA3, where several missense variants produced the mutations; G833R
(causing rapid degradation of abnormally folded protein), R631S and M706T (which both altered
desensitization kinetics) (Wu et al. 2007). Sequence alignment and structural-guided analysis
using the solved GIuA2 homotetramer (Sobolevsky et al. 2009) can reveal how these mutations
might impact receptor function. Of the mutants which affect the receptors desensitisation kinetics,
the R631S mutation would reside in the transmembrane M2 re-entrant loop and M706T would be
found within the S2 domain of the LBC (located at R613 and M688 respectively in figure 1.6).
Both of these mutants were stated to cause faster desensitization and deactivation kinetics (Wu et

al. 2007).

Another de novo mutation has been described for the GIuAL subunit at A636T (de Ligt et
al. 2012) which can be mapped to the transmembrane M3 pore-lining helix. An M3 mutation was
also discovered during analysis conducted at the Wellcome Trust Centre for Human Genetics
(WTCHG). Here a GIuA3 (A653T) mutation (A635 in M3 figure 1.6) was found in twin brothers
with mental retardation and sleep-wake cycle deficits (unpublished data). Sequence alignment
suggests that these M3 mutations align to the region where the well-studied Lurcher mouse delta
(iGIUR) receptor mutation occurs (Zuo et al. 1997) (aligned to A636 in M3 figure 1.6).
Heterozygous Lurcher mice display ataxia due to a gain of function where high inwardly
rectifying membrane conductance results in apoptotic neural death and neurodegeneration (Zuo et

al. 1997).
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Finally, a small subset of patients with epilepsy and ataxia display autoimmunity to a host
of synaptic proteins (Irani et al. 2011) and in certain types of epilepsy, autoantibodies specific to
iGIuRs are routinely screened for as a probable cause of this debilitating disease (Irani et al.
2011). Clinical cases implicating iGIuR receptor mutations present an exciting opportunity to use
structural analysis to understand clinical phenotypes. It is anticipated that observed phenotypes
may be directly explained by alterations to receptor gating properties so hopefully, in the near
future, structural-guided research will routinely enable medicinal control of protein dysregulation

to prevent or reduce disease states.

1.4 AMPA receptor interacting proteins

1.4.1  An overview

AMPA receptor complexes have emerged as a field of interest in their own right since the full
length GIuA2 homo-tetrameric structure was solved (Sobolevsky et al. 2009). The view of what
exactly constitutes a physiological AMPA receptor is rapidly evolving, as the tetrameric core
forming the actual ion channel seems merely to represent the central component of a larger supra-
molecular assembly (Rouach et al. 2005; Von Engelhardt et al. 2010; Schwenk et al. 2012;
Shanks et al. 2012). Multiple protein partners are thought to surround and modulate this core
(depicted in figure 1.8) but the stoichiometry, structural arrangement and functional consequences
of such interactions are yet to be fully defined. In this thesis, research focused on several such
molecules, putative interactors of the 700 amino-acid AMPA receptor extracellular region these
being the neuronal pentraxins, CKAMP44, TARP2 (also known as Stargazin) and (brain-specific
chordin-like protein) Brorin (discussed in sections 1.5 and 1.6). Recent research has also
identified a host of other putative AMPA receptor-interacting proteins (Schwenk et al. 2012;

Shanks et al. 2012), that will only be briefly described here.
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Figure 1.8 Deciphering the AMPA receptor interactome.

Schematic representation of an AMPA receptor (based on structure published by Sobolevsky ef al, 2004) surrounded by a
host of auxiliary proteins. The AMPA receptor is known to interact with the membrane attached protein TARP2 (green) and
CKAMP44 (purple). The AMPA receptor is also known to interact with other proteins such as the neuronal pentraxins (pink)
and are postulated to interact with a host of other proteins including Brorin (blue) and N-cadherin (orange) and potentially a
number of unknowns.

1.5 The neuronal pentraxins

1.5.1 The pentraxin family

Pentraxins can be divided into two groups simply termed long and short, which identifies
the presence or absence of an N-terminal extension. The short pentraxins form multimeric peptide
chains of pentraxin (PTX) domains which contains the ‘pentraxin motif> HXCxS/TWxS where x
is any amino acid (figure 1.9) (Garlanda et al. 2005) and the long pentraxins contain a PTX
domain and an additional N-terminal region. Both types of pentraxin are involved in innate
immunity, recognising ‘non-self’ to mark target cells for phagocytosis and degradation (Lu et al.
2008). The pentraxin family of proteins are evolutionarily conserved and have been found in the
phylogenetically ancient horseshoe crab Limulus polyphemus (Shrive et al. 1999). The first innate
immunity receptor identified was the short pentraxin C-reactive protein (CRP) where its
pentameric arrangement (that gave the protein its name) was revealed by negative stain electron
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microscopy (EM) (Osmand et al. 1977). The first pentraxin crystal structure solved was of
another short pentraxin, serum amyloid P (SAP) and this also had a pentameric arrangement
(Emsley et al. 1994). Since then, other SAP crystal structures have revealed that pentraxins can
form higher order oligomers, such as octamers (Shrive et al. 1999). The pentraxin C-terminal
PTX domain is known to bind to carbohydrates in a calcium-dependant manner (Garlanda et al.
2005), whereas the N-terminal region of all long pentraxins remains structurally and functionally

uncharacterised.

1.5.2 Neuronal pentraxins

The neuronal pentraxins are long pentraxins and are selectively expressed in various
regions of the brain as well as the testis (Hsu et al. 1995). The neuronal pentraxins are implicated
in the developing visual system. Neuronal pentraxin KO mice show impaired visual development,
where elimination and eye-specific pruning of synapses in the dorsal lateral geniculate nucleus
(dLGN) were found to be greatly reduced (Bjartmar et al. 2006). There are three known neuronal
pentraxins, neuronal pentraxin 1 (NP1), neuronal pentraxin 2 (NP2) (also known as NARP) and
neuronal pentraxin receptor (NPR). NP1 is secreted and stated to be constitutively expressed
(Schlimgen et al. 1995) while NP2 is a secreted immediate-early response gene (IEG) exhibiting
activity-regulated expression (Hsu and Perin 1995). NPR is N-terminally membrane attached and
contains a predicted protease cleavage site, enabling release of a secreted form (Dodds et al.

1997).

The neuronal pentraxins are predicted to contain two N-terminally located coiled-coil
domains, stated to have a role in self multimerization, either as homo- or hetero-complexes
(Dodds et al. 1997; Kirkpatrick et al. 2000; Xu et al. 2003). Neuronal pentraxins are also
predicted to contain a C-terminal globular PTX domain which has a ‘jelly-roll’ topology (Emsley
et al. 1994; Shrive et al. 1999) with NPR containing a single residue alteration in its ‘pentraxin
motif’ region (figure 1.9). Solved pentraxin crystal structures confirm that each PTX domain

contains a binding site for two calcium ions, binding of which is required for the pentraxins to act
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as lectins and bind carbohydrates (Kilpatrick 2002). The neuronal pentraxins are known to share
the calcium-dependant lectin properties (Tsui et al. 1996) and alignment of neuronal pentraxin
sequences to solved pentraxin structure sequences shows that the calcium co-ordinating residues

are conserved (figure 1.9).
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Figure 1.9 Pentraxin sequence alignment.

A) Alignment of HHomo sapiens pentraxins to highlight pentraxin domain (PTX) conservation. PTX domain (orange boxes)
with conserved pentraxin motif HxCxS/TWxS (blue underlined) are indicated. Conserved calcium co-ordination residues
arc indicated by orange hexagons. B) Scores table for PTX sequence homology calculated using
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) ClustalW2 shows the pair-wise scores calculated for every pair of aligned
sequences i.e. the number of identities between the two sequences, divided by the length of the alignment, and represented as
apercentage. Values higher than 50% are shown in pink, lower ones shown in blue.
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1.5.3 Interactions of AMPA receptors with neuronal pentraxins

The neuronal pentraxins are stated to co-localise with and cluster AMPA receptors
(O'Brien et al. 2002; Sia et al. 2007). This clustering was shown to induce synapse formation by
accumulating AMPA receptors at the synapse (O'Brien et al. 1999). Some experimental data
suggest that receptor clustering requires the AMPA subunit GIUA2 to interact with NP2 (O'Brien
et al. 1999), whilst other research states that all AMPA subunits interact with all neuronal
pentraxins. The strongest interaction deduced by the co-localisation of pentraxins and AMPA
receptors at synaptic contacts in artificial synapses was shown to occur between GluA4 and NP1
(Sia et al. 2007). Research has also shown that receptor clustering requires the presence of the
AMPA receptor ATD, where AMPA receptors formed from GIluA4 subunits lacking the ATD
were not recruited to artificial or endogenous neuronal synapses (Sia et al. 2007). The
mechanisms by which these proteins interact are yet to be structurally or biophysically

characterised.

1.5.4 Disease/disorders implicating the neuronal pentraxins

The neuronal pentraxins have been investigated in a diverse number of systems and a
multitude of phenotypes have emerged which link these proteins to diseases and disorder states,

some of which are briefly described below.

NP2 is implicated in regulation of the circadian clock where over-expression of NP2
protein blocked the melatonin-induced sleep promotion in live zebrafish larvae (Appelbaum et al.
2010). In another study, post-mortem brain sections from narcoleptic patients had an 90%
decrease in NP2 positive neurons in areas of the hypothalamus associated with narcolepsy

(Blouin et al. 2005). Both studies concur that changes in NP2 levels may affect sleep patterns.

The neuronal pentraxins are also potential targets in the treatment of Alzheimer’s disease
where accumulation of amyloid-B, associated with neuronal cell death, occurs in the brain. An

increased level of NP1 was observed in cortical neurons grown in the presence of amyloid-p and
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preceded cell apoptosis and neuronal cell death. Promisingly, NP1 gene silencing by RNA
interference (RNAI) was shown to prevent this synaptic loss (Abad et al. 2006). NPR is also a
potential biomarker for neurodegenerative disease because NPR levels are increased in the

cerebral spinal fluid (CSF) of patients with Alzheimer’s disease (Yin et al. 2009).

The neuronal pentraxins have been implicated in certain types of drug addiction. When
NP1 and NP2 KO mice were given cocaine, they developed more of a preference for the location
where the drug was administered than WT animals. This conditioned place preference was
distinct from that observed for NPR. But important to note is the fact that these mice spent a
reduced amount of time at the centre of a novel environment, which may indicate that the place
preference for the known environment may have been anxiety mediated (Pacchioni et al. 2009).
NP2 protein levels are also increased in the amygdala following opiate withdrawal, implying that
neuronal pentraxins may be associated with molecular adaptations involving AMPA receptors,

that result in long lasting behavioural changes (Reti et al. 2003).

Research has also shown that inhibition of NP1 may reduce pain sensitivity in rostral
ventromedial medulla (Zapata et al. 2012). Peripheral nerve injury can cause an increased firing
of excitatory receptors and result in hypersensitivity to pain. AMPA receptors have a known
involvement in this hypersensitivity because AMPA receptor blockade has been shown to reduce
this type of pain. Finally, recently published data suggests a potential association of NP2 with
mood disorders. Single nucleotide polymorphisms (SNP) linkage association markers linked NP2

to suicide attempt and major depression disorder (Strauss et al. 2012).

1.5.5 Neuronal pentraxins at parvalbumin-expressing interneurons (PV-INs)

Neuronal pentraxins are enriched at a class of GABAergic inhibitory neurons termed the
parvalbumin-expressing interneurons (PV-INs) (Chang et al. 2010). PV-INs are coated in a
specialised extracellular matrix termed the perineuronal net (PNN). In the 1880s, Golgi first

described an extracellular pericellular net surrounding a select number of neuronal cells and noted
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its ability to impede the spread of neural currents (Celio et al. 1994). Scientific curiosity in these
structures diminished when it was thought that this mesh formed as a by-product of Golgi’s
‘black reaction’ cell-staining technique. Interest in these honeycomb structures, now widely
referred to as PNNSs, was reignited when lectins were found to bind to them, establishing that
PNNs are real and contain negatively charged proteoglycans (PGs) such as chondroitin sulphate
proteoglycans (CSPGs) and heparan sulphate proteoglycans (HSPGs) as well as glycoproteins
(Celio and Blimcke 1994). As already stated the neuronal pentraxins bind to carbohydrates in a
calcium dependant manner, it is therefore perhaps unsurprising that the neuronal pentraxins have

been shown to bind to the PNN (Chang et al. 2010).

1.5.6 The neuronal pentraxins in learning and memory

Research aiming to unravel the complexities of learning and memory is motivated by the
observation of critical periods or ‘windows of learning’ that occur during development. These
critical periods were noted to be reduced around the time that PNNs appear around PV-INs and
dissolving PNNs was stated to improve memory (Kwok et al. 2011). For PV-INs to dampen
excitation through release of GABA, they must be activated through an excitatory pathway. The
neuronal pentraxins were shown to localise to excitatory inputs on PV-INs, and AMPA receptors
were shown to localise to, but not directly interact with PNNs (Chang et al. 2010). In the NARP
KO mouse model, the net excitatory drive onto these inhibitory synapses is reduced, resulting in

hyper-excitability in the developing visual system (Gu et al. 2013).
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1.6 Other AMPA receptor interactions

1.6.1 Cystine-knot AMPA receptor modulating protein 44 (CKAMP44)

CKAMP44 was identified as a novel AMPA receptor-associating protein by immuno-
precipitation of AMPA receptor complexes (Von Engelhardt et al. 2010). This brain specific 44
kilodalton (kDa) (424 amino acid) protein consists of an intracellular region with a PDZ-like
motif, a single-pass trans-membrane domain and an extracellular N-terminal region predicted to
contain a cystine (cys)-knot (Von Engelhardt et al. 2010). Homologues of the CKAMP44 (sisha
homolog 9) gene show its conservation in chimpanzee, mouse, chicken, and zebrafish. The
structurally undefined cys-knot region shows a cysteine pattern with homology to a fish-hunting
snail neurotoxin termed con-ikot-ikot that is known to block AMPA receptor desensitisation

(Walker et al. 2009; Von Engelhardt et al. 2010).

Recent studies show that over-expression of CKAMP44 accelerates AMPA receptor
desensitisation and slows recovery rates after desensitisation (figure 1.10). The authors postulate
that the slow recovery is due to CKAMP44 holding the AMPA receptor LBC cleft in a closed
conformation (Von Engelhardt et al. 2010). Contrary to this, the con-ikot -ikot neurotoxin blocks
desensitisation by mechanisms predicted to involve locking the LBC in an open conformation

(Walker et al. 2009).

1.6.2 Transmembrane AMPA receptor regulatory protein-2 (TARP2/ Stargazin)

Lateral movement of AMPA receptors into synaptic density is modulated by TARPs
(Straub et al. 2012). The TARP family of proteins are split into two classes (based on differences
in their PDZ binding motifs), class | (y-2 (TARP2, stargazin) y-3, y-4, and y-8) and class Il (y-5
and y-7) (Tomita et al. 2003; Kato et al. 2007), and have varied effects on AMPA receptors (Kato
et al. 2008). The TARP2 protein was initially named Stargazin after a phenotype in the A/J in-

bred strain of mouse Stargazer which lacks the prototypical TARP Stargazin (Noebels et al.
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1990). The mouse has an epileptic phenotype as well as a tendency to gaze upwards for several

seconds, this vertical elevation of the head giving the mouse strain its name.

1.6.2.1 TARP involvement in AMPA receptor trafficking

TARP2 was first postulated to interact with the AMPA receptor via its intracellular C-
terminal PDZ binding domain (Chen et al. 2000). TARP2 then binds directly to the PSD-95
protein, anchoring the receptor at the synapse (Schnell et al. 2002). Mature AMPA receptors
cannot reach the cell surface (in neuronal or glial cells) if a TARP is not present (Tomita et al.
2003). GluAl homo-tetramers in cells lacking TARPs have been shown to aggregate in the ER,
but their surface presentation is enhanced by co-expression with TARP2 (Vandenberghe et al.
2005). In the hippocampus, TARP y -8 was shown to modulate LTP by modulating cell surface

receptor number (Rouach et al. 2005).

1.6.2.2 The effect of TARPs on AMPA receptor gating

TARPs can also modulate AMPA receptor gating, acting to slow the receptors rate of
desensitisation (Cho et al. 2007) (figure 1.10). TARPs also increase GIuAls response to a
potentiator (Tomita et al. 2006), although the efficacy is TARP dependent (Korber et al. 2007,
Kott et al. 2007; Milstein et al. 2007). Modulation of AMPA receptors is controlled by the TARP
present and TARP expression patterns are strictly segregated, thus having dramatic effects on

systemic AMPA receptor activity (Tomita et al. 2003).

28



Chapter 1 General Introduction

This figure has been removed due to
copyright restrictions.

Figure 1.10 Modulation of AMPA receptor kinetics by auxiliary subunits CKAMP44 and TARP2.
This figure has been removed due to copyright restrictions.

1.6.3 Analysis of putative AMPA receptor interaction partners

Recent publications have identified several putative novel AMPA receptor-interacting
proteins by immuno-precipitation and mass spectrometry (Schwenk et al. 2012; Shanks et al.
2012). A novel interaction was claimed to occur between the AMPA receptor and the secreted
protein Brorin. Prior to these publications, the neuronal pentraxins were the only secreted proteins
known to interact with the AMPA receptor ectodomain and so another such interaction, with
unknown effects on AMPA receptors required investigating further. Literature on Brorin is quite
limited but upon its discovery in 2007 it was classified as a member of the chordin family of
proteins (Koike et al. 2007). Chordin domains (also known as von Willebrand factor type C
modules) are cysteine rich domains which typically contain 10 cysteine residues. Brorin was
found to be a bone morphogenic protein (BMP) antagonist (Miwa et al. 2009). BMPs are secreted
signalling molecules that are heavily involved in skeletal morphogenesis (Wan et al. 2005) and
embryonic development (Von Bubnoff et al. 2001). Brorin gene expression is predominant in the
brain and its ability to act as a promoter of neurogenesis was demonstrated in zebrafish
knockdown experiments which impaired neurodevelopment (Koike et al. 2007). The potential

physiological effects that Brorin may have on AMPA receptors are currently unknown.
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1.7 MDGAL1

This chapter has so far focussed on proteins expressed at excitatory synapses but one
must appreciate that excitatory neurotransmission is modulated by inhibitory synapses. Inhibitory
synaptic plasticity alters the excitatory/inhibitory balance and is postulated to have an important
role in neural circuit refinement involved in experience-dependent learning (Castillo et al. 2011).
A structurally uncharacterised protein known as meprin/A5-protein/PTPmu (MAM) domain-
containing glycosylphosphatidylinositol (GPI) anchor protein 1 (MDGAL) was recently proposed
to be the first identified negative regulator of inhibitory synapse formation. The mechanism of
which was shown to involve an interaction of MDGAL with neuroligin to inhibit the neurexin-
neuroligin trans-synaptic adhesion (Pettem et al. 2013), although the exact modes of action are

difficult to predict in the absence of a solved protein structure.

MDGA1 was originally implicated in tumour progression when it was noted that the
MDGAL1 gene (previously known as GPIM) was up-regulated in primary tumours of the lung,
colon, breast, uterus and stomach (De Juan et al. 2002). The MDGAL protein is tethered to the
cell membrane by a GPI anchor. Its extracellular region, predicted to be highly glycosylated,
contains a MAM domain and six immunoglobulin (Ig) domains, identifying it as a member of the

immunoglobulin superfamily (IgSF) (De Juan et al. 2002).

1.7.1 MDGAL in development

In chick development, MDGA1 was found to be up-regulated in spinal interneurons
(Litwack et al. 2004) and dorsal root ganglia (DRG) in spinal cord dorsal (D1) regions (Fujimura
et al. 2006). The MDGAL interaction with these axon rich regions was predicted to involve its

MAM domain (Fujimura et al. 2006).

MDGAL and its protein homologue MDGAZ2 are noted to have restricted expression

patterns throughout the CNS, and are postulated to have a role in neuronal cell migration

30



Chapter 1 General Introduction

(Litwack et al. 2004). In mice, MDGAL expression is detectable at postnatal stage PO, where
expression seems specific to the projection neurons of the cortical plate (CP) which later
differentiate into layers Il and 11l of the neocortex (Takeuchi et al. 2006). MDGA1 RNAI was
shown to prevent migration of neurons to the neocortical layers 11 and I11 (Takeuchi and O'Leary
2006). In another study MDGA1 deficient mice had no obvious phenotype but the radial
migration of neurons was delayed. At PO, MDGAL mutant neurons were undetectable in upper
cortical layers, but by P7, mutant cell migration was comparable to WT controls (Ishikawa et al.
2011). Analysis in vitro suggested that the motility of cells expressing MDGAL was increased
and prevented cells from binding to collagen IV present in the basal lamina layer (Diaz-Lopez et

al. 2010).

1.7.2 The neurexin- neuroligin interaction

During synaptogenesis post—synaptically located neuroligins mediate a trans-synaptic cell
adhesion with pre-synaptic neurexins (Song et al. 1999; Scheiffele et al. 2000) (figure 1.11A).
Neuroligins are type | transmembrane proteins with large ectodomains that contain a
cholinesterase-like domain that is responsible for the trans-synaptic cell adhesion with neurexins
(Stdhof 2008). The cholinesterase domain also contains two alternative splice sites (SS) termed A
and B and two EF-hand metal binding motifs which implicate the requirement for calcium in the
heterologous interaction of neuroligins with neurexins (Tsigelny et al. 2000). The ectodomain
also contains post-translational modification sites in the form of predicted multiple N-linked
glycosylation sites and a juxtamembrane O-linked glycosylation regions (Lise et al. 2006). In
addition to their adhesive roles in cell-cell contacts, the neuroligins are also postulated to have a
role in cell signalling mechanisms via interactions of their intracellular COOH termini with PSD-
95 (Irie et al. 1997). This potentially enables neuroligin to cluster with other PSD-95-interacting
proteins such as NMDA receptors (Kornau et al. 1995) and TARP2 (Stargazin) (Bats et al. 2007)
to form supra-molecular assemblies, thus implicating a role for neuroligins in synaptic signalling

mechanisms (Sheng et al. 2001).
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The neurexins are encoded for by three genes (NRXN1, 2 and 3) that are each controlled
by two independent promoters which generate the longer (o) and shorter (B) isoforms (Ushkaryov
et al. 1992; Missler et al. 1998). The a forms contain three repeats of a central epidermal grown
factor (EGF)-like sequence that is flanked on either side by a lamina A, neurexin, sex-hormone-
binding globulin (LNS) domain whereas the § form contains a single LNS domain (Ushkaryov et
al. 1992). There are also a multitude of splice insertions, all which contributes to the vast number
of neurexin variants currently known (Missler et al. 1998; Stidhof 2008; Koehnke et al. 2010) that

are postulated to generate specificity during synaptogenesis (Scheiffele et al. 2000).

Alternative splicing of neuroligins has been shown to affect their interactions with
neurexins (Chih et al. 2006) and solved protein structures of a variety of splice isoforms and
variants of neuroligins and neurexins reveal that the interaction is highly tuneable, dependant on
splice variant present (Chen et al. 2008). Protein-protein interactions detected by surface plasmon
resonance (SPR) analysis have demonstrated a 2-fold reduced affinity of neurexin-2 for NL1

containing a splice insertion at its ‘site B” (Koehnke et al. 2010).

1.7.3 Neuroligins and neurexins in disease

A plethora of clinical cases are emerging that link both the neurexins and neuroligins to
neurological diseases and disorders. These include the autism spectrum disorders, mental
retardation and schizophrenia (Stidhof 2008). In several cases, mutations at the genomic level can
lead to translation of a truncated or functionally disadvantaged protein form. In one example, a
mutation that introduced a stop codon in the ectodomain of neuroligin 4 was found in a family
with X-linked mental retardation with or without autism. Analysis reveals that this mutation
would result in the production of a truncated protein form that lacked the transmembrane domain

and the protein would consequently be unable to dimerise (Laumonnier et al. 2004).
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1.7.4 Interactions of MDGAL with neuroligins

Recent studies have implied that MDGAL can reduce inhibitory synaptic development
through direct interactions with neuroligins (NLs) (figure 1.11B). MDGAL knockdown
experiments using short hairpin RNA (shRNA) show an increase in inhibitory synaptic density
(Pettem et al. 2013) whereas over-expression of MDGAL had the opposite effect. Addition of
soluble neurexin had been previously shown to impair cells expressing neuroligin from

undergoing pre-synaptic differentiation (Scheiffele et al. 2000).

MDGA1 was shown to interact with neuroligin and inhibit the interaction between
neuroligin and neurexin (figure 1.11) (Lee et al. 2013; Pettem et al. 2013). The tightest
interaction was found to be between the neuroligin NL2 isoform and MDGAL (Pettem et al.
2013). It is not currently clear how the various neuroligin splice variants affect the binding to
MDGAL.If the interaction of MGDAL was affected by the neuroligin splice variant present it

could be the mechanism to regulate the suppression of inhibitory synaptogenesis.

This figure has been removed due to
copyright restrictions.

Figure 1.11 Effects of MDGAT on synaptogenesis.
This figure has been removed due to copyright restrictions.
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1.8 Research aims

Synapse formation, differentiation and plasticity all involve modulation of pre- and post-
synaptic elements. In synaptogenesis the pre- and post-synaptic compartments are initially
differentiated in response to guidance cues present in their immediate environment (Sanes et al.
1999). Once dendritic and axonal contact is made, both cells undergo further morphological

changes resulting in the formation of a synapse which then matures in response to activity.

The AMPA receptors are a well-studied subset of the iGIuR family of proteins and a
wealth of information on many aspects of their life cycle is available. A recent realisation
important to appreciate is that the physiological AMPA receptor spends little time alone. Shuttle
proteins are involved in transport to the cell surface, intracellular scaffold proteins anchor the
receptor to the synapse and auxiliary proteins act to modulate the channel conductance. AMPA
receptors are therefore involved in a large number of intra- and extra-cellular interactions, none of
which are currently structurally characterised. The research presented in this thesis aims to give

structural and biophysical insights into these interactions in the context of such synaptic events.

MDGAL1 is postulated to have roles in cell migration, adhesion and synaptogenesis but
little is currently known about its mechanisms of action specifically involving the neuroligins.
Here, research aims to provide structural and biophysical analysis of such protein-protein
interactions to gain insights into its potential role as the first identified negative regulator of

inhibition (Pettem et al. 2013).
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2.1 Molecular Biology

The starting point for the production of every protein detailed in this thesis was a cDNA
template. From these double stranded sequences of coded information, all of the required
constructs were generated. Details of the origin of each template, how each protein construct was

designed and the vectors (plasmids) they were cloned into are described in depth in this section.

2.1.1 cDNA sources

All constructs of interest can be identified by their pubmed accession numbers.
Constructs available as Integrated Molecular Analysis of Genomes and their Expression
(IMAGE) clones were supplied by SourceBioscience (formally Geneservice). Constructs already
in use by collaborators, were donated as gifts. Sources selected in the first instance were of human
origin, although mouse and rat constructs were also frequently used. Information detailing

construct source and accession number can be found in table 2.1.
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Table 2.1. Accession numbers for all constructs of interest.

Information for where the cDNA was obtained and GenBank accession numbers for each construct. IMAGE clones are non-
highlighted, gifts from collaborator are highlighted in yellow and synthetically generated constructs are highlighted in blue,
all constructs are then grouped according to project.

Construct of interest Accession number | Source

GRIA1_MOUSE (GluAl) BC056397 IMAGE clone ID 6842391 (AV132-g6)
GRIA2_ MOUSE (GluA2) BC048248 x:&&;?ﬁ;{ﬁf%m (AVS1-56)
GRIA2_ HUMAN (GluA2) BC010574 IMAGE clone ID GenBank NM_000826
{GRI?T"E BR st P19492-2 Ingo Gregor, LMB Cambridge
GRIA4_MOUSE (GluA4) BC060697 IMAGE clone ID 6409918 (AV115-¢9)
GRIA4 HUMAN (GluAd) BC167786 IMAGE clone ID 100068176
GRIA4_RAT (GluA4FL) NM_017263.2 Ingo Gregor, LMB Cambridge

Neuronal Pentraxin 1_HUMAN

(NPTX1) BC089441 IMAGE clone ID 30555728 (AK201-a10)
;’eﬁrl‘;;‘;}'\;",“m;’l, BC009924 IMAGE clone ID 3508049 (AU48-a12)
Eﬁl’éﬁ?ﬂ ':8‘1\4”’;';‘] (NPTXR) | BC153027 IMAGE clone ID 100016404 (CV11_610)
Sisha9 pCR2.1 QOCZN4.2 Gene synthesis -see Appendix C
Cys_knot_pCR2.1 QYCZN4.2 Gene synthesis- see Appendix C

E.? rli]’% igsl;zgzgazin) 088602.1 Gene synthesis- see Appendix C

Brorin (rat) NP001102782.1 Nadine Harmel (Disseldorf, Germany)
Noelin-1 (mouse) NP062371.2 Nadine Harmel (Diisseldorf, Germany)
Noelin-2 (rat) NP001015017.1 Nadine Harmel (Disseldorf, Germany)
Noelin-3 (mouse) NP703188.1 Nadine Harmel (Disseldorf, Germany)
Neuritin (rat) NP445798.1 Nadine Harmel (Diisseldorf, Germany)

2.1.2 Construct design

Nucleotide, cDNA and protein sequence information was provided by the National
Centre for Biotechnology Information (NCBI) Genbank Database and the Universal Protein
Resource Knowledgebase (UniProtKB). Constructs not generated synthetically were produced by
PCR amplification of the IMAGE clone. When designing new constructs it was important to get
the domain boundaries correct. If boundaries were cut too short, it could have impeded protein
folding and therefore its secretion. Protein domain boundaries can now be predicted using a
variety of open access online tools. For this thesis, domain boundaries were calculated using
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HHpred (http://toolkit.tuebingen.mpg.de/hhpred). When provided with an input search sequence
or multiple alignment file, HHpred searches a wide number of sequence alignment databases and
promptly provides information about protein homology and structure prediction. HHpred can also
generate similarity scores based on global or local alignment requirements as specified by the user
(Soding et al. 2005). This was therefore a vital tool for the design of domain-truncated constructs
when structural information was not available. When designing constructs it was also vital to
know where, if present, a protein’s secretion signal was located. The native secretion signal was
not routinely included in constructs because of the high level of protein obtained when the
pHLsec secretion signal was used (Aricescu et al. 2006). However in some cases, the protein was
only soluble when expressed with its native signal. Signal P (Nielsen et al. 1997) enabled signal
sequences and their cleavage sites to be identified so that the sequence could be removed or

included as required.

Post-translational modifications including the proteins glycosylation state was also
researched. Asparagine (Asn, N) -linked glycosylation sites have the consensus sequence Asn-
Xaa-Ser/Thr (where Xaa is not a proline) and can be predicted robustly by NetNGlyc
(http://wvww.chs.dtu.dk/services/NetNGlyc/). If required, these sites were removed from the
construct of interest at the cloning stage or after protein purification by EndoF1 deglycosylation.
There are currently no methods available to remove O-linked sugars from proteins and due to
their large, flexible nature they can drastically reduce a proteins chance of crystallization. It was
therefore sometimes necessary to remove O-linked glycosylation sites by mutation; NetOGlyc
(http://mvww.cbs.dtu.dk/services/NetOGlyc-2.0/abstract.php) was used to predict potential

glycosylation at serine and threonine residues.

Oligonucleotides were supplied by Eurofins (MWG) Operon and were designed using the
Java-based Molecular Biologist's Workbench (Toldo 1997) (JamBW)
(http://mvww.bioinformatics.org/JaMBWY/). Appropriate restriction sites, absent in the target gene,

were incorporated in the forward and reverse primers so that they flanked the target gene
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sequence generated by PCR. In general, around 15 base pairs (bp) of target gene sequence was
incorporated into the primer design. A random 5" GCG cap ensured efficient DNA cleavage by
the restriction enzyme, although longer caps were required for certain enzymes (details on New
England Biolabs (NEB) website). In some cases, restriction enzyme cleavage sites contained
within the gene of interest meant that alternative restriction enzymes, present in the pHLsec
multiple cloning site (MCS), had to be selected. Where this was not possible, internal cleavage
sites were removed by introduction of silent mutations. Oligonucleotides were designed to have
~50% GC content and to have an annealing temperature of around 60°C, to enable amplification

with standard thermocycler PCR parameters outlined in table 2.2.

2.1.3 Polymerase Chain Reaction (PCR)

PCR reactions contained 1ul (10pmol/ul) of each oligonucleotide, 1ul template (~1-
100ug), 5ul 10x buffer, 8ul deoxyribonucleotide triphosphates (dNTPs), 33.75ul ultrapure

(MilliQ) water and 0.25pl Pyrobest polymerase (Takara) in a 50ul final volume.

Table 2.2 General thermocycler parameters

Step | Temperature °C Time ()
1 96 120

2 96 50

3 55 50

4 72 60 per Kb
5 Repeat steps 2-5 for 30 cycles

6 72 600

7 10 ©

2.1.4 Splice Overlap Extension (SOE)-PCR

SOE-PCR was used to generate constructs requiring site-directed mutagenesis. This
required two-rounds of PCR amplification, the first round outlined above (section 2.1.3) was used

to generate two fragments (routinely termed A and B) with a 15-20 residue overlap. In the second
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round of PCR amplification 3ul of fragments A and B were used together as ‘templates’ and
primers were added to the reaction after three cycles of amplification (table 2.2). The volume of

ultrapure (MilliQ) water was adjusted to retain a 50ul final reaction volume.

2.1.5 Expression vectors for mammalian expression

Soluble proteins, expressed in the mammalian cell expression system, were cloned into
the pHLsec vector (Aricescu et al. 2006) via Agel/Kpnl restriction sites unless otherwise stated.
This high copy number pHLsec plasmid contains a C-terminal hexa-histidine (6xHis) tag, an
optimized Kozak sequence to initiate translation, a secretion signal sequence and an Ampicillin
(Amp) resistance gene (Figure 2.1A & B). Cell membrane attached proteins e.g. those used in
cellular assays and for attempted membrane purification, were cloned into a modified version of
pHLsec termed pHLsec_monoVenus (mV) containing a C-terminal yellow fluorescent protein

(YFP) (figure 2.1C) fluorescence tag for which the design and generation is detailed below.

2.1.6 Generation of pHLsec_monoVenus vector

A dimeric YFP termed Venus, was previously developed to have a faster maturation rate
than that of green fluorescent protein (GFP) (Nagai et al. 2002). To create a monomeric form of
Venus (mV), a lysine mutation was introduced at residue A206 by site-directed mutagenesis
(SDM) and PCR. The neurospora expression vector pYFP (accession number EF661030) was
used as a template in reactions to generate the two fragments which were subsequently used as
templates in a splice overlap extension (SOE) PCR to create the mV construct (sequence in
Appendix E). This construct was then cloned into the pHLsec Kpnl/Xhol to lie downstream of

the pHLsec multiple cloning site (MCS) (Figure 2.1C).
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A
chick
p-actin
promoter
pBR322
ori
p-globin
polyA
B MCS Secretion Signal Sequence
EcoRI HindIII Kozak M G I L P 8 P G M P A L L 8
GAATTCAAGCTTGCCACCATGGGGATCCTTCCCAGCCCTGGGATGCCTGCGCTGCTCTCC
L V S L L $ VL L M GG C V A E Agel
CTCGTGAGCCTTCTCTCCGTGCTGCTGATGGGTTGCGTAGCTGARACCGGT. . . insert. . .
Kpnl K * % ¥hoI
GGTACCARAG TAATGATCACTCGAG
chick
p-actin
promoter
pHLsec_
MonoVenus
pBR322 5352bp
ori

B-globin
polyA

MonoVenus

Figure 2.1 Cloning Vectors.
A) pHLsec vector map, B) pHLsec multiple cloning site (MCS) indicating key restriction sites (EcoRI, Agel, Kpnl and

Xhol) as well as the secretion signal (navy blue) and hexa-histidine tag (mint green) highlighted. Stop codons are indicated
by red * and C) pHsec_monoVenus (mV) vector map.
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2.1.7 Additional protein tags

The hexa-His tag, although excellent for protein purification techniques, is not optimal
for a variety of other cellular analysis methods. Additional protein tags, more suitable to the
techniques being employed, were therefore generated. For immunocytochemistry (ICC) and for
analysis by fluorescence activated cell sorting (FACS) analysis, constructs were cloned to include
a Haemagglutanin (HA) (peptide sequence YPYDVPDYA) or FLAG tag (peptide sequence
DYKDDDDK) (Hopp et al. 1988). Constructs for surface plasmon resonance (SPR) analysis were
cloned into the pHLsec_Avi (pHL_Avitag3) vector (Aricescu et al. 2006) to enable proteins to be
biotinylated. In pHLsec_Avi the Avitag sequence (GLNDIFEAQKIEWHE) is located
downstream of the insert but spaced away from the protein by a linker region (GSGGS) with the

hexa-His tag remaining C-terminally located.

2.1.8 Restriction digest/ cloning

Following PCR amplification, a 2 pl sample of the PCR product was visualised on a 1%
agarose/TAE gel, and the remaining 48ul was purified (standard Qiagen PCR clean up method).
DNA was eluted in 30ul of 210mM Tris-HCI (pH8.0) and then enzymatically digested to produce
cohesive ends, compatible with those generated by restriction digest of plasmid of choice. Each
35l reaction typically contained 0.75ul of each enzyme (NEB), 3.5ul of appropriate buffer and
0.35ul BSA (if required). Reactions were then incubated according to conditions specified by
NEB. Vector DNA (2-4ug) was digested in a 30pl reaction volume. DNA was then excited from
a 1% agarose gel after electrophoresis and purified by gel purification (Qiagen) following

manufacturer’s standard protocol.

A standard ligation reaction was then established and contained 2.5ul of cut vector, 7.5ul
of ‘insert’, 10ul of the quick ligase 2x reaction buffer and 1ul of the quick ligase enzyme (NEB)
in a total volume of 20ul. Reactions were incubated at room temperature (RT) for 20 minutes

(mins) and then on ice for a further 20 mins. Following this incubation, 1.5ul of the ligation
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reaction was used to transform 35ul of library efficiency DH50 competent Escherichia coli (E.
coli) cells (Invitrogen). The cell/ligation mix was incubated on ice for 30 mins, before a 45
second (s) heat shock at 42°C and 1 hr recovery at 37°C with 80l SOC added at 200rpm shaking.
Transformed cells were plated onto Luria Broth (LB)-agar plates containing 100ug/ml Amp and
grown overnight at 37°C. Individual colonies were picked and grown in 3ml LB-Amp cultures
overnight at 37°C, with 200rpm shaking. Cultures were centrifuged and plasmid DNA isolated
(Qiagen Miniprep, standard protocol). DNA (1ug) was then enzymatically digested and analysed
by agarose gel electrophoresis to identify plasmids with inserts of the correct size. Sequence

verification then confirmed that constructs were correct (SourceBioscience, Oxford).

The following sequencing primers were used for constructs cloned into pHLsec and

pHLsec_mV unless otherwise stated:

pHLsec_fwd 5’-GCTGGTTGTTGTGCTGTCTCATC-3’
pHLsec _rev 5’ -CACCAGCCACCACCTTCTGATAG -3’

monoVenus_rev 5' -GCCCTGGAACAGCACCTCCAG-3'

2.1.9 Plasmid purification

Individual colonies were picked from freshly transformed LB-(Amp) agar plates and cells
were grown overnight at 37°C with 200rpm shaking. The purification protocol was as stated in the
manufacturer’s instructions. The amount of DNA required dictated the size of the E. coli culture
to grow. Depending on the requirements, a variety of plasmid purification kits were used. Typical
yields expected for each Qiagen kit was as follows; Miniprep 25ug, Maxiprep 500ug, Megaprep

3mg and Gigaprep 15mg.

2.1.10 Cloning for generation of stable cell lines

The pNeo-Sec vector (Yuguang Zhao) (Appendix E vector map and sequence) is a newly

developed pHLsec-based vector that enables the production of a stable polyclonal cell line in
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Human Embryonic Kidney (HEK) 293S cells. The neo indicates its Neomycin (G418) selection
requirement. Constructs to be expressed by stable cell line were cloned into pNeo-Sec by

Agel/Kpnl.

2.2 Protein expression in mammalian cell systems

The next stage of the production line involved taking the clones constructs of interest and
expressing them in a suitable system. Eukaryotic expression systems including mammalian
expression are typically more favourable to a crystallographer than prokaryotic methods (e.g. E.
coli) because the in-cell production mechanisms express correctly folded proteins, complete with
post-translational modifications (Aricescu et al. 2006). Within the Division of Structural Biology
(STRUBI) the HEK cell systems has been highly tuned to express soluble secreted proteins
(Aricescu et al. 2006). Methodology for how this system was utilised is detailed below.
Occasionally, when a large amount of protein was required, it was deemed more cost and time
effective to generate a stable cell line, details of which are also below. For certain techniques such
as microscopy work, the HEK cells lines were not suitable due to their shape. Where this was the

case, details of all other cellular techniques with various cell lines are also described.

2.2.1 Small-scale expression trials

Initial expression of membrane-attached and secreted protein was tested by small-scale
transient transfection of HEK293T cells. Flat-bottomed 35mm multi-well dishes (Corning) were
seeded with 2ml of cell suspension in Dulbecco’s Modified Eagle Media (DMEM) (Sigma)
supplemented with 10% Foetal Bovine Serum (FBS) (Invitrogen), 5ug/ml L-glutamine (L-Glu)
(Sigma) and 5upg/ml non-essential amino acids (NEAA) (Invitrogen). Cells were seeded with
0.5x10° cells per well and incubated for 24 hrs with 5% CO, at 37°C until a final density of 80-
90% was achieved (where 100% confluency is ~1x10°cells/well). A transfection ‘mastermix’ was

then prepared as follows: 4ug of DNA (Qiagen Miniprep grade) was added to 250l serum free
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DMEM media (SFM) and vortexed briefly; 8ug of Lipofectamine ™ 2000 (Invitrogen) was then
added to a second tube containing 250ul of SFM before being briefly vortexed; the
Lipofectamine-containing tube was then added to the DNA-containing tube and vortexed again;
samples were incubated for 20 mins at RT. Cell media was exchanged for 1.5mls fresh DMEM
supplemented with 2% FBS and 5ug/ml NEAA/L-Glu. The transfection mastermix was then
gently added to each well, so as not to disrupt the monolayer, before being incubated for 48 hrs at

37°C, 5% CO..

2.2.2 Large-scale protein expression

Constructs considered to have good secretion levels in initial small-scale trails were
scaled up for large-scale transient expression in expanded surface 2125cm? roller bottles (Greiner
Bio-one). HEK293T (+/-kifunensine) or HEK N-Acetylglucosaminyltransferase I-negative GnTI
cells (HEK293S) (Reeves et al. 2002) were universally used because both of these cell lines can
express a high level of protein when used in conjunction with the transfection reagent
polyethylenimine (PEI). A transfection cocktail containing 0.5mg of chloroform-extracted DNA
(Qiagen Gigaprep) and 1mg of PEI was added to 50mls of SFM. The cocktail was mixed and
incubated for 10 mins at RT. Concurrently the cell media FBS levels were reduced from 10% to
2% by media exchange. The transfection ‘mastermix’ was added to each roller bottle before being

incubated at 37°C with gentle rotation.

With the exception of NP1_PTX domain construct, all other constructs contained one or
more N-linked glycosylation sites. Therefore transfection of 293T cells required the addition of
Img/litre Kkifunensine (Toronto Research Chemicals). This a-mannosidase inhibitor enables
Endoglycosidase F1 (EndoFl) cleavage of N-linked glycosylation to leave a single N-
acetylglucosamine (GIcNAC) residue. This potentially increases crystallization probability and in
some cases might also improve dataset resolution by allowing tighter crystal packing (Chang et
al. 2007). Where required, kifunensine (1mg/L) was added to the transfection mastermix after the

10 min incubation period.
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2.2.3 In vivo selenomethionine (SeMet)-labelling

Where molecular replacement models are not available, one method to solve the
crystallographic ‘phase problem’ is heavy metal phasing by selenium atoms that have been
incorporated into the protein during its expression. SeMet incorporation was first used in E. coli
systems (Hendrickson et al. 1990) but later adapted for use in mammalian systems (Wu et al.
1994; Lustbader et al. 1995). It works on the principle that all methionine residues (containing
sulphur atoms) get substituted by selenomethionine, which contain the heavier selenium atom.
Large-scale transient transfection was carried out as outlined above (2.2.2). After 24 hrs at 37°C,
media was discarded and cells were washed twice with 50ml PBS/bottle to remove L-methionine
(L-Met). For the media exchange, SeMet (final concentration 30mg/L) was added to 500ml
DMEM media (L-Met and L-Glu free) containing 10ml dialysed FBS and 5pg/ml NEAA/L-
glutamine. Where required, kifunensine (1mg/L) was also added at the media exchange stage.
Due to a faster rate of cell death caused by the toxicity of SeMet, media was harvested typically

48 hrs post media exchange.

2.2.4 Generation of stable cell lines

Flat-bottomed 35mm multi-well dishes (Corning) were seeded with 0.5x10° HEK293S
cells per well and incubated for 24 hrs with 5% CO, at 37°C until a final density of 80-90% was
achieved. Cells were then transfected (standard protocol, section 2.2.1) with 1ug chloroform
extracted target construct in the pNeo-Sec vector and 3pg of phiC31 integrase plasmid (stock
concentration 1mg/ml). Cells were transferred 48 hrs post transfection from each well into a T75
flask in standard 10% DMEM medium. After a further 24 hrs, G418 (final concentration
0.5mg/ml) was added directly to the flask. Addition of G418 prevented the survival of non-
transfected cells. Cells were transferred (48 hrs after the addition of G418), to a T175 flask with
media supplemented with 0.5mg/ml G418. Many cells died, but after 14 days, islands of cells had
grown large enough to be visible by eye. At this point the cells were transferred to fresh T175

flask in media supplemented with G418, to enable cells to grow in a monolayer. Cells were
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confluent around 21 days after the protocol was started. The media was tested for secreted target

protein by western blot (section 2.3.2) and positive cells were expanded as required.

2.2.5 Cell preparation for Immunocytochemistry (ICC)

Chinese hamster ovary (CHO)-K1 or COS7 (CV-1 (simian) in Origin, carrying SV40
genetic material) cells were transfected in a similar way to that described for small-scale
transfections (section 2.2.1), except that four-well glass chamber slides (measuring 25 x 75mm)
(Nunc), pre-coated with poly L-lysine were used. Cells were seeded 24 hrs preceding addition of
the transfection cocktail containing 0.5ug DNA and 1pl (Img/ml) Lipofectamine. Cells were
prepared for microscopic analysis 48 hrs post transfection using the immunocytochemistry

protocol outline below.

Cells were washed with PBS and fixed with 4% paraformaldehyde/PBS for 15 mins. The
cross-linking reaction was then quenched with 50mM Tris pH7.5, 150mM NaCl for 10 mins
before the cells were rinsed twice with PBS. A 15 min pre-block of 1% w/v bovine serum
albumin (BSA)/PBS was then added to cells before incubation with a primary antibody mouse
anti-HA antibody diluted 1:1000 in 3% BSA/PBS for 1 hr. Three additional 5 min washes with
0.1% BSA/PBS were then followed by the addition of fluorescently labelled secondary antibody
anti mouse_568 diluted 1:400 in 3% BSA/PBS for 1 hr whilst protected from light. After 3 more
washes, cells were rinsed briefly in water and mounted with Fluorosave (Millipore) containing a
nuclear DAPI stain. Cells were visualised using a Zeiss 510 MetaHead confocal fluorescence

microscope (Wellcome Trust Centre for Human Genetics, WTCHG).
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2.3 Protein detection methods

2.3.1 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE is one of many techniques used to separate proteins. The basic principle
being that the SDS gives proteins a comparable negative charge based on a known charge to
length ratio, the charge to mass ratio is therefore fixed, enabling proteins to migrate through the
polyacrylamide gel based on their size alone. Smaller proteins are able to migrate through the
acrylamide matrix more quickly, thus generating a gradient where proteins are separated
according to size. SDS-PAGE gels with 12% acrylamide content were typically used but
adjustments to the levels of acrylamide were made according to the range in size of the proteins
requiring separation. Samples (15ul) were boiled with a 2x loading buffer containing beta-
mercaptoethanol and SDS for 5 mins before being briefly centrifuged prior to gel loading. Novel
Minicell (Invitrogen) gel running apparatus was used and 7.5ul of BenchMark™ (Invitrogen)
protein molecular weight marker included in one lane of the gel to enable protein molecular
weights to be determined. 180 Volts (V) was applied to the gel for ~50 mins and gels were then
washed three times in MilliQ water before proteins were visualised by a Coomassie derived stain

SimplyBlue™ SafeStain (Invitrogen).

2.3.2 Western blot analysis

In small-scale transient expression trials the quantity of proteins produced can be low and
additionally the aim is to obtain fast answers concerning the level of protein expression and
secretion, so the complex and time consuming protein purification methods are not employed.
Instead expression and secretion is detected by western blot which for this thesis typically
selected for proteins containing a hexa-His tag. For secreted proteins, cell culture media was
centrifuged for 5 mins at 16’000 xg to remove cellular debris and adherent cells were re-
suspended in 1ml PBS to be used for cellular fraction analysis to determine overall protein

expression levels. Samples (15ul) were boiled with a 2x loading buffer containing beta-
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mercaptoethanol for 5 mins and briefly centrifuged prior to gel loading. A mix of BenchMark
Prestained™ (7.5ul) and the hexa-His tagged BenchMark™ (0.5ul) (Invitrogen) markers was also
loaded into one lane of the gel to enable protein size determination. Expression levels were
determined by SDS-PAGE, transferred for 70 mins at 30V onto nitrocellulose membrane

(Invitrogen) for western blot analysis.

Cellular and secreted protein fractions were analysed using anti-penta-His (Qiagen)
primary antibody diluted 1:1000 in a blocking solution of 5% w/v non-fat milk (Marvel milk
powder) in phosphate buffered saline (PBS) in the protocol as follows. Membranes were
incubated in the blocking solution for 1 hr before incubation with primary antibody at RT for 1 hr
with gentle shaking. The membrane was then washed three times with PBS-Tween-20 (0.05%) (5
mins per wash) then incubated in the secondary antibody (goat anti-mouse 1gG (Fc specific) —
peroxidase (Sigma, A0168)) diluted 1:2000 in blocking solution for 1 hr. After three more washes
with PBS-Tween-20 (5 mins each) the signal was detected by Enhanced Chemilluminescence

(ECL) (GE Healthcare).
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2.4 Protein purification from mammalian expression systems

Prior to protein purification, primary structural analysis including molecular weight,
theoretical isoelectrical point (pl), amino acid composition, atomic composition and extinction
coefficient were computed by ProtParam bioinformatics tools provided by Expert Protein

Analysis System (ExXPASYy) (http://expasy.org/) (Gasteiger et al. 2003).

2.4.1 Media harvest and dialysis

For transiently transfected secreted proteins, media was collected 7-10 days (for
HEK?293T) and 10-18days (for HEK293S) post transfection. General cell health was indicated by
the pH indicator present in DMEM media and also the level of cellular detachment from the roller
bottle surface. Centrifugation at 4000 xg for 20 mins removed cellular debris. Media was then
sterilized by filtration through a 0.2uM filter (Millipore) and dialysed against 3x 15litres
exchanges of PBS for 48-72 hrs at 4°C. Dialysis membrane (Visking) MWCO 12-14kDa
(Medicell International Ltd, DTV12000.13.000) was activated in 2% sodium bicarbonate, 2mM

EDTA (pH8.0) for 10 mins at 70°C then washed with distilled water prior to use.

2.4.2 Immobilized metal ion affinity chromatography (IMAC)

Poly-histidine tagged proteins were initially purified by immobilised metal affinity
chromatography (IMAC) using TALON® beads (Clontech) which utilises the cobalt ions (Co*)
affinity for poly histidine residues. Beads were prepared as per the listed manufacturer’s
procedures prior to the media being incubated with beads for 2 hrs at 16°C. This slurry was mixed
by gentle rotation at 100rpm to enable a constant distribution of the beads within the media,
without causing too much agitation. Proteins may naturally contain poly histidine sites, and so
will weakly co-ordinate Co® ions. The beads were therefore pooled and washed with 250-500m
of 5mM imidazole pH8.0 to remove non-specifically bound proteins. The target protein was then
eluted in 1ml fractions in 10-15 bed volumes (BV) of 300mM imidazole pH8.0 which acts by

competing with the histidine residues in binding to the resin. A small-scale Coomassie test based

59



Chapter 2 General Materials and Methods

on the Bradford assay was used as a quick determinant for when all protein had been eluted from
the beads. This involved samples from eluted protein fractions (10ul) being mixed with 100ul of
SimplyBlue™ SafeStain (Life technologies) and if the blue colour persisted, a longer elution was

required.

2.4.3 Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) was performed using an AKTA™ system. Protein
eluted from IMAC was concentrated to a required volume, dependant on the column size used
(typically 250pl for use with an S200 10/30 column, and up to 2.5mls onto a larger S200 16/60
column). Running buffer was routinely 10mM HEPES pH7.5-8.0, 150mM NaCl, filtered and
degassed prior to use. AKTA system running parameters were as in the column manufacturer’s
instructions (typically 0.5ml/min for an S200 10/30 and 1ml/min for an S200 16/60). SDS-PAGE

analysis was used to determine protein purity and confirm glycosylation state(s).

2.4.4 Protein deglycosylation

The complexity of N-linked glycosylation branching is reduced in proteins expressed in
HEK293S (or HEK293T if kifunensine has been added) (described in section 2.2.2).
Concentrated purified protein was incubated at room temperature for 4-7 hrs at RT or at 37°C for
1 hr with 10ul of EndoFI (1mg/ml). If the protein was prone to precipitation upon deglycosylation
then the procedure was performed on the protein as it was being set up for crystallization. Briefly
1ul of EndoFl was added to 100ul of concentrated protein which was then loaded onto the

crystallization system.
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2.5 Protein expression and purification from E. coli

Several constructs were cloned into the pET22b(+) vector (Novagen) via Ndel/Xhol
restriction sites and expressed in E. coli. The pET vector cloning system also enabled proteins to
be expressed with a hexa-His purification tag. In this system protein expression is controlled by a
promoter that is inducible by addition of isopropylthio-p-galactoside (IPTG). Concentrations of

IPTG were optimized for each protein as required.

2.5.1 Sequencing in pET vector

Constructs were cloned into pET22b and sequence verified using standard T7F and T7R

primers:

T7 promoter (F) 5’-TAATACGACTCACTATAGGG-3’

T7 terminator (R) 5’-GCTAGTTATTGCTCAGCGG-3’

2.5.2 Transformation of Origami E. coli cells and protein expression

Origami E. coli cells (Novagen, Cat. No. 71346-30) have mutated glutathione reductase
genes and so these cells enable disulphide bond formation, that is required for protein folding, to
occur during protein expression. A 50ul aliquot of Origami cells were transformed with 1.5l
PET22b vector following the Origami transformation protocol stated by the manufacturer. Cells
were then plated onto LB agar plates with Amp (100pg/ml), Chloramphenicol (Chloramp)
(34ug/ml), Tetracyclin (Tet) (12.5ug/ml) and Streptomycin (Strep) (100ug/ml). Colonies were
grown overnight in a static 37°C incubator. Single colonies were used to inoculate starter cultures
of 10ml LB + Amp, Chloramp, Tet and Strep (concentrations as above) grown for 12 hrs (or
overnight) at 37 °C, shaking at 200rpm. Starter cultures were used to inoculate 1L cultures of LB
plus all antibiotics as above and grown at 30°C shaking at 200rpm to an optical density (OD)gq0

~0.6 — 0.7. Cultures were cooled to 18°C (RT) for 1 hr and were then induced with 0.4mM IPTG
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and grown for a further~20-24 hrs with 200rpm shaking at 18°C. Note this lower temperature acts

to reduce the formation of inclusion bodies.

2.5.3 Protein purification from Origami cells

After incubation, cells were harvested by centrifugation (20 min at 4000 xg). Pelleted
cells from 1L of culture were lysed in 25ml buffer containing 150mM NaCl, 10mM Tris pH7.5,
50ul of 50mg/ml DNasel, 0.1g lysozyme and 200l protease inhibitor cocktail (Pl) (Sigma) and
incubated with gentle mixing for 30 mins at 4°C. Cells were then sonicated with 10s pulses,
followed by 10s off for 4 mins on ice and then centrifuged for 40 mins, at 108,000 xg. For each
litre of original cell culture, supernatant was diluted to 0.5L in a PBS buffer pH8.0, 500mM NaCl
plus PI cocktail then incubated with 5ml freshly prepared Talon beads at 4°C for 90 mins with
gentle mixing. Beads were washed with 200ml buffer (as above) containing 0.1% Tween-20, then
with 200ml buffer alone, followed by a third wash with 200ml buffer containing 5mM imidazole.
Protein was eluted in 5x10ml aliquots of 10mM HEPES pH8.0, 500mM NaCl, 500mM imidazole.
Size exclusion chromatography (SEC) was performed with running buffer 10mM HEPES pH8.0,
500mM NacCl. In the case of GluA2_LBC, 1mM L-glutamine was also included in the IMAC

elution buffer and the SEC running buffer to aid correct protein folding and LBC stabilisation.

2.5.4 Transformation of Rosetta cells and protein expression in inclusion bodies

When production of soluble folded proteins failed in the Origami E. coli cell system,
proteins were expressed in Rosetta™ E. coli at high temperatures to force proteins into inclusion

bodies, from which the protein could then be isolated, purified and refolded.

A 30ul aliquot of Rosetta cells were transformed with 1ul “‘construct’”_pET vector. They
were then plated onto LB agar plates with Amp (100ug/ml) and Chloramp (34ug/ml) and grown
overnight at 37°C. A single colony was used to inoculate 10ml LB with Amp & Chloramp
(concentrations as above) for 12 hrs (or overnight) at 37 °C, shaking at 200rpm. Each culture was

then expanded into two conical Erlenmeyer flasks containing 500ml LB (plus antibiotics as
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above) and grown at 37°C with 200rpm. The culture was induced with 0.8mM IPTG once the
culture density had reached ODgy= 0.6-0.7). Cells were then grown for 4-12 hrs at 37°C and

harvested by centrifugation (20 mins at 4000 xg).

2.5.5 Protein extraction, refold and purification from inclusion bodies

A lysis buffer containing 150mM NaCl, 10mM Tris pH 7.5, 1mM phenylmethylsulfonyl
fluoride (PMSF), 50ul of 50mg/ml DNase 1, with 0.1g lysozyme and 50l PI cocktail (Sigma)
was freshly prepared for immediate use. Cell pellets were re-suspended in 25ml lysis buffer and
incubated with rocking for 30 min at 4°C. Cells were then lysed by sonication with 10s pulses,
followed by 10s off for 5 mins and centrifuged for 30 mins at 108,000 xg. Supernatant was
discarded and the remaining pellet dislodged and washed three times in 50mM Tris pH8.0, 0.5%
Triton, 100mM NaCl, 1mM EDTA with 1mM of the reducing agent dithiothreitol (DTT) and re-
centrifuged 108,000 xg for 10 mins. The cell pellet became whiter with each wash, indicating that

the inclusion bodies were being isolated.

Pellets were then re-suspended in 5ml of the denaturing solution (6M Guanidinium-HCI)
and incubated overnight at 4°C. The denatured protein solution was centrifuged at 108,000 xg for
20 mins to remove any aggregated protein. Concurrently a refold buffer (containing 10mM Tris
pH 8.0, 0.5M L-Arginine, 5mM reduced glutathione (GSH), 0.5mM, oxidised glutathione
(GSSG), 5mM EDTA pH8.0, 150mM NaCl (250ml per litre of culture)) was chilled to 4°C and
then the protein solution slowly added to the refold buffer in drop-wise fashion and left overnight

at 4°C to refold (minimum 24 hrs).

Refolded protein was dialysed three times against 15L PBS, 0.5M NaCl for 72 hrs at 4°C.
The salt content of the dialysed protein solution was then reduced to 50mM via a 1 in 10 dilution
with 10mM Tris pH8.0. Protein was then bound to a 5ml HiTrap Q HP anion exchange column
(GE Healthcare) using a peristaltic pump (5ml/min). Separation was achieved according to the net

charge of the proteins by ion exchange chromatography (IEC) which was carried out using a
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constant gradient increase from a low salt ‘Buffer A’ 10mM Tris pH 8.0, 50mM NaCl, into a high
salt ‘Buffer B’ 10mM Tris pH8.0, 500mM NaCl. Further purification utilised SEC on either an

S200 or S75 column in 10mM HEPES pH8.0, 0.5M NacCl.
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2.6 Crystallization

High-throughput nano-litre sized crystallization trials were carried out using the vapour
diffusion sitting drop method. (Brown et al. 2003; Walter et al. 2005; Walter et al. 2007). The
crystallization process involves the protein-containing drop becoming concentrated over time by
dehydration and if conditions are optimal, will result in spontaneous protein nucleation and
crystal growth. The purified proteins were typically concentrated to around 8-10mg/ml in the first
instance. A pre-crystallization trial (PCT) (Hampton) (table 2.3) was then performed to ensure
that the protein concentration was suitable for a full screen of crystallization conditions (table

2.4).

Table 2.3 Commercial Pre-Crystallization Trial (PCT) formulation.

This figure has been removed due to
copyright restrictions.

The variety of crystallization screens tested (table 2.4) are based on commercially
available screens that have been reformatted for 96 well plates (Walter et al. 2005). Precipitant
solution was added to each reservoir of a 96 well barcoded plate (Greiner), using an automated
Hydra system (Matrix Technologies). A Cartesian Microsys dispenser system (Brown et al. 2003;
Walter et al. 2005) was used to first dispense 100nl of protein then 100nl reservoir solution to
wells in the Greiner plate. Room temperature plates were then transferred to an automated storage
vault (The Automated Partnership, TAP). An automated Oasis 1700 (Veeco) imaging system

enabled remote monitoring of potential crystal growth. For 4°C crystallization trials the
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temperature of the Greiner plates was gradually reduced to prevent condensation on the lid seal,

which otherwise would have detrimental effects on image quality, before being transferred to a

Formulatrix storage and imaging system maintained in a cold room.

Table 2.4 Range of crystallization screens utilised.

Screen Name

Manufacturer

Screen Type

Commercial screen contents

Sparse matrix

Block 1 Hampton Research Crystal screen 1/2
screen
Block 2 Emerald BioSystems ?82:;? matrix Emerald Wizard I/11
Block 3 Hampton Research Sfr?e:asr? matrix Hampton PEG/lon/APS screen
Block 4 Hampton Research Sparse matrix | Natrix/ crystal screen cryo/
screen Membfac.
Sparse matrix | Grid screen PEG/LICI/ NaCl
Block 5 Hampton Research soreen &MPD/Quik
Index Hampton Research Sparse matrix Hampton Index
screen
SaltRx Hampton Research Sparse matrix Ham_pton SaItRx S:alt/ versus pH
screen matrix crystallization screen
PEGRx Hampton Research PEGRX screen polyme_r an_d PH based
crystallization screen
Morpheus Molecular Dimensions I;gferg:eus 3D screen of low MW ligands

PACTpremier

Molecular Dimensions

Sparse matrix
screen

pH, cation & anion screen with
PEG precipitant

Membrane
protein screen

Molecular Dimensions

Sparse matrix
screen

Optimized pH, precipitant and
salt concentrations

Sparse matrix

Targeted to protein-complex

Proplex Molecular Dimensions screen crystallization database (PCCD)

Additive Hampton Research Additive Volatile/ non-volatile
compounds

Limited In-house development | Sparse matrix Hits screen

based on crystal hits

screen

Not all of the initial crystals obtained were suitable for data collection and needed
optimisation. One method of optimisation employed was to vary both the protein to precipitant
ratio and the precipitant concentration in a small number of drops. This was achieved by creating
a dilution series (using a RoboGo robot (MWG) of precipitant across 12 drops (1 row on a 96
well plate) typically with a 3% gradient. For each row the protein to precipitant ratio was either

1:1, 1:2 or 2:1 through rows A-C and in duplicate through rows E-G.
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2.7 Data collection

All datasets produced for this thesis were either collected at the Diamond Light Source
(DLS), Harwell in Oxfordshire on the 103, 104 and 104-1 beamlines or at the European
Synchrotron Radiation Facility (ESRF), Grenoble, France. Prior to testing, frozen crystals were

prepared for shipment as described below.

Cryo-protection attempts to protect protein crystals from the freezing damage associated
with the formation of ice crystals. In most cases the ‘mother liquor’ did not provide any cryo-
protection so either ethylene glycol (30%) or glycerol (25-30%) was added directly to crystals in
the drops. Mother liquors that contained small molecule PEGs or had a high enough percentage of
glycerol did not require any further cryo-protectant (Garman et al. 1997). The crystals were then
picked using a suitable sized loop, either the nylon CryoLoop™ (Hampton Research) or the mesh
type LithoLoop (Molecular Dimensions) which is more suitable for fragile crystals. The crystals
could then be flash frozen at 100 Kelvin (K) in liquid nitrogen awaiting data collection. At the
DLS, a robotic sample changer mounts the crystal on the beamline and software allows crystals to
be orientated remotely. Details of data collection, processing, refinement and structural validation

specific to each solved protein crystal structure can be found in subsequent chapters.
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2.8 Biophysical analysis

It is important to support crystallographic observations with biophysical analysis. Such
techniques provide information on a protein’s oligomeric state(s) as well as giving further
evidence that the occurrence of any protein-protein interactions are not artificial products of
protein crystallography. A range of biophysical techniques were therefore employed to
complement the structural analysis of every protein. Details of specific techniques utilised during

this thesis are described here.

2.8.1 Multi-angle light scattering (MALS) analysis

MALS is a technique that enables the absolute molecular mass of a protein to be
calculated. In an ideal world one would calculate the absolute molecular mass of a protein by
measuring the intensity of light scattered at zero degrees (0°) from the laser source. However in
practice this cannot be calculated because the intensity of the source will always be greater than
the light scattered. In MALS, measurements are made at multiple angles to improve accuracy and
the signal to noise ratio where low angle measurements are associated with a higher level of
noise. MALS then uses a model (e.g. the Raleigh ratio) to extrapolate the value to 0°. In all, three
values must be known; the specific refractive index (dn/dc), the concentration of the protein
(calculated from the UV absorbance) and the amount of light scattered (Wen et al. 1996). All
protein dn/dc values fit within a narrow range of values (Zhao et al. 2011) where a value of
0.186mL/g is typically used (Wen et al. 1996). However the dn/dc value must be adjusted for
glycoproteins because post-translational modifications in the form of carbohydrate additions

cause excess light scattering (Arakawa et al. 2001).

In practice, the protein sample is first separated according to size by SEC and then
pumped through a series of detectors for light scattering, absorbance and refractive index. MALS
coupled with SEC analysis required a high level of protein purity therefore could only be carried

out after large-scale transient expression and protein purification. All proteins were concentrated
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to Img/ml in 110l unless otherwise stated. Running buffer (10mM HEPES pH7.5-8.0, 150mM
NaCl) and MilliQ H,O were filtered and extensively degassed before use. The Wyatt MALS
system and sample loading loop were rinsed with water prior to use. With the pressure limit set to
0.4bar, a superdex S200 HR10/30 column was equilibrated at 0.5ml/min into MilliQ H,O and
then into running buffer. A 100ul sample aliquot was injected onto the column. Light scattering
and refractive index data were collected and analysed using the Astra software package (Wyatt).
During data analysis the baseline levels were first set and then the peaks of interest selected. This
software also enabled individual light scattering detector measurements to be removed from the
analysis if the signal to noise ratio was too low. The data was then plotted as refractive index (y1

axis) and molar weight (kDa) (y2 axis) against elution volume or time (x axis).

2.8.2 Surface Plasmon Resonance (SPR)

SPR is an optical detection technique to measure biomolecular interactions in real time.
Many systems, including the Biacore system utilised here, employ a detection scheme known as
the Kretchmann configuration. This involves polarized light passing through a prism and being
reflected from the bottom of a thin layer of gold into a detector. At an incidence angle known as
the resonance angle, light is absorbed by the electrons within the gold layer, causing them to
resonate. Any absorbed light results in the reflected beam losing intensity which can be measured
by the detector. Upon ligand binding, the refractive index close to the surface of the chip changes,
where any change in mass at the sensor surface shifts the angular position of reflected light
(Homola et al. 1999). In the Biacore system the resonance unit (RU) is the unit of measure where

1 RU approximately = 1pg protein/mm? of the sensor surface.

Protein ligands were coupled to the chip utilising the affinity of streptavidin for biotin.
Prior to SPR, proteins were expressed with an Avitag in small-scale transient HEK293T cell
transfections (section 2.2.1) ready for biotinylation. The biotinylation protocol required 4ml of
media to be diluted 1:1 in PBS containing 10mM Tris pH8.0. Charged Talon resin (Clontech)

(200ul) was then added and incubated for 2 hrs at room temperature with gentle mixing. Beads
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were washed with 4 column volumes (CV) of 10mM Tris pH8.0 to reduce salt concentration
which inhibits the biotinylation reaction, before beads were re-suspended in 500ul of 10mM Tris
pH8.0. This reduced volume was then transferred to a fresh 1.5ml tube before 100ul of 10x buffer
A (0.5M Bicine pH8.3), 100ul 10x Buffer B (100mM ATP, 100mM MgOAc, 500ul d-biotin) and
25ul BirA (biotin ligase) were added to the sample and incubated for 2 hrs at RT with gentle
mixing. Beads were washed with 4 CV of PBS containing 10mM Tris pH8.0, and protein eluted
with 5x 1ml fractions of 300mM imidazole. Protein was then buffer exchanged into 10mM
HEPES pH7.4, 150mM NaCl by overnight dialysis at 4°C and then concentrated to 0.5ml, ready

for use.

The CM5 sensor chip (Biacore) surface was primed with 10mM HEPES pH7.4, 150mM
NaCl, 0.05% Tween-20 at a 5pl/min flow rate. A ‘normalisation solution’ (0.1M glycine, 50mM
NaOH, 0.3% Triton X100) was then injected over all four flow cells (FCs) at 5ul/min for 5 mins.
The chip was then activated with a coupling reaction of N-hydroxysuccinimide/
ethyl(dimethylaminopropyl) carbodiimide (NHS/EDC) for 7 mins at 5ul/min. Streptavidin
(Sigma) in 10mM sodium acetate pH4.5 was then injected over all four FCs for 14 mins at
S5ul/min (to bind around 5000units). The chip surface was then blocked to inactivate any
remaining sites with 1M ethanolamine hydrochloride pH8.5 at 5ul/min for 7 mins. The amount of
ligand immobilized was varied as required. CM5 chips contain 4 FCs and the ligand was initially
only injected over FC-4 for 420seconds at 5ul/min to gauge maximum protein levels obtainable.
Units of protein ligand were then bound as required onto FC- 2 and 3 and sometimes required the

protein to be diluted. The FC-1 was always the control lane with no ligand bound.

Once ligands were bound, 30s test analyte injections were performed at 10ul/min. Where
regeneration was required, 1.5M NaCl, 10mM HEPES pH7.5, 0.05% Tween-20 was typically
applied and the flow rate increased to 50ul/min for 30s bursts until baseline response units (RU)
levels returned. For any analyte showing a potential interaction with a ligand, a serial dilution was

set up and tested in duplicate. After each injection 600s buffer then 30s regeneration buffer (if
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required), followed by another 100s of buffer then 30s of regeneration buffer and then finally

another 600s of buffer was flowed over the chip between samples at 10pl/min.

2.8.3 Analytical ultracentrifugation (AUC)

AUC was performed by Dr Robert Gilbert (STRUBI) using an Optima XL-I analytical
ultracentrifuge (Beckman Coulter). Sedimentation equilibrium experiments were conducted as
described previously (Clayton et al. 2009). Protein was applied at set concentrations at speeds of
8,000 rpm, 14.000 rpm and 18,000 rpm to determine the oligomeric state of the protein. The
technique measured any reversible self-associated oligomers that may have occurred at higher

concentrations by calculating the Ky (equilibrium dissociation constant).

2.9 Fluorescence activated cell sorting (FACS)

FACS is a technique that enables cell populations to be sorted in a variety of ways. The
principle technique uses a laser, focussed on a stream of cells in solution, set to the required
wavelength to activate the fluorophore present. An emission is then detected which is highly

sensitive and can detect changes in the levels of protein on the surface of the cell.

For the sake of this thesis, HEK293T cells in flat-bottomed 35mm multi-well dishes
(Corning) were transfected with HA-tagged proteins either with or without the monoVenus tag.
To reduce variations in transfection efficiency, a single ‘mastermix’ transfection cocktail with
4ug of DNA/well was used to transfect all wells. This ‘mastermix’ was added 26 hrs prior to cell
staining and FACS analysis. Then if required, 16 hrs pre-cell staining, the potential interaction

partner was applied in purified form at or above the K as determined by SPR.

Cells were washed and re-suspended in 1ml ice cold PBS before being centrifuged at 600
xg for 2 mins. The PBS was removed and cells re-suspended by agitation in the remaining liquid.
Cells were then washed with 3ml cold PBS with 0.05% sodium azide (NaNs) and centrifuged
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again as before. The process was repeated twice more before cells were incubated for 45 mins at 4
°C with 1pl of primary antibody solution (mouse anti-HA at 0.5ng/ul) diluted in 100ul PBS
NaNs, cells were then washed three times as before. A 1ul aliquot of secondary antibody (either
donkey a-mouse APC (Invitrogen) or Alexa488 Fluor® conjugated secondary antibody (Abcam)
both at 0.5ug/ml) was used per 100ul PBS NaNj3 and cells were incubated for 30 mins at 4 °C
protected from light using aluminium foil to prevent fluorophore bleaching. Cells were again
washed three times as before, before being re-suspended in 2% paraformaldehyde (PFA)/PBS +

0.05% NaNa3.

Cells were sorted using a CyAn cell sorter (Beckmann Coulter). Several parameters in the
form of ‘gates’ were applied to ensure that the cells were live (gate 1) and singular (gate 2).
Occasionally, with low transfection efficiency rates, a third parameter was also included to

identify only those cells that had been successfully transfected (gate 3).

2.10 Electron Microscopy

Electron microscopy (EM) was performed by Terunaga Nakagawa in San Diego. Samples
were prepared as previously described (Ohi et al. 2004) and diluted to obtain optimal number of
particles on each grid. Uranyl formate was used as a stain due to its fine grain structure. Protein
samples were less prone to aggregation and high levels of background when they were
transported in a buffer containing 10mM HEPES pH7.5, 150mM NaCl. It was also noted that
when glycerol was added to the protein in an attempt to improve stability during shipment, the
background staining was increased. Additionally, proteins shipped in the presence of Pl (to
reduce protein degradation by protease activity) did not withstand the sample preparation methods

and aggregated.
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2.11 Data analysis and generation of figures

Analysis of plasmid sequencing data was performed using MultAlin (Corpet 1988) after
the nucleotide sequences had been translated to peptide sequences using EXPASy

(http://web.expasy.org/translate/).

Raw sensogram curves, generated during each SPR Biacore run, were used to create a
concentration curve in the Scrubber2 evaluation software. A detailed guide to the scrubber data
analysis procedure can be found in Tutorial 0: Introduction to scrubber (2006) supplied with
Scrubber2 program. Scrubber2 provided a step by step method to prepare data for presentation.
Raw data curves were first loaded from the Biacore results output file. This data was then
displayed as an initial raw data plot with Time (x axis) plotted against Response units (RU) (y
axis). The baseline (zero) for RU was then manually set and data cropped to remove any
regeneration stage etc. not required for the calculation. All curves were then aligned to zero on the
x axis and blank (buffer only) runs were then selected for reference. Data generated for this thesis
utilised the equilibrium analysis SPR method where the equilibrium position for each run was
selected manually and then used to automatically generate a plot of Response (RU) against
analyte concentration. These data were then exported via Microsoft Excel into Sigmaplot where
simple ligand binding analysis was performed and a dissociation constant Kp calculated. Data

were then transferred to CoralDraw® for graphical representation.

FACS data analysis and generation of raw data figures was performed in FlowJo and then

exported to CorelDraw® to make the final figures.

Finally, plasmid maps were generated in CorelDraw®. Agarose DNA gels were
visualised using ultraviolet (UV) illumination. SDS-PAGE gels and western blot films were
scanned and figures labelled in CoralDraw® and Powerpoint. SEC data was visualised using the
UNICORN™ software and then exported to Microsoft Excel to generate thesis worthy

chromatograms.
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3.1 Introduction

Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors share a
common domain organisation that is conserved amongst all ionotropic glutamate receptors
(iGluRs). Their large ectodomain region contains a substantial amino terminal domain (ATD)
(figure 3.1) of around 380 residues that shows sequence homology to a family of proteins that
includes the bacterial leucine/isoleucine/valine-binding protein (LIVBP) (Matsuda et al. 2005)
and the ligand binding domain of metabotropic glutamate receptor 1 (mGIluR1) (Nakagawa et al.
2005) both noted to form dimers in solution (Kunishima et al. 2000; Matsuda et al. 2005). The
iGIuR ligand binding core (LBC) has a clam-shell topology containing two lobes termed S1 and
S2. The peptide sequence forming the LBC is interjected by transmembrane domains M1, M3 and
the M2 re-entrant loop, in which the Q/R RNA editing site (controlling AMPA receptor calcium
permeability) is located (figure 3.1) (Ozawa 1996). This is followed by the final transmembrane

helix (M4) into the intracellular C-terminal.

Amino terminal domain (ATD) Glutamate
residues ~25- 405
Ligand binding core (LBC) Fiip/iop
S1 residues ~410-520 QR
S2 residues ~647-787

R/G

Transmembrane domain (TM)

M2 residues ~590-613
M3 residues ~618-641

M4 residues ~808-830

Figure 3.1 AMPA receptor schematic.
The AMPA receptor domain organisation includes the amino terminal domain (ATD), ligand binding core (LBC) with
glutamate binding site indicated and transmembrane domain containing helices termed M1, 2, 3 & 4 (where M2 forms the
receptor pore), each subunit also contains an intracellular C-terminal. The flip/flop, Q/R and R/G modification sites are also
indicated.

The ATD is implicated in receptor trafficking (Xia et al. 2002), subunit assembly
(Ayalon et al. 2001; Rossmann et al. 2011) and protein-protein interactions (discussed in Chapter

1). Examples of protein-protein interactions includes the postulated interaction with N-cadherin
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stated to induce dendritic spine formation and growth in hippocampal neuronal cultures (Saglietti
et al. 2007). The ATD also interacts with neuronal pentraxins to induce synapse formation
(Passafaro et al. 2003; Sia et al. 2007) (discussed in Chapter 4) and other potential protein-protein
interactions are currently under investigation (discussed in Chapter 5). In addition to these roles,
the ATD of other iGIuRs can bind small molecules which allosterically modulate channel
conductance. For instance the ATD of the GIuN2 subunit of NMDA receptors is known to bind
Zn* at its interlobe cleft. Zn?* binding locks the ATD in a closed conformation which exerts
tension onto the linker connecting the ATD to the LBC and destabilises the LBC dimer interface.
This relieves the strain that the LBC exerts onto the TM domain and allows the channel to close
(Gielen et al. 2008). The NMDA receptor channel activity is therefore reduced and as such the
ATD of the GIuN2 subunit has been targeted as a binding site in the development of

neuroprotective drugs (Karakas et al. 2009).

Whilst binding of glutamate to the LBC of iGIuRs results in ion channel opening,
glutamate binding to mGIuRs results in conformational changes which activate their associated
GTP-binding proteins (G-proteins) to regulate intracellular secondary messengers (Ozawa et al.
1998). Glutamate binds at the bi-lobed ligand binding region of the mGIuR homodimer. This
causes the two lobes to come together and rotate into a closed state and this architectural
flexibility translocates through the protein and acts to stabilise the TM domain in an active

conformation (Kunishima et al. 2000; Kew et al. 2005).

Despite domain deletion and mutagenesis studies, the full involvement of the AMPA
receptor ATD in receptor modulation remains to be elucidated. The structural homology to
bacterial and mGIuR ligand binding domains and the fact that some NMDA receptor ATDs can
bind known ligands which allosterically modulate the receptor led to the hypothesis that the
AMPA receptor ATD might also share the ability to translate structural rearrangements into
receptor modulation. High resolution X-ray crystallographic protein structures are expected to

contribute considerable insights into this hypothesis.
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3.2 Aims

The evolutionarily related bacterial LIVBP, mGIuR1 and some iGIuR ATDs have the
ability to bind small molecules (ligands) at their interdomain cleft, so the hypothesis that the
AMPA receptor ATD shares this capability will be investigated. The ATD is also postulated to
have roles in receptor assembly, trafficking and in protein-protein interactions. Once structural
insights are obtained here the project aims to characterise the AMPA receptor and investigate
potential roles of AMPA receptor ATDs (their role in protein-protein interactions forms the focus

of Chapters 4 and 5). The aims of this chapter are summarised below:

1) Structurally characterise the AMPA receptor GIuA2_ATD using X-ray
crystallography.

2) Examine whether the interdomain cleft of GIluA2 ATD is an allosteric modulation
site using biophysical analysis.

3) Determine the role of the AMPA receptor ATD in subunit specific assembly using
MALS analysis.

4) Explain the role of the ATD in receptor trafficking using FACS and cellular analysis

to compare surface expression levels of both full length and ATD truncated proteins.
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3.3 Materials and methods

Information regarding accession numbers and cDNA sources for all AMPA receptor
constructs of interest is detailed in Chapter 2, table 2.1. Information outlining all oligonucleotides
and constructs amplified by PCR can be found in Appendix A. Amino acid residue numbering
commences from the start of each protein’s native secretion signal. Cloning details are split into

sections below, where constructs received from collaborators are also indicated.

3.3.1 Construct design, PCR, and restriction-based cloning overview

Typically all AMPA receptor constructs were cloned into the pHLsec family of vectors
(vector map Chapter 2, figure 2.1) by restriction-based cloning methods. Unless otherwise stated,
all PCR amplified inserts were digested with restriction enzymes Agel/BsiWI and all vectors with
Agel/Acc65l, thus generating compatible cohesive ends for ligation. Protocols for construct
design, PCR, restriction digestion, ligation and transformation were as described in Chapter 2,

section 2.1.

3.3.2 Generation of constructs

The mouse GIuAl ATD (GIuAl_ATD) (GenBank accession number BC056397)
construct (residues N23-T393) in the pHLsec vector was a gift from Ingo Greger (LMB,
Cambridge). When problems with protein expression and purification arose, this construct was
also cloned into pHLsec with a 1D4 tag (to improve protein purity), and in an attempt to improve
protein yield it was cloned into the pBacPAK9 vector (Clontech) for expression in baculovirus

systems.

A human GIuA2 ATD (GenBank accession number NM_000826) construct, termed
from hereon in as GIuA2_ATD (residues N25-E412), was cloned into pHLsec and pHLsec_Avi
vectors. To produce a monomeric form of GluA2_ATD (GluA2_M1), an F71D mutation was

introduced into GIUA2_ATD by site-directed mutagenesis. Additional GIluA2_ATD mutant
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constructs were also generated. These also targeted the dimer interface and aimed to disrupt
hydrophobic interactions via the introduction of charged residues: GIuA2 M2 (F103D),
GluA2_M3 (L161E) and GIuA2_M5 (L165E). An N-linked glycosylation site GIuA2_M4
(T74N-A76S) was also introduced (see Appendix F- Supplementary figure 4 for mutant
expression analysis). GRIA2_mouse cDNA (GenBank accession number BC048248) was used to
generate a GIuA2 full length Q-form (calcium permeable) construct termed GIuA2_FL (residues
N25-1883) with either an N-terminal haemagglutanin (HA) tag (construct L9) or FLAG tag
(construct L11). A GluA2 Q-form construct with an ATD truncation termed GluA2 AATD
(residues N406- 1883) was also PCR amplified to incorporate either an N-terminal HA (construct
L13) or FLAG tag (construct L15). Constructs were then ligated into pHLsec and pHLsec_mV
vectors for FACS and cellular analysis. The ATD-D1 construct (AM212) was based on GenBank
accession number BC010574. The construct contained residues N25-S796 where residues G520-

D757 were replaced by one of two linker regions (DNSS or DDSS).

A mouse GIUA3_ATD cDNA (GenBank accession number NM_016886) construct

(G22-S403) in the pHLsec vector was a gift from Ingo Greger (LMB, Cambridge).

Initial attempts to generate the human GIluA4_ATD construct (GenBank accession
number BC167786) containing residues S25-T416 with an N414R mutation to remove predicted
N-linked glycosylation site produced only small amounts of secreted proteins. A HEK293S
G418-resistant stable cell line expressing GluA4_ATD was created by Ingo Greger (LMB,
Cambridge). An aliquot of cells were kindly donated, which were grown and expanded to produce
all GluA4_ATD protein required for experiments described here. RatGluA4_FL (residues S25-
G893) and ratGluA4 AATD (residues N407-G893) were cloned into the pHLsec_mV vector for
use in FACS and cellular analysis. All clones described here were sequence verified before initial
small-scale transient expression attempts in HEK293T cells and analysis by SDS-PAGE/western

blot as described in Chapter 2, section 2.3.2.
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3.3.3 Large-scale protein expression and purification

Constructs were expressed by transient transfection of HEK293T and HEK293S cells as
described in Chapter 2, section 2.2.2 unless otherwise stated. Proteins were purified from media
after dialysis into PBS to prevent cobalt leaching from the TALON beads (Clontech). The
proteins were purified by immobilised metal affinity chromatography (IMAC) and size exclusion
chromatography (SEC) (described in Chapter 2, section 2.4). All SEC peak fractions were
analysed by SDS-PAGE as described in Chapter 2, section 2.4. Because a suitable molecular
replacement model was not available for GIuA2_ATD, selenomethionine (SeMet) was
incorporated into GIuA2_ATD protein using the adapted protocol of HEK293T cell transient

transfection (described in Chapter 2, section 2.2.3).

GluA4_ATD protein was expressed in the HEK293S GluA4_ATD stable cell line (G418
selective) and purified from dialysed conditioned medium using the same IMAC and SEC
methods utilised for all other mammalian expressed secreted proteins (described in Chapter 2,

section 2.4).

3.3.4 Crystallization, data collection and processing

This text has been removed due to copyright restrictions.
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3.3.5 Structure determination and refinement

This text has been removed due to copyright restrictions.
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3.3.6 Thermal shift assay (thermofluor)

Thermofluor was used to screen potential interaction ligands of the GIuA2_ATD. Sypro
orange dye (Sigma) (4ul of a 5000x stock) was diluted in 996l HEPES buffer. The dye solution
was added to the protein and the temperature increased from 0 °C to 100°C, the general principal
being that as the protein is denatured its hydrophobic residues are exposed, which the dye then
binds to resulting in an increased fluorescence (Pantoliano et al. 2001). Fluorescence was
detected by an RT-PCR machine and the protein’s melting temperature analysed. Protein
stabilization was attempted using amino acids (10uM final concentration) and additives from the
‘Silver bullet’ crystallization screen (Hampton Research). Stabilisation was visualised as an

increase in melting temperature (T.,,) where 63 °C was obtained for the native protein.

3.3.7 FACS analysis

FACS was used to determine the role of the ATD in receptor trafficking. GIuA2_FL,
GluA2 AATD, GluA4_FL and GluA4_ AATD in pHLsec and pHLsec_mV (all including a HA
tag) were expressed in HEK293T cells. Cell preparation and staining was as described in Chapter
2, section 2.9. Cell surface expression was detected by cell staining and FACS analysis carried
out at the Weatherall Institute of Molecular Medicine (WIMM) in Oxford with assistance from
Veronica Chang. Geometric mean values were analysed to enable the comparison of fluorescence

intensities with the control data to give a degree of positivity measure.
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3.4 Results

3.4.1 Structural analysis

Results describing the solved structure of the AMPA receptor GIuA2 ATD have been
published (Clayton et al 2009). Key features of the published work are summarised below with
reference to Appendix F (published article with supplementary figures), to give context to the

further developments that have since been made.

This text has been removed due to copyright restrictions.
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This figure has been removed due to
copyright restrictions

Figure 3.2 This text has been removed due to copyright restrictions.
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This text has been removed due to copyright restrictions.

This figure has been removed due to
copyright restrictions

Figure 3.3 This text has been removed due to copyright restrictions.
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This text has been removed due to copyright restrictions.

This figure has been removed
due to copyright restrictions

Figure 3.4 This text has been removed due to copyright restrictions.
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3.4.3 Attempts to crystallize larger ectodomain constructs

In addition to the GIuA2_ATD and SeMet-labelled GluA2_ATD proteins crystallized,
attempts were made to crystallize larger GIuA2 ectodomain constructs for structural and
functional analysis. A construct was designed to incorporate the S1 domain of the LBC and the
ATD (construct ID AM212) (figure 3.5B) and was transiently expressed and purified from
mammalian expression systems (figure 3.5C). The GluA2_ATD_D1 protein failed to crystallize
but MALS analysis reveals masses corresponding to a dimer (130.14kDa), with indications that

this protein can form higher order oligomers (242.77kDa), possibly tetramers if at a suitable

concentration (figure 3.8B).
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Figure 3.5 Generation of GluA2_ATD_D1.

A) The GluA2 ectodomain with the ATD (blue) and lobes D1 (yellow) and D2 (pink) of the LBC highlighted. B) Generation
of GluA2 ATD DI protein with linker region (DDSS or DNSS) highlighted. Construct mapped to published structure
(3KG2) (Sobolevsky er al, 2009) to show ATD in blue and two lobes D1 and D2 of LBC shown in yellow and pink
respectively. C) Purification of GluA2 ATD DI from HEK293T cells +kifunensine by SEC. An S200 10/30 column and
10mM HEPES, pH7.5, 150mM NaCl running buffer were used. 12% SDS-PAGE analysis of the peak fraction with attempts
to deglycosylate protein by EndoF1 for crystallization. Protein was also treated with PNGase to confirm EndoF1
deglycosylation had been successful. Molecular weight marker (MW) Benchmark (Invitrogen).
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3.4.4 Understanding the ATDs role in AMPA receptor assembly

To investigate the role of the ATD in receptor assembly (and protein-protein interactions
in Chapter 4 and 5) the GIuA1-4 ATDs were transiently expressed in mammalian expression
systems. Purification of GIluA2, GIuA3 and GluA4 ATDs generated good amounts of protein
(>1mg/L) and SDS-PAGE confirmed the purity obtained was suitable for use in structural,

biophysical and cellular analysis (figure 3.6B-D).
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Figure 3.6 SEC and SDS-PAGE analysis of AMPA receptor ATD proteins purified from HEK293S cells.
A)GluAl_ATD, B) GluA2 ATD, C) GluA3_ATD and D) GluA4 ATD (from HEK293S stable cell line). SEC purification
of GluAl, 2 and 3_ATDs were performed on an S200 16/60 column and an S200 10/30 column for GluA4_ATD. Gel
filtration running buffer was 10mM HEPES pH 7.5, 150mM NaCl. The observed SEC peak fractions were then analysed by
12% SDS-PAGE gels where the gel loading order was as follows; Benchmark (Invitrogen) protein molecular weight marker
(MW), Talon IMAC flow through, 5mM Imidazole wash from Talon IMAC, 1pl of SEC injected sample and then the peak
SEC fractions as indicated by Roman numerals.

Expression and purification of GIuAL1_ATD proved problematic and purified proteins

were unstable, weakly expressed and prone to aggregation (figure 3.6A). The addition of a 1D4
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tag did not improve protein purity or yield, so expression was attempted in the baculovirus system
which was used to produce secreted GIuUAL _ATD protein (from Spodoptera frugiperda Sf9 cells)
which had been used to crystallize and solve a GIuUA1_ATD structure (Yao et al. 2011). Here,
western blot analysis of small-scale expression trials in sf9 cells revealed a secreted band present
in the media fraction (figure 3.7). A large-scale sf9 cell infection was therefore carried out (by
Yuguang Zhao and Weixian Lu, STRUBI) (uncalculated multiplicity of infection (MOI)) but
unfortunately the result was not reproducible in large-scale where only a 20mAU peak for
purified secreted protein was observed in SEC (not shown). Infection of insect cells with
baculovirus can require extensive optimisation and so future work to improve secretion levels will

be attempted.

MW @ &"2?
(kDa) ¢® Q¢ Figure 3.7 R1_ATD baculovirus small-
scale expression test in sf9 cells.
: Sf9 insect cells were infected with
501 . - baculovirus expressing GluAl ATD in
the pBacPAK9 vector. At 48hours post
infection the cell suspension was

harvested and centrifuged for 5 mins at
1000 xg. Cell pellet and scereted (media)
fractions were analysed by 12 % SDS-
PAGE/ anti-His western blot. Molecular
20-/% weight marker (MW) Benchmark
(Invitrogen) protein ladder.

To investigate the role of the AMPA receptor ATD in subunit specific assembly, the
oligomeric states of several AMPA receptor ectodomain constructs were determined by MALS
analysis (figure 3.8). GIuA2_ATD (figure 3.8A) and GluA4_ATD (figure 3.8D) were shown to
have masses of 92.18kDa and 87.01kDa respectively, indicating that these proteins form dimers
in solution (at 1mg/ml). The GIuA3_ATD (figure 3.8C) was also analysed at 1mg/ml and a mass
of 62.41 kDa was obtained. Because this mass accounted neither for a monomeric or dimeric
form it was postulated that the protein was in equilibrium between the two states. To confirm this,

MALS was repeated with the protein at 6.6mg/ml and 0.2mg/ml which indicated masses of
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75.43kDa and 43.54kDa respectively and the lower concentration confirmed that a monomeric

form of the protein was present.
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Protein Injected conc. Polydispersity (Mw/Mn)| Molar mass Mn (kDa)
GluA2_ATD 1mg/ml 1.000 (1%) 92.18 (0.9%)
GluA2_ATD D1 1mg/ml 1.001 (0.3%) 130.14(0.2%)
GluA3_ATD 0.2mg/ml 1.005 (3%) 43.54 (2%)
GluA3_ATD 1mg/ml 1.001 (2%) 62.41(1%)
GluA3_ATD 6.6mg/ml 1.001 (1%) 75.43 (0.9%)
GluA4_ATD 1.0mg/ml 1.000 (1%) 87.01 (0.8%)

Figure 3.8 MALS analysis of AMPA receptor ectodomain constructs.

MALS analysis of the various AMPA receptor proteins: A) GluA2 ATD (AM21) at 1.0 mg/ml, B) GluA2 ATD DI
(AM212) injected at 1.0 mg/ml, C) GluA3_ATD injected at 0.2, 1.0 and 6.6 mg/mland D) GluA4_ATD injected at Img/ml.
Proteins were analysed on an S200 10/30 column in a running buffer containing 10mM HEPES pH 7.4, 150mM NacCl.
Schematic representation of the corresponding protein oligomeric state is depicted above each curve. Table indicates MALS
molar mass values calculated using the ASTRA software package and the Mn is the number average molar mass. The %
value in paratheses is the uncertainty in this value as calculated by ASTRA. Where the uncertainty is a measure of the
statistical consistency of the data.

92



Chapter 3 AMPA receptors

3.4.5 Understanding the ATDs role in AMPA receptor trafficking

To determine whether the ATD is required for AMPA receptor trafficking FACS analysis
was performed and cell surface levels of GIuA2_FL and GIuA2_AATD proteins were examined.
Analysis indicates that the cell surface expression levels for GIuA2_AATD are higher in both
GIluA2 Q (calcium permeable) and R forms (figure 3.9A). This was also confirmed by cellular
analysis where COS7 cell surface detection clearly demonstrates that both proteins were able
traffic to the surface (figure 3.9B). FACS analysis with GluA4_FL and GluA4_AATD also
provided the same result where a larger amount of GluA4_AATD protein was observed at the cell

surface compared to GluA4_FL levels (Chapter 4, figure 4.19C & D).

A B
100 B GluAZ_AATD .
B GluAz FL .
B 293T control Nl
_ 80 <
& =
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>
s 40 =
5 <
=
20 <
=
O
0 3
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FL & Log (fluorescence)

Figure 3.9 FACS analysis of GluA2.

A) HEK293T cells were transiently transfected with GluA2 FL and GluA2_ AATD. Proteins were expressed with an N-
terminal HA-tag and FACS analysis enabled anti-HA detection of surface protein levels. Data was processed using FloJo
software. B) Complementary cellular analysis using anti-HA antibody surface detection of GluA2_FL and GluA2 AATD
that were transiently expressed in COS7 cells. Data shown is representative of data obtained for the GluA2 Q form (calcium
permeable), but the GluA2 R forms exhibits the same trend.
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3.5 Discussion

This text has been removed due to copyright restrictions.

Since 2009, structures for all AMPA receptor ATDs have been solved. When the first 100
residues of GluA2_ATD (PDB ID: 2WJW) (Clayton et al. 2009), GIuA3_ATD (PDB ID: 3021)
(Sukumaran et al. 2011) and GluA4_ATD (PDB ID: 4GPA) (Dutta et al. 2012) are aligned to the
GIuAl_ATD (PDB ID: 3SAJ) (Yao et al. 2011) using SHP (Stuart et al. 1979) and the rest of
each molecule aligned to this matrix, a movement or potential flexibility is observed in the D2

domain (figure 3.10).

The GIUA3_NTD structure reveals a large degree of previously unseen flexibility in the
lower (D2) lobes of the ATD interlobe cleft, where movements of up to 8A were observed
(Sukumaran et al. 2011) which is more reminiscent of the mGIuR1 domain arrangement

(Kunishima et al. 2000).
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GluAl_ATD

GluA2_ATD GluA2_ATD

GluAl _ATD
GluA3_ATD

Figure 3.10 AMPA GluA1-4_ATD structural alignment.

Amino terminal domain (ATD) of AMPA receptors GluAl (grey), GluA2 (pink), GluA3 (lilac) and GluA4 (blue) subunits.
The proteins were aligned to GluA1 ATD using SHP (Stuart et al. 1979) based on the first 100 residues of the D1 lobe. The rest
of'the domain was then orientated based on this matrix. Structures depicted as cartoon putty in pymol (DeLano, 2002). N-and
C-terminal residue locations indicated.

Recent advancements have demonstrated that the AMPA receptor ATDs act as either
obligate or preferential hetero-tetramers (Sukumaran et al. 2012) and although these remain to be
structurally characterised, many iGIUR ATD hetero-complex structures have recently been solved.
The heterodimer complex of Kainate receptor GluK2/GIuK5 subunits reveals that the GIuK5
ATD contains a glycan moiety at the interdomain cleft which acts as a steric block to prevent full
domain closure (Kumar et al. 2011). The structure of the NMDA receptor GIUN1/GIuN2B
heterodimer identified the molecular requirements, present only in heterodimers, that are
compulsory for binding of the neuroprotective drug phenylethanolamine and demonstrated that

conformational freedom in the ATD is essential (Karakas et al. 2011).
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This text has been removed due to copyright restrictions.

The GluA2 ATD has since been solved again to a higher resolution and was also initially
thought to contain unidentified density at the interdomain cleft, (Sukumaran et al, 2011).
However the structure has since been reanalysed and suggests that the density can be accounted

for by a phosphate ion and water molecules (Mayer 2011).

Additional putative binding sites involving the AMPA receptor ATD should also be
considered since more binding sites in other iGIuRs have recently been identified. For example it
was initially proposed that Zn®* bound in the hydrophobic pocket of the NMDA GIuN2 ATD
interdomain cleft but the structure of GIuN2 in complex with zinc has since revealed that Zn**
does not bind quite as expected and actually clamps the outer edge of the interdomain cleft,
locking the domain in a closed conformation (Karakas et al. 2009). In addition to this site, the
NMDA ATD can be allosterically modulated by the NMDA receptor inhibitor termed Ifenprodil
and the related phenylethanolamine compounds which were known to inhibit GIuN1 and
GIuN2B. The cleft had again been suggested to be the binding site (Karakas et al. 2009) but the
compounds have since been shown to bind to a novel site at the hetero-dimer interface between
the GIuN1 and GIuN2 ATDs (Karakas et al. 2011). Whether the AMPA receptor ATD is able to
bind small molecules and allosterically modulate the receptor is still to be defined. Work to
identify the potential ATD binding molecules was continued in an MRC-tech grant by
collaborators (Ingo Greger, LMB Cambridge) and has since expanded to examine GIuUA3_ATD as

a potential target.
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The 4.1A structure presented here confirms the hypothesis that the ATD is involved in
receptor assembly by indicating that the ATD can form higher lever oligomers and was also
confirmed by AUC analysis (Appendix F). The AMPA receptor GluA2, GIuA3 and GluA4 ATDs
were analysed by MALS and confirmed the ability to form homodimers in solution although the
affinity for GIUA3_ATD homodimers was weaker in agreement with previously published data
(Rossmann et al. 2011). The ATDs of NMDA and kainate receptors have also been solved. These
iGIuRs function as obligate heterodimers which can be elegantly explained by the fact that the
equivalent ATDs interact very weakly whereas the binding affinity for heterodimer assembly is

1000 fold stronger (Kumar et al. 2013).

Finally, the ATD had previously been stated to be involved in receptor trafficking (Xia et
al. 2002), where previous research has demonstrated that reduced GIuALl surface expression
levels were detectable when N-terminal truncations were made to replace residues ANFPNNIQI
(residues A19-127) with a FLAG tag. Authors implied that the receptors do not leave the
endoplasmic reticulum (ER) because the ATD is required for trafficking (Xia et al. 2002).
Structural analysis provided here would suggest that truncating 9 residues from the N-terminal
would encroach into the ATD so it is perhaps not surprising the protein was trapped in the ER, as
would be the case for a protein that had not correctly folded or had become aggregated. Here
AMPA receptor trafficking was actually increased for proteins lacking their ATDs. The increased
cell surface expression detected might simply be attributed to the AATD proteins being much

smaller than the FL versions, so more protein can be made in the time frames observed.
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3.6 Future work

Several attempts to purify GIuA1_ATD with a variety of purification tags and
mammalian and baculovirus expression methods were unfortunately unsuccessful. A structure of
GIluAl_ATD expressed in an insect cell line was able to generate enough protein to crystallize
and solve the structure (Yao et al. 2011) but >90% of the protein was lost during the purification
procedure (personal communication), implying that the protein is inherently unstable. Because
many of the AMPA receptor ATD crystals grew in low pH conditions (GIuA1_ATD pH 5.0 (Yao
et al. 2011), GIuA2 data presented here for crystal form 1 pH4.6, GIUA3_ATD pH4.6
(Sukumaran et al. 2011) and GluA4_ATD pH5.0-7.0 (Dutta et al. 2012)) one might hypothesize
that purification attempts using buffer solutions in this range (and not the standard pH7.4-8.0
routinely utilised) might stabilise the protein and reduce the observed precipitation and

aggregation.
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4.1 Introduction

Neuronal pentraxins are released from the pre-synaptic neuronal compartment and were
previously shown to cluster post-synaptic AMPA receptors (figure 4.1) (O'Brien et al. 1999;
O'Brien et al. 2002) (see Chapter 1). The three neuronal pentraxins are termed neuronal pentraxin
1 (NP1), neuronal pentraxin 2 (NP2) (also known as neuronal activity regulated protein (NARP))
and neuronal pentraxin receptor (NPR). NP1 is secreted and stated to be constitutively expressed
(Schlimgen et al. 1995), while NP2 is a secreted immediate-early response gene (IEG) that
exhibits activity-regulated expression (Hsu et al. 1995). NPR is N-terminally attached to the pre-
synaptic membrane but its extracellular region is predicted to contain a protease cleavage site to
enable release of a secreted form (Dodds et al. 1997). Because the expression of these structurally
similar proteins is regulated by different mechanisms, it alludes to them having specialised,

independent roles at the synapse.

Figure 4.1 AMPA receptor clustering by neuronal pentraxins.
AXON The oligomeric neuronal pentraxins (red) are axonally expressed and
cluster AMPA receptors (blue) on the post-synaptic membrane.
< B
L

MNeuronal pentraxins
AMPA receptor“ n
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The neuronal pentraxin C-terminal pentraxin (PTX) domain shows a high level of
sequence homology to other members of the pentraxin family such as C-reactive protein (CRP)
and serum amyloid-P (SAP) (figure 1.10) that are both involved in innate immunity clearance
processes (Garlanda et al. 2005). Like all pentraxins, the neuronal pentraxins have lectin-like
properties and bind carbohydrates in a calcium-dependant manner (Garlanda et al. 2005).
Sequence alignment indicates that neuronal pentraxins are able to act as lectins because the key
calcium co-ordinating residues present in CRP and SAP protein structures are conserved (blue

hexagons, figure 4.2). In addition to the PTX domain, all neuronal pentraxins have an N-terminal
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extension, predicted to contain coiled-coil regions (green boxes figure 4.2) that enable the protein
to form oligomeric homo- or hetero-complexes which then cluster the AMPA receptors (figure
4.1) (Dodds et al. 1997; Kirkpatrick et al. 2000; Xu et al. 2003). Previous neuronal pentraxin
expression attempts have not been able to provide any structural information (Xu et al. 2003)
(figure 4.3A) but we hypothesize that the PTX domain will show structural homology to other
pentraxin proteins. To obtain higher order oligomeric structural information, the expression and

purification of homogenous full length neuronal pentraxins is required.
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Figure 4.2 Sequence alignment of human neuronal pentraxins NP1, NP2 and NPR.

Sequences were aligned using MULTALIN (http://multalin.toulouse.inra.fr/multalin/). Predicted pentraxin domains (PTX)
are highlighted by lilac boxes. NetNGlyc (http://www.cbs.dtu.dk/services/NetNGlye/) -predicted N-linked N-
acetylglucosamine (GleNAc) glycosylation sites are highlighted with orange pentagons. Cysteine residues that potentially
form disulphide bridges are highlighted in vellow with red text. Predictions of potential coiled-coil regions by COILS
software (http://www.ch.embnet.org/software/COILS form.html) are highlighted by green boxes. Signal sequence
predictions (http://bmbpcu3o6.leeds.ac.uk/cgi-bin/sig_pred/Signal.cgi) are highlighted in grey. The NPR trans-membrane
region is indicated by the light blue box. Conserved calcium co-ordinating residues are highlighted by blue pentagons. The red
underlined region indicates the ‘pentraxin motif” where pink indicates variation from motif. Secondary structure prediction
based on C-reactive protein (Shrive ef af, 1996) is indicated where Beta sheets are labelled A-N (black arrows) and the alpha
helix labelled a (red arrow).
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In hippocampal neurons, post-synaptic spine size and density can be increased by over-
expression of AMPA receptors and is postulated to be triggered by a receptor-ligand interaction
involving the AMPA receptor GIuA2 amino-terminal domain (ATD) (Passafaro et al. 2003).
Additional research identified that these ligands were in fact the neuronal pentraxins which were
shown to interact with and cluster the AMPA receptor ATDs to induce synapse formation
(O'Brien et al. 1999; Sia et al. 2007). Interactions between AMPA receptors and neuronal
pentraxins are postulated to occur at perineuronal net (PNN)-coated GABAnergic parvalbumin
expressing interneurons (PV-INs), that act to dampen excitation of hippocampal pyramidal cells.
Developmental “critical periods’ of learning are reduced around the time that PNNs form (Kwok
et al. 2011) (see Chapter 1). Neuronal pentraxins were shown to localise to PNN-coated regions
at excitatory inputs on PV-INs whereas AMPA receptors were shown to localise to but do not
directly interact with PNNs (Chang et al. 2010). In NARP (NP2) knock out (KO) mice, the net
excitatory drive onto PV-INs is reduced, resulting in hyper-excitability in the developing visual
system (Gu et al. 2013). We propose that neuronal pentraxin-induced clustering of AMPA
receptor may have one of two effects:

1) Synaptically localise and cluster the AMPA receptor which might trigger receptor
internalisation.
2) Synaptically localise and cluster the AMPA receptor, and enhance activation of the

mature GABAnergic PV-IN, suppressing hippocampal excitation (figure 4.3C).
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Figure 4.3 The interaction between AMPA receptors and neuronal pentraxins- a hypothetical mechanism,

A) This text has been removed due to copyright restrictions. B) A parvalbumin-expressing interneuron (PV-IN) during a
‘window of learning’ (critical period) whereby excitation results in AMPA receptor (yellow) internalisation and no activation
of the neuron. C) A mature inhibitory neuron where the presence of perineuronal nets (PNNs) enables the neuronal pentraxins
(pink) to anchor the AMPA receptor to the synapse, leading to activation of the neuron, the release of the neurotransmitter
GABA and subsequent depression of any downstream excitatory pyramidal neuronal contacts in the hippocampus.

4.2 Aims

The structure of the neuronal pentraxins, their physiological oligomeric state(s), the
purpose of their self-multimerization, how they interact with the AMPA receptors and why the
neuronal pentraxins have retained the ability to act as lectins within a neuronal system are all
currently unanswered questions. The aims of this thesis are to address these questions using

methods summarised below.

1) Investigate the hypothesis that the neuronal pentraxin PTX domain will show homology
to other pentraxins by solving protein structures using X-ray crystallography.

2) Determine the oligomeric states of the neuronal pentraxins by multi-angle light scattering
(MALYS) and electron microscopy (EM).

3) Analyse how AMPA receptors interact with the neuronal pentraxins by biophysical
analysis (surface plasmon resonance (SPR)) and the effect of this interaction by

fluorescence activated cell sorting (FACS).
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4.3 Materials and methods

4.3.1 Construct design, PCR amplification and restriction-based cloning

All neuronal pentraxin constructs were cloned into the pHLsec and pHLsec_Avi vectors
between the Agel and Kpnl restriction sites to utilise the pHLsec secretion signal (described in
Chapter 2, section 2.1). All amino acid residue numbering commences from the start of each
protein’s native secretion signal. Oligonucleotides (Appendix B, Table B2) were designed to PCR

amplify constructs of interest as described below and are outlined in Appendix B Table B1.

4.3.2 Generation of neuronal pentraxin 1 constructs

All human neuronal pentraxin 1 (NP1) constructs were based on GenBank entry
BC089441. In summary, the pentraxin (PTX) domain construct NP1 PTX (P224-1431) was based
on sequence similarity to other known pentraxin PTX structures (figure 1.10). A full length (FL)
construct NP1 _FL (Q23-1431) was also generated but its proteolysis led to the generation of an
N-terminally truncated construct NP1_CC2 (G112-1431), design of which was based on mass

spectrometry analysis of a cleavage product frequently occurring during NP2_FL purification.

Sequence information for NP1, highlighting construct boundary residues, N-linked
glycosylation sites and targeted mutagenesis residues is outlined in figure 4.4. The C-terminal
residue (N432) was not included in the construct because ligation into the pHLsec vector via the

Kpnl restriction site would generate an additional N-linked glycosylation motif (NGT).
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MPAGRAARTCALLALCLLGAGAIDFGPTRFICTSVPVDADMCAASVAAGGAEELRSSVLQLRETV
LOQKETILSQKETIRELTAKLGRCESQSTLDPGAGEARAGGGRKQPGSGKNTMGDLSRTPAAETL
SQLGQTLOSLKTRLENLEQYSRLNSSSQTNSLKDLLQSKIDELERQVLSRVNTLEEGKGGPRNDT
EERVKIETALTSLHQRISELEKGQKDNRIGDKFQLTFPLRTNYMYAKVKKSLPEMYAFTVCMWLK
SSATPGVGTPFSYAVPGOANELVLIEWGNNPMEILINDKVAKLPFVINDGKWHHICVTWTTRDGV
WEAYQDGTQGGSGENLAPYHPIKPQGVLVLGOEQDTLGGGFDATQAFVGELAHFNIWDRKLTPGE
VYNLATCSTKALSGNVIAWAESHIEIYGGATKWTFEACROIN

Figure 4.4 Neuronal pentraxin 1 sequence information and construct design.

The NP1 secretion signal is indicated by the yellow highlighted region. The start positions for the PTX, FL and CC2
constructs are indicated by green, magenta and cyan highlighting respectively. The construct’s end residue is indicated by red
font, in bold. Site-directed mutagenesis locations are highlighted in grey and the two N-linked glycosylation sites are
highlighted in blue bold font and are underlined.

To produce artificial dimeric, trimeric and tetrameric forms of NP1 _PTX, hereafter
referred to as NP1_PTX-2coil, -3coil and -4coil, N-terminal coil modifications were introduced
by addition of short peptide sequences (figure 4.5A). These sequences were based on previously
engineered peptide sequences used to generate dimeric, trimeric and tetrameric coiled regions by

altering leucine and isoleucine hydrophobic residues at key positions (highlighted in yellow and

green, figure 4.5A) (Harbury et al. 1993).

A -dimer: RMKOBEDKIEERLSKIYHEENEIARBKKLIGER
~trimer: RMKQIEDKIEEILSKIYHIENEIARIKKLIGER
~tetramer: RMKQIEDKHEEETLSKBYHIENEHARIKKLEGER

5. ..GCCGGC...3 5. ..ACCGGT...3
3...CGGCCG...5 3...TGGCCA...5
Agel ; coll linker

+ |
NgoMIV Agel

pHLsec_
NP1 _PTX
n-coil

Agel

Figure 4.5 Generation of multimeric PTX domains.

A) Artificial coiled-coil modifications (Harbury ef al. 1993) to form coils in a dimeric, trimeric and tetrameric arrangement by
alteration of leucine and isoleucine hydrophobic residues. B) Engineering the coiled-coil modification into pHLsec vector
containing various PTX domain constructs.
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DNA fragments encoding the peptides (figure 4.5A) were synthetically generated by
Eurofins (MWG), supplied in the pCR2.1 vector and were engineered to contain an N-terminal
NgoMIV site to produce complementary restriction ends to an Agel cleaved vector. An additional
C-terminal Agel restriction site was also included after a C-terminal GGSGGSGGS ‘linker’
region to space out the pentraxin domain from the clustering peptide (figure 4.5B). Agel
restriction digested pHLsec and pHLsec Avi vectors containing NP1 PTX were
dephosphorylated with alkaline phosphatase to remove 5 phosphate groups. The treated vector
therefore lacked the 5 phosphoryl termini, preventing self-ligation. The synthetic peptide-
containing vectors were digested with NgoMIV and Agel restriction enzymes and the gel purified
peptide fragments were ligated into the pHLsec vectors N-terminally to the PTX domain (figure

4.5B). Sequence verification was performed to ensure the inserts were in the correct orientation.

The NP1_PTX-2coil, -3coil and -4coil constructs were also cloned into the pNeo_Sec
vector (Chapter 2, section 2.1.10) (Appendix E- pNeo_Sec vector map) for expression in the

polyclonal HEK293S stable cell line system (Chapter 2, section 2.2.4).

4.3.3 Generation of neuronal pentraxin 2 constructs

For human neuronal pentraxin 2 (NP2) (GenBank accession number BC009924)
NP2_PTX (S221-L431), NP2_FL (Q18-L431) and NP2_CC2 (G89-L431) constructs were
generated (figure 4.6). Site-directed mutagenesis was performed in an attempt to remove a
potential tumour necrosis factor-a  converting enzyme (TACE) cleavage site
(C94S+K101Q+R103Q) (figure 4.6 grey highlights). A “sugarless’ NP2_PTX (S221-L431) was
created by introduction of the N393Q mutation to remove the predicted N-linked glycosylation

site within the PTX domain, highlighted below in figure 4.6 with bold blue underlined font.
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MLALLAASVALAVAAGAQDS PAPGSRFVCTALPPEAVHAGCPLPAMPMOGGAQS PEEELRAAVLQ
LRETVVQOKETLGAQREAIRELTGKLARCEGLAGGKARGAGATGKDTMGDLPRDPGHVVEQLSRS
LOTLKDRLESLEHQLRANVSNAGLPGDFREVLQORLGELERQLLRKVAELEDEKSLLHNETSAHR
QKTESTLNALLQRVTELERGNSAFKSPDAFKVSLPLRTNYLYGKIKKTLPELYAFTICLWLRSSA
SPGIGTPFSYAVPGQANEIVLIEWGNNPIELLINDKVAQLPLFVSDGKWHHICVTWITRDGMWEA
FODGEKLGTGENLAPWHPIKPGGVLILGQEQDTVGGRFDATQAFVGELSQFNIWDRVLRAQEIVN
IANCSTNMPGNIIPWVDNNVDVFGGASKWPVETCEERLLDL

Figure 4.6 Neuronal pentraxin 2 sequence information and construct design.

The NP2 secretion signal is indicated by the yellow highlighted region. The start positions for the PTX, FL and CC2 constructs
are indicated by green, magenta and cyan highlighting respectively. The construct’s end residue is indicated by red bold font.
Site-directed mutagenesis locations are highlighted in grey and the N-linked glycosylation sites are highlighted in blue bold
underlined font.

4.3.4 Generation of neuronal pentraxin receptor constructs

The membrane bound neuronal pentraxin receptor (NPR) (GenBank accession number
BC153027) constructs NPR_PTX (S289-A500) and NPR_CC2 (G118-A500) were based on

known sequence information (figure 4.7).

MK JLLAAGML? V f~._LALSPARAEPGGADNASVASGAAASPGPQRSLSALHGA
GGSAGPPALPGAPAASAHPLPPGPLFSRFLCTPLAAACPSGAQQGD@AGAAPGEREELLLLQSTA
EQLROTALQQEARIRADQDT IRELTGKLGRCESGLPRGLOGAGPRRDTMADGPWDSPALILELED
AVRALRDRIDRLEQELPARVNLSAAPAPVSAVPTGLHSKMDQLEGQLLAQVLALEKERVALSHSS
RRQRQEVEKELDVLQGRVAELEHGSSAYSPPDAFKISIPIRNNYMYARVRKALPELYAFTACMWL
RSRSSGTGOGTPFSYSVPGQANEIVLLEAGHEPMELLINDEVAQLPLSLEKDNGWHHICIAWTTRD
GLWSAYQDGELQGSGENLAAWHPIKPHGILILGOEQDTLGGRFDATQAFVGDIAQFNLWDHALTP
AQVLGIANCTAPLLGNVLPWEDKLVEAFGGATKAAFDVCKGRAKA

Figure 4.7 Neuronal pentraxin receptor sequence information and construct design.

NPR sequence information highlighting predicted cell adhesion region (black box), start positions for PTX and CC2
constructs are highlighted in green and blue respectively. Predicted N-linked glycosylation sites are highlighted in blue bold
underlined font and the construct’s end residue is indicated by red bold font. Predicted TACE cleavage sites are indicated by
black arrows (Cho ef al. 2008).

4.3.5 Protein expression and purification

Following PCR amplification, restriction digest, cloning and sequence verification,
protein secretion levels were initially detected by western blot analysis of media harvested from
small-scale transiently transfected human embryonic kidney (HEK) 293T cells (Chapter 2, section
2.3.2). For large-scale expression proteins were expressed in 3L of HEK293T or HEK293S and

purified using IMAC and SEC as outlined in Chapter 2, section 2.4.
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4.3.6 Crystallization, data collection and processing

NP1 _PTX crystals typically grew in conditions that contained polyethylene glycol (PEG).
The NP1 _PTX crystal used to solve the structure grew from a three-row optimization with a 3%
gradient of a reservoir containing PEG 8000 at pH 6.5, details of which are outlined in Table 4.1.
Crystals from this optimization plate were soaked with CaCl, (final concentration 10mM) before
freezing. NP2_PTX crystals grew in another PEG 8000-containing condition, this time at pH 8.5.
Some needle-like crystals were obtained for an NP2_CC2 construct, later determined to contain
only three extra residues at the N-terminus of the PTX domain and did not extend into the coiled-
coil region. NPR_PTX crystals grew in an optimization plate containing PEG 1500 at pH 9.0. All

other crystals for longer protein constructs (CC2, FL etc.) were found to contain only the PTX

domain so it was postulated that these were being cleaved in the drop.

Table 4.1 Summary of all neuronal pentraxin crystals tested.

Crystallization conditions for all NP1_PTX, NP2_PTX and NPR_PTX crystals Details of crystal screen

contents (column 3) can be found in Chapter 2, Table 2.4.

Crystal Plate ID_well | Crystal Screen Condition Date set Comments | Temp
NP1_PTX 391731_F08 Optimisation of | 15 %v/v Glycerol 25/10/2010 | 6.5mg/ml 4°C
Block 4 FO3 25.5 %wiv HEK293T
plate 1D 391557 | Polyethylene Glycol cells
(PEG) 8000, 0.17M
Ammonium Sulphate
0.085M Sodium
Cacodylate pH 6.5
NP1_PTX 391731_F07 Optimisation Condition as above | 25/10/2010 | As above + | 4°C
+2mM as above CaCl, soak
Caclz
NP1 _PTX 435046_C06 Optimisation of | 15 %v/v Glycerol 07/03/2012 | 6.7mg/ml 4°C
+20mM Block 4_F03 25.5 %w/v PEG HEK293T
Sucrose Octa Plate ID 391557 | 8000, 0.17M cells
sulphate Ammonium Sulphate
(S0S), 2mM 0.085M Sodium
CaCl, Cacodylate pH 6.5
NP2_CC2_ | 366081_G09 Block 5 0.35M di-Potassium | 15/02/2010 | 2.8mg/ml RT
NHis Hydrogen Phosphate HEK293S
0.65M Sodium di- triple flask
Hydrogen Phosphate EndoF1
pH 6.3 deglyc.
NP2_PTX 296708_G12 Block 4 35 %v/v Glycerol 22/07/2009 | 8.9mg/ml RT
5.2 %w/v PEG 8000 HEK?293T
0.065M Tris-HCI pH +kif
8.5 EndoF1
deglyc.
NP2_PTX 297347_F09 Optimisation of | 0.1M HEPES pH 7.0 | 30/07/2009 | 8.9mg/ml 4°C
2" crystal Block 5_F10 , 65%v/v HEK293T
form Plate ID 296661 | 2-Methyl-2,4- +kif
pentanediol EndoF1
deglyc
NPR_PTX 418445_B10 Optimisation of | 0.1M MIB system 22/08/2011 | 13mg/ml RT
PACTPremier_ | pH 9.0 22.5%w/v HEK293T
B6 PEG 1500 +kif
Plate 1D 418520 EndoF1
deglyc
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All crystals were cryo-protected with 30% ethylene glycol prior to data collection at the
Diamond Light Source in Harwell in Oxfordshire. NP2_PTX data was collected at Diamond
beamline 103 and solved using a molecular replacement model from SAP (PDB ID: 1SAC
(Emsley et al. 1994)) to a resolution of 1.8A (figure 4.11). NP2_PTX data were indexed to space

group P3,21 (table 4.2).

NP1_PTX datasets were collected at Diamond beamlines 103 and indexed to space group
C2 (table 4.2). The NP1_PTX structure was then solved to 1.45A using NP2_PTX as a search
model in Phaser (McCoy et al. 2005) Automatic model building using the NP1 _PTX peptide

sequence was then carried out by ARP/WARP (http://www.embl-hamburg.de/ARPY/).

NPR_PTX data was collected at the Diamond 104-1 beamline. Several datasets were
collected and the best crystal diffracted to 1.82A with a P1 crystal lattice (Table 4.2) and two
molecules per asymmetric unit (ASU). Matthew’s coefficient analysis confirmed that two
molecules of 24530Da were present in the ASU with 40% solvent. The NPR_PTX structure was
solved using NP1 _PTX as a search model in Phaser (McCoy et al. 2005). Automatic model
building using the existing model and the NPR_PTX peptide sequence was then carried out by

ARP/WARP (http://www.embl-hamburg.de/ARP/).

4.3.7 Refinement and structural validation

Refinement was carried out using Phenix (Adams et al. 2002), Buster (Gilmore et al.
1993) and Refmac (Murshudov et al. 1997) programs. Manual building in Coot (Emsley et al.

2004) and iterative cycles of refinement were then used to generate the final models.

A Ramachandran plot was performed in MOLPROBITY (Lovell et al. 2003) to assess the
stereochemical properties of the built model. This type of plot identifies unfavourable
conformations brought about by a steric hindrance when the dihedral angles Phi ¢ and/ or Psi y
angles are present in forbidden or unstable orientations. Angles that did not adhere to expected

backbone conformations were termed outliers, indicating that further refinement was required to
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generate the structural final statistics (table 4.2). Structural analysis involved model superposition
and enabled a direct comparison of domain organisation between molecules. The root mean
square deviation (RMSD) values (i.e. the measure of difference) were calculated using the

structural homology program (SHP) (Stuart et al. 1979) or the PyMOL align tool (DeLano 2002).

4.3.8 Biophysical analysis

MALS analysis was performed as described in Chapter 2, Section 2.8.1. All proteins were
analysed at 1mg/ml unless otherwise stated. Analysis was performed on a Superdex S200 10/300

(GE Healthcare) in 10mM HEPES pH 7.5, 150mM NaCl running buffer.

SPR was performed as described in Chapter 2 section 2.8.2. For SPR analysis, purified
AMPA receptor ATD proteins (GIuA2, A3 and A4 ATDs) (described in Chapter 3, section 3.3.2)
were concentrated to between 30-50uM and a dilution series established for use as the ‘analyte’.
In initial experiments the standard running buffer was 10mM HEPES (pH 7.4), 150mM NaCl and
0.05% wi/v Tween-20 but it was noticed that binding was enhanced (10 fold) in the presence of
calcium (data not shown), therefore the running buffer in all further SPR experiments also
included CaCl, and MgCI, (both at final concentration 2mM). The NP1 PTX NP2 _PTX,
NPR_PTX, NP1_PTX_2coil and NP1_PTX_3coil constructs were cloned into pHLsec_Avi and
expressed in HEK293T cells and biotinylated for biophysical analysis by SPR using methods

outlined in Chapter 2 section 2.8.2.

FACS was performed as described in Chapter 2, section 2.9. Analysis was performed
with GIluA4_FL protein because SPR analysis revealed that of all interaction pairs tested,
GluA4_ATD formed the tightest interaction with NP1 _PTX (~5uM). HEK293T cells were
transfected with GluA4_FL_HA monoVenus (mV) and GluA4 AATD HA mV as well as
GluA1l constructs GluAl_FL_HA_mV, GIluA1 AATD HA mV (cloned by Aletheia Lee, DPhil
student in our laboratory). Cells were stimulated with purified NP1_PTX and NP1 _PTX 3coil
protein either 1 hour or 12 hours prior to cell surface staining and protein surface levels analysed

by anti-HA antibody detection and FACS analysis.
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4.4 Results

4.4.1 Protein expression and purification

The 24.1kDa NP1 _PTX protein, expressed in HEK293T cells, yielded 5-8mg/L and was
determined by MALS to be monomeric in solution (figure 4.17E). The protein was prone to
precipitation when concentrated, therefore to overcome this problem 1ml elution fractions were
collected from IMAC. These peak protein fractions were pooled and dialysed into an imidazole
free buffer, which successfully reduced the aggregation problem and removed any metal ions
leeched from the IMAC resin. SDS-PAGE analysis of the purified NP1_PTX protein revealed it
to be >90% pure (figure 4.8A). NP1_CC2 (36.6kDa) was expressed to 2-5mg/L where a single
peak at 15.8mls was observed on SEC (figure 4.8B). NP1 _FL (46.0kDa) was expressed to
<0.5mg/L where SEC presented several protein peaks. The protein determined to be full length
(by SDS-PAGE analysis) was immediately pooled and protease inhibitors (P1) (Sigma) added to
prevent any further proteolysis. Despite attempts to optimise protein expression, small amounts of
NP1_FL protein were always obtained. In an attempt to boost expression, transient transfection of
HEK?293T cells were repeated with the addition of valproic acid (VPA) and sodium butyrate
which act as histone deacetylase inhibitors (Backliwal et al. 2008). VPA (1ImM final
concentration) was found to improve protein yields. Analysis of multiple peaks from SEC by
SDS-PAGE suggesting proteolysis had occurred (figure 4.8C). The oligomeric state(s) of the full
length protein remains undetermined despite extensive attempts to reduce protease activity and
produce protein stable enough for use in negative stain EM and MALS analysis. The protease
degradation was rapid, for instance the same protein sample analysed twice on MALS

immediately after purification but just 1 hour apart produced very different mass profiles.

NP2 _PTX (24.6kDa) yields were 5-8mg/L and did not present any issues during
purification. Partial occupation of the N-linked glycosylation site was postulated to be the cause
of the two protein bands on SDS-PAGE. The SEC elution volume (figure 4.9A) indicated that
NP2_PTX was monomeric (as observed for NP1 _PTX). NP2_CC2 (39.1kDa) typically yielded 2-

5mg/L from a single peak on SEC (figure 4.9B) A shift in the elution volume of NP2_CC2 to
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14mls from that observed for NP1_CC2 (15.8mls) potentially indicated that a higher oligomeric
form was present. SDS-PAGE analysis of peak SEC fractions of NP2_FL revealed the presence
of several protein bands (figure 4.9C) and only a small fraction of protein was of the expected
MW (45.7kDa) resulting in low yields of purified protein (<0.2mg/L). Previous research has
stated that a TACE or TACE-like matrix metalloproteases (MMPs) acts to cleave the neuronal
pentraxin receptor from the membrane (Cho et al. 2008), so TACE activity was considered to be a
possible cause of NP2_FL proteolysis. Addition of a protease inhibitor cocktail (Sigma) did not
prevent the proteolysis, therefore point mutations were designed to remove the potential TACE
cleavage site (C K R residues highlighted in grey figure 4.6) but this did not prevent the protein
cleavage occurring. The oligomeric state(s) for NP2_FL remain undetermined due to the protein’s

unstable nature.

Two secreted NPR constructs (NPR_PTX and NPR_CC2) were also cloned, expressed
(with ImM VPA added during NPR_CC2 expression) and purified, to produce 5-10 and 4-6mg/L
of protein respectively (figure 4.10A &B). SEC analysis indicated that NPR_PTX was
monomeric in solution and NPR_CC2 was likely to be multimeric because a larger than
previously observed protein (compared to the NP1 _CC2 and NP2_CC2 equivalent proteins)
eluted at 12.5mls (if not cleaved). NPR_CC2 protein was degraded despite the addition of a Pl
cocktail. Protein bands observed on SDS-PAGE matched the MW expected for the full NPR_CC2
construct (39kDa) as well as the potential products if the protein was cleaved between the PTX

and coiled-coil domains.
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Figure 4.8 Neuronal Pentraxin 1 (NP1) protein purification analysis.

Size exclusion chromatography (SEC) was performed after IMAC (TALON) purification for NP1 proteins. SDS-PAGE
analysis of SEC peak fractions shown here was performed using 15% (NP1PTX) and 12% (NP1_CC2 and NP1_FL)
acrylamide gels. A) NP1_PTX. B) NP1_CC2, C) NP1_FL. SEC peaks are identified by red Roman numerals i-v to
correspond to SDS-PAGE labels. Gel load order in A) and C) was as follows: Benchmark protein ladder (Invitrogen) then
SEC peak fractions as indicated. Gel load order for B), Benchmark protein ladder (Invitrogen), 1l of SEC injected sample
then peak SEC fractions. SEC running buffer 10mM HEPES pH 7.4, 150mM NaCl and samples were analysed on an S200
10/30 column.
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Figure 4.9 Neuronal pentraxin 2 (NP2) protein purification analysis.

SEC was performed afier IMAC (TALON) purification and analysis of SEC peak fractions was performed using 12%
acrylamide SDS-PAGE gels. A) NP2_PTX, B) NP2_CC2, C) NP2_FL. * indicates aggregate peak at column void volume.
Gel load order was as follows: A) Molecular weight marker (MW) Benchmark (Invitrogen), IMAC flow-through sample,
SmM imidazole wash then peak SEC fractions. In B) and C) Benchmark protein ladder followed by peak SEC fractions. SEC
peaks are identified by red Roman numerals i-iii and correspond to SDS-PAGE labels. SEC running buffer 10mM HEPES pH
7.4, 150mM NaCl. Samples were analysed on an S200 10/30 column.
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Figure 4.10 Neuronal pentraxin receptor (NPR) protein purification analysis.

A) NPR_PTX and B) NPR_CC2 size exclusion chromatography (SEC) analysis performed after IMAC (TALON)
purification. Peak SEC fractions were analysed on 12% acrylamide SDS-PAGE gels. Gel load order: Molecular weight
marker (MW) Benchmark (Invitrogen) followed by SEC peak fractions as identified by red Roman numerals i-iii to
correspond to SEC profile labels. SEC running buffer: 10mM HEPES pH 7.4, 150mM NaCl. Samples analysed on an S200
10/30 column.

4.4.2 Structural analysis of neuronal pentraxin PTX domains

Information regarding crystallization conditions for NP1_PTX, NP2_PTX and NPR_PTX
can be found in section 4.3.6. A summary of the crystals diffracting to the highest resolution for
each protein, the diffraction patterns obtained and structural highlights observed in electron

density can be found in figure 4.11.

In addition to the successful crystallization results summarised in table 4.1 other
crystallization attempts are included. The neuronal pentraxins, like all pentraxins, act as lectins to
bind carbohydrates in a calcium dependant manner (Tsui et al. 1996). Crystallization of
NP2_PTX with the addition of 10mM SOS or heparan sulphate and 2mM CaCl, was therefore

attempted but unfortunately these were not observed in any of the data collected.
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Figure4.11 Diffraction data and key structural features of NP1_PTX,NP2 PTX and NPR_PTX.
A) X-ray diffraction data for NP1_PTX collected at Diamond 10-3 diffracted to 1.45A. An Fo-Fc map contoured to 1.7
provides a snapshot of electron density for data refined without SO, and the two Ca’ ions. B) X-ray diffraction data for
NP2 _PTX collected at Diamond 103 diffracted to 1.8A. The Fo-Fc map contoured to 1.7¢ provides a snapshot of electron
density highlighting the loop region usually involved in calcium binding but in this calcium-free crystal the loop is involved in
a crystal contact. C) X-ray diffraction data for NPR_PTX collected at Diamond 104-1 diffracted to 1.82 A. The snapshots are
i) Fo-Fc map contoured to 1.4a to highlight calcium co-ordination this time by malonic acid, ii) N-acetyl glucosamine moiety
observed in Fo-Fc map contoured to 1.7o. Dotted line indicates distance of 1.43A.
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Structures solved for all three neuronal pentraxin PTX domains demonstrate that these
proteins are highly similar to each other (figure 4.12D) (RMSD values for NP1_PTX-NP2_PTX
0.475A over 1174 atoms, NP1_PTX-NPR_PTX 0.492A over 1059 atoms and NP2 _PTX-
NPR_PTX 0.45A over 1087 atoms (Pymol align)). All PTX domains contain a central anti-
parallel arrangement of B-sheets in a ‘jelly-roll’ topology with two faces termed here A and B that
contain an a-helix and calcium binding site respectively. Overall, the fold showed similarities to
other known pentraxin structures (figure 4.13). Alignment of NP2_PTX onto SAP (PDB: 1SAC
(Emsley et al. 1994)) using the structural homology program (SHP) (Stuart et al. 1979) gave an
RMSD value of 2.2A over 200 equivalent residues with variations in loop regions (figure 4.13C).
PISA (Protein Interfaces, Surfaces, Assemblies) [http://mwww.ebi.ac.uk/msd-
srv/prot_int/pistart.html] server results indicated that no higher order oligomerisation was present
in the crystal packing, confirming the monomeric state of the NP1_PTX observed on MALS
(figure 4.17E). The pentraxin B-sheets have been previously labelled A-N (Shrive et al. 1996),
here the same numbering was employed and revealed that p-sheets B-M are conserved (figure
4.12A), as is the a-helix on the A-face containing residues P388-T396 (NP1 numbering) (figure
4.12A). Disulphide bonds formed between cysteine residues C428-C397 and C256-C316 are also
conserved across NP1 _PTX, NP2_PTX and NPR_PTX structures and act to stabilise p-sheets C
& H and the distal end of the a-helix to the C-terminal region of the protein and suggesting that

mutation of either C256 or C316 residues would disrupt correct protein folding.

Of particular note is the calcium binding site on the B-face (figure 4.12B) that had been
previously predicted (Dodds et al. 1997). Based on sequence alignments (figure 4.2) all PTX
domains have the ability to bind calcium but the NP2_PTX structure was solved without calcium.
Despite the fact that NP2_PTX crystals did not contain calcium, the ability of all neuronal
pentraxins to bind to calcium is evident from sequence conservation and their electrostatic
potentials which indicate that a negatively charged pocket is present on the B face of all neuronal

pentraxin PTX domains (figure 4.12C).
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When comparing the calcium-bound (NP1_PTX and NPR_PTX) and calcium-free forms
(NP2_PTX), an alternative conformation is evident in one loop containing residues D360-D367
(figure 4.12D). In the structures with calcium this loop is folded back onto the body of the protein
away from the calcium ions. In the calcium free structure (NP2_PTX) this loop was able to flip
out and form a crystal contact with another molecule and can explain why soaking these crystals
with calcium caused them to dissolve. In the NP1 _PTX structure the first calcium ion is co-
ordinated by residues E358, D360 and Q370, the second by E358, N280 and D360 with the rest of
the coordination being provided by the sulphate ion and water molecules present (figure 4.12E).
In the NPR_PTX structure the additional calcium co-ordination is provided by malonic acid
(figure 4.11Ci), present in the malonic acid, imidazole, boric acid (MIB) crystallization condition
(table 4.1) that this crystal grew in. Crystallographic statistics for the NP1 _PTX, NP2 _PTX and

NPR_PTX solved structures can be found in table 4.2.
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D360

Figure 4.12 Neuronal pentraxin structural analysis.

A) The NP1_PTX structure represented in cartoon rainbow format where Beta sheets are labelled B-M and the prominent
alpha helix of the A-face is labelled as a according to human C-reactive protein (PDB ID: 1GNH) from Shrive et al, 1996. B)
180° rotation about y to highlight the calcium binding site on B-face. C) Electrostatic potential of NP1_PTX, NP2 PTX and
NPR_PTX generated in APBS (Pymol) contoured to -8/48 kT/e- where the NP2+PTX structure did not contain calcium. D)
Overlay of NP1_PTX (orange), NP2 PTX (green) and NPR_PTX (blue) to highlight high level of structural homology.
Calcium ions shown as grey spheres. Red box highlights calcium induced loop flip. E) Enlarged view of the calcium binding
site of NP1_PTX co-ordinated by residues N280, E358, D360 and Q370 as well as water molecules and sulphate ion.
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Serum amyloid P (SAP)
NP2_PTX

Figure4.13 The conserved ‘jelly-roll’ fold of the pentraxins.

A) Secondary structure topology diagram to highlight pentraxin domain fold homology. A) Serum amyloid P (SAP) (PDB
entry 1SAC (Emsley et al. 1994) and B) NP2_PTX. Figures generated in PDBsum (http://www.cbi.ac.uk/pdbsum/). Beta
sheets and alpha helices are labelled according to Shrive et al. 1996. C) Structural superposition of SAPand NP2_PTX where
alignment in SHP(Stuart et al, 1979) gave an RMSD value 0f2.21 A over 200 equivalent residues.
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Table 4.2 Neuronal pentraxin statistical analysis
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NP1-PTX +Ca?" NP2-PTX NPR-PTX+Ca?

Data collection
Beamline Diamond 103 Diamond 103 Diamond 104-1
Space group C2 P3,21 P1
Cell dimensions

a, b, c(A) 121.2,36.1,92.2 73.32,73.32,85.10 36.7,41.5,70.1

a, B,y (°) 90.0. 97.5, 90.0 90, 90, 120 104, 96.5, 106.2
Wavelength (A) 0.976 1.0714 0.917
Resolution (A) 40.0-1.45 (1.5-1.45) 63.5-1.80 (1.87-1.80)  34.58-1.82 (1.87-1.82)
Rmerge 0.086 (0.742) 0.080 (0.711) 0.082 (0.683)
I/ol 12.8 (1.3) 28.5(3.7) 9.7 (2.1)
Completeness (%) 98.6 (95.8) 100 (100) 91.4 (92.4)
Redundancy 3.4 (2.7) 10.6 (10.4) 3.7(3.8)
Wilson B factor (A2 9.27 24.4 20.214

Refinement
Resolution (A)
No. reflections

38.0-1.45 (1.49-1.45)
69597 (4537)

36.65-1.8 (1.87-1.80)
24906 (2592)

34.0-1/82 (1.88-1.82)
30942 (2823)

Rwork 0.162 (0.246) 0.160 (0.212) 0.177 (0.216)
Riree 0.194 (0.294) 0.193 (0.269) 0.207 (0.218)
No. atoms
Protein 3204 1670 3147
N-linked glycans - - 28
Glycerol - 12 -
Calcium 4 - 4
Sulphate 10 - -
Water 562 140 388
Malonate - - 14
B-factors (A?)
Protein main/side chains  12.4/ 16.6 26.7/31.8 21.88/ 28.32
N-linked glycans - - 31.80
Glycerol - 66.3 -
Calcium 10.86 - 21.66
Sulphate 17.25 - -
Water 33.2 42.5 39.29
Malonate - - 47.07
R.m.s deviations
Bond lengths (A) 0.006 0.007 0.007
Bond angles (°) 1.145 1.123 1.033
Ramachandran plot
Favoured (%) 96.79 97.17 98.75
Allowed (%) 3.21 2.83 1.25
Disallowed (%) 0 0 0
Molprobity clash score 2.22 (99" pc) 3.59 (98" pc) 3.98 (98" pc)

1.26 (96" pc)

1.31 (98" pc)

1.39 (97" pc)

Molprobity overall score

Numbers in brackets refer to the highest resolution shell.
Rfree Was calculated as per Ry, Tor a 5% subset of reflections not used in the crystallographic refinement.
Ramachandran statistics and Molprobity scores were calculated with Molprobity (Lovell et al, 2003).
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4.4.3 Mapping the AMPA receptor - neuronal pentraxin interaction site

Published research suggests that all neuronal pentraxins may interact with AMPA
receptor ATDs (Xu et al. 2003; Sia et al. 2007; Al Rahim et al. 2013), but to increase the
likelihood of a complex crystal forming it was important to biophysically characterise each of the
interactions to enable crystallization attempts with the tightest binding partners. SPR analysis was
performed as described in Chapter 2 section 2.8.2. Biophysical analysis of biotinylated
NP1 PTX, NP2 PTX and NPR_PTX (pHLsec_Avi constructs) was carried out with the neuronal
pentraxin construct bound to the chip as the ‘ligand’. AMPA receptor GIuA2_ATD and
GIuA3_ATD constructs were transiently expressed in HEK293S cells. GluA4_ATD was
expressed from a HEK293S stable cell line. GIuAL1_ATD was expressed at low levels (<0.5mg/L
(estimate)) in mammalian cells and could not be successfully purified as it was prone to
aggregation during purification. Despite extensive optimisation attempts the GIUAL_ATD protein
could not be obtained at levels required for SPR, so was not included in this analysis.
Unfortunately SPR analysis could also not be performed in the reverse orientation with PTX
proteins as analyte (which would usually confirm the binding (dissociation) constant (Kp) and
stoichiometry) because the presence of calcium in the buffer caused the PTX proteins to
precipitate at high concentrations. Actually, in the case of NP1 _PTX this ‘precipitate’ was later
visually determined to be microscopic needle crystals, still therefore unsuitable for SPR but still
useful to note that at high concentrations this protein can crystallize without the addition of a

specific precipitant.

Figure 4.14 summarises all SPR (Biacore) experiments conducted. In all cases the
neuronal pentraxin PTX domains were the ligands bound to a chip and AMPA receptor ATD
proteins were applied as analyte at various concentrations to determine each binding affinity (Kp).
All affinities are in the micromolar range, but one would expect this to be the case at a plastic
synapse where AMPA receptor locality is activity dependant. Of most importance, the tightest
interaction was determined to be between GluA4 ATD and NP1 PTX where a Kp between 5-

17uM was reproducibly observed (figure 4.14C).
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Complex crystallization of NP1 _PTX and GluA4_ATD was therefore attempted but trials

are yet to yield complex crystals due to the strong tendency of NP1_PTX to crystallize alone.
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Figure 4.14 SPR analysis of AMPA receptor ATDs binding to neuronal pentraxin PTXs.

Neuronal pentraxin NP1, NP2 and NPR pentraxin (PTX) domains were coupled to the SPR CMS5 chip as the ‘ligand’. Purified
AMPA receptor amino terminal domains (ATDs) were then applied as the *analyte” in a dilution series and the K, values
calculated. Binding to NP1_PTX, NP2 PTX and NPR_PTX is shown by red, green and blue curves respectively for each
AMPAATD analytes as follows:

A) GluA2 ATD and B) GluA3 ATD where 508 response units (RU), 557 RU and 1353 RU of NPI_PTX, NP2 PTX and
NPR PTX were bound to the chip. C) GluA4 ATD where 457 RU, 500 RU and 546 RU of NP1 PTX, NP2 PTX and
NPR_PTX were bound to the chip. D) Table summary of all interactions analysed highlighting (in yellow) the tightest binding
interaction between GluA4 ATD and NP1 _PTX. All values were calculated to be in the microMolar range although exact K,
cannot be accurately determined because binding was not saturated. All error values were calculated in Sigmaplot.
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4.4.4 Effect of NP1_ PTX calcium binding on interactions with GluA4_ATD

Crystallographic information confirms the presence of a double calcium binding site
within the neuronal pentraxin PTX domain and further structural analysis of NP1 _PTX revealed

several residues that were facilitating calcium binding (figure 4.12E).

To measure the effect that the NP1_PTX calcium binding has on the interaction with
GluA4_ATD several point mutations were designed to alter the ability of NP1 _PTX to bind
calcium ions. Constructs termed ‘M1’ and ‘M2’ contained mutant sites N280D and Q370E
respectively and aimed to enhance calcium binding by providing additional calcium co-ordinating
residues. It was hoped that these mutants would act by locally increasing negative charge but the
resulting proteins were unfortunately not secreted. An ‘M3’ mutant was designed to disrupt
calcium binding and contained two mutations at residues E358S and D360S (mutant sites
indicated in figure 4.15A). All mutants aimed to cause minimal structural disruption and their

positions are also highlighted in grey in the NP1 sequence in figure 4.4.

SPR was performed with NP1 _PTX and NP1_PTX_ M3 (E358S + D360S) bound as
ligands and a dilution series of GIuA4_ATD with the highest concentration of 30uM applied as
the analyte. Analysis of NP1 _PTX_ M3 revealed a marked reduction in binding to GIluA4_ATD,
where binding to NP1_PTX_ M3 was not accurately determined because saturation could not be

reached with the concentration range of analyte that could be tested (figure 4.15B).
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Figure 4.15 Structure-based mutagenesis to disrupt the neuronal pentraxin 1 calcium binding site.

A) Zoomed in view of the NP1 PTX calcium binding site to highlight residues E358 and D360 that were mutated to serine
residues (M3) to impede binding to calcium. B) SPR analysis of GluA4 ATD binding to NP1 PTX and
NPI_PTX_E358S_D360S calcium binding site mutant (M3) where 430 response units (RU) and 382 RU respectively were
bound.

4.4.5 Introduction of GluA4_ATD mutations to impede neuronal pentraxin binding

Structure-guided mutagenesis to disrupt the calcium binding site within the PTX domain
was shown to impede binding, but the binding site on the GluA4_ATD remained unknown. N-
linked glycosylation residues were introduced at two sites on GluA4_ATD (figure 4.16A) to act
as potential steric barriers to the interaction between GluA4_ATD and NP1_PTX. The sites
selected were at the flap (K319N-D321S) and ‘wing’ (K274N-M276S) loops of the ATD (figure
4.16A), selected after examination of exposed loops observed in the GluA4_ATD published
structure (Dutta et al. 2012). In small-scale expression trials the ‘wing” mutant was not secreted,
possibly due to the glycan interfering with protein folding, but the ‘flap’ mutant expressed to
Img/L and protein expressed from HEK293S cells was purified for use in SPR analysis. In SPR
addition of an N-linked glycosylation site in the GluA4_ATD flap loop was able to reduce

binding to the PTX domain when compared to the wild type GluA4_ATD protein (figure 4.16B).
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Figure 4.16 Disruption of the interaction between GluA4 _ATD and NP1_PTX by structure-guided mutagenesis.

A) Insertion of N-linked glycosylation sites at the wing loop (green box) (K274N-M276S5) and flap loop (blue box) (K3 19N-
D3218) of the ATD. Mutated residues are indicated by red dots on the AMPA receptor ATD sequence alignment where
GluA4 ATD residue numbering is indicated underneath the sequence alignment. Mutated residues are mapped onto the
previously published GluA4 ATD structure PDB-ID: 4GPA (Dutta et al. 2012). B) Surface plasmon resonance (SPR)
analysis of the wild type (WT) GluA4_ATD analyte (at highest concentration 90uM) and the flap loop GluA4 ATD
(K319N-D321S) mutant (at highest concentration 45uM) where 520units of NP1PXwere bound to chip.

4.4.6 The effect of neuronal pentraxin multimerization on GluA4_ATD binding

The structure of the neuronal pentraxin related SAP protein in complex with an Fcy
receptor (FcAR) fragment shows one FcAR being bound diagonally across the SAP pentamer (Lu
et al. 2008). Since native neuronal pentraxins appear to be multimeric we sought to determine
whether their multimeric forms may result in a binding site with a higher affinity than the

monomeric PTX domain for binding to the GIuA4_ATD.

Previously published negative stain EM analysis of native NP2_FL would suggest that
full length proteins form large aggregates (figure 4.17A) and that these may act to cluster the
AMPA receptor (Xu et al. 2003). It is highly unlikely that these aggregates are physiological and

most likely result from the large amounts of protein generated from mammalian expression
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systems utilizing the transfection reagent Lipofectamine 2000™ (Invitrogen) and the elution of
purified protein into 0.15M acetate buffer (pH 4.0) (Xu et al. 2003). Here, attempts were made to
generate full length NP protein (NP1 _FL and NP2_FL) in a uniformly oligomeric form, but
numerous issues arose. Protein precipitation occurred at all stages of purification, and then the
small amount of remaining protein was highly susceptible to proteolysis (figure 4.8C and 4.9C). It
was postulated that a TACE cleavage site was present, but attempts to mutate its potential sites of

action were fruitless in preventing this degradation.

Negative stain EM data was obtained for NP2_CC2 protein purified in Oxford (figure
4.9B) and analysed by our collaborator Terunaga Nakagawa in San Diego (figure 4.17C) which
showed a marked improvement to previous observations in terms of homogeneousness (Xu et al.
2003). A trimeric arrangement was consistently observed but the protein was only stable for only
a short period of time. Because all native oligomeric forms of neuronal pentraxins were unstable
when purified they were deemed unsuitable for cellular and biophysical analysis where result
reproducibility is paramount. Artificial PTX-coiled constructs (NP1_PTX 2coil, NP1_PTX_3coil
and NP1 _PTX 4coil) were engineered and expressed by generation of a polyclonal cell line in the
pNeo_Sec vector to enable a constant supply of protein for all future use. The coiled-coil system
has previously proved to be a useful tool in deciphering the functional role of oligomerisation in
AMPA receptors (Matsuda et al. 2005). MALS (figure 4.17E) confirmed masses for
NP1 _PTX 2coil and NP1_PTX_ 3coil to be 55.8kDa and 83.7kDa respectively. These were both
as expected but the mass of NP1 _PTX 4coil (expected mass 111.6kDa) was not and was
postulated to be because of steric constraints preventing four globular PTX domains coming
together. The NP1 _PTX_3coil protein was analysed by negative stain EM (figure 4.17C) and had
a similar trimeric ‘bunch of flowers’ arrangement to previously obtained EM images for the
NP2_CC2 construct, therefore it was considered valid to use this protein for functional

experiments to analyse interactions with AMPA receptors.
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Figure4.17 Structural and biophysical analysis of neuronal pentraxin 1.

A) Previously published EM analysis of purified NP1 protein shows large aggregates (Xu et al, 2003). B) Schematic
representation of NP1's domain organisation with two N-terminal coiled-coil regions (lime green) and a large globular C-
terminal pentraxin (PTX) domain (blue). C) EM negative stain analysis of i) NP1 _CC2 with class averages and ii)
NP1_PTX_3coil protein. D) Proposed structure based on class averages showing top and side view. E) MALS analysis of
NP1 _PTX (yellow) and artificial coil constructs: NP1_PTX 2coil (green), NP1 _PTX 3coil (red) and NP1 _PTX 4coil
(blue).
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The engineered oligomeric forms of NP1 were bound as ligands and SPR conducted
against the GluA4_ATD analyte. Binding did not appear significantly enhanced as a Kp of 2.9uM

was consistently observed whether the protein was monomeric, dimeric or trimeric (figure 4.18).
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Figure 4.18 Effect of neuronal pentraxin multimerisation on GluA4_ATD binding.

A) Schematic representation of NP1 _PTX, NP1 PTX 2coil and NP1 PTX 3coil that were used as ligands in SPR. B)
Binding curves obtained when 497 RU, 623 RU and 520 RU of NP1 PTX, NPl PTX 2coil and NP1 PTX 3coil
respectively were bound as ligands. A binding constant (K,)) was calculated to be 2.9uM for monomeric, dimeric and trimeric
formsof NP1_PTX.

4.4.7 Determining the effect of the AMPA receptor- neuronal pentraxin interaction

To investigate the effect that neuronal pentraxins have on AMPA receptors and
investigate the previously observed AMPA receptor clustering (O'Brien et al. 1999; Xu et al.
2003) FACS analysis was attempted with the hypothesis that clustering of AMPA receptors
would act to increase cell surface protein levels. Proteins were as described in section 4.3.8
(FACS analysis) and the anti-HA cell staining procedure enabled only surface expression levels
to be detected. Analysis of results indicated a reduction in AMPA receptor (GluA4_FL_mV_HA)
surface levels when NP1_PTX_3coil was added at both time points (1hr and 16hrs prior to FACS
analysis) which based on previously published observations (O'Brien et al. 1999; Xu et al. 2003)
was quite unexpected. When cells were incubated with the monomeric NP1_PTX, only a slight

reduction in surface levels was observed, close to the experimental error for GluA4_FL_mV_HA
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alone (figure 4.18A & B). The interaction between AMPA receptors and neuronal pentraxins was
previously shown to require the AMPA receptor ATD (Sia et al. 2007). Results here indicate that
when NP1 PTX 3coil was added to «cells expressing the full length protein
(GluA4_FL_HA_mV), a larger reduction in surface levels was observed when compared to the
detection of protein lacking the ATD (GluA4AATD HA mV) (figure 4.19C & D) which would
imply that the ATD was involved in the interaction as previously suggested (Passafaro et al.

2003; Sia et al. 2007).
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Figure 4.19 FACS analysis of surface detection of GluA4_FL_HA _mV and GluA4_AATD_HA_mV expressed in
HEK293T cells stimulated with purified NP1_PTX or NP1_PTX 3coil protein at 10pM.

A) FloJo representation of raw geometric mean data for APC detection from cells transfected with GluA4 FL. HA mV and
incubated with NPIPTX or NP1 PTX 3coil for lhr or 16hrs. The x and y axis labels are FL8 Log APC and % max
respectively. B) Reference subtracted detection of anti-HA surface levels shown in A) where cells were stimulated with
NP1_PTX (blue bars) (1hr: geometric mean 386 + 22, 16hrs: geometric mean 400.5=27.5)or NP1_PTX 3coil (green bars)
(1hr: geometric mean 179 £ 5, 16hrs: geometric mean 175 + 5) prior to cell staining. Geometric mean of control cells (grey
bar): 479+ 28, n=2.

C) Raw data curves for geometric mean values of APC detection from cells transfected with GluA4_FL._HA mV or GluA4
lacking the amino terminal domain (GluA4_AATD HA_mV), stimulated with NP1_PTX or NP1_PTX 3coil. X and y axis
labels are FL8 Log APC and % max respectively. D) Reference subtracted surface detection of data shown in C) normalised to
GluA4 FL_HA mV detection levels (orange bars) (Control cells geometric mean: 100 + 1), cells incubated with NP1_PTX
(geometric mean 104.4 £ 10) or NP1 _PTX 3coil (geometric mean 62.24 +4.7). GluA4 AATD HA mV (purple bars)
(control 82.74 +4.5) when incubated with NP1 _PTX (98.44 £6.0) or NP1 _PTX 3coil (geometric mean 73.14 + 3). Error bars
represent standard error of the mean (SEM), n=2.

Colour key identifies histogram samples by colour, where orange and turquoise histograms represent the stimulated cells,
specific to that experiment., blue and green histograms represent GluA4_FL_HA_mV positive control (i.e. no pentraxin
added). The red histogram represents non-transfected cells, stained with anti-HA that form the negative control (reference).

As already stated, large-scale expression and purification of GIUAL ATD was

problematic, where the protein became unstable when it was purified. However, small-scale

133



Chapter 4 The Neuronal Pentraxins

expression of GIuAl full length protein expressed with a monoCherry (mCh) and HA tag
(GluA1_FL_HA_mCh) (created by Aletheia Lee) was confirmed to traffic to the cell surface by
anti-HA cell surface staining (conducted by Aletheia Lee). FACS analysis was therefore
attempted with HEK293T cells transfected with GIluAl_FL_HA _mCh again stimulated with
soluble purified NP1_PTX or NP1_PTX_3coil protein using methods described in Chapter 2,

section 2.9.

As observed in FACS analysis of GIuA4 FL_HA mV (figure 4.19), the surface
expression GIluA1 FL_HA mCh was reduced when the cells were stimulated with purified
NP1 _PTX 3coil (figure 4.20A & B) (final concentration 10uM). FACS analysis was also
conducted with a fragment antigen-binding (Fab) fragment designed to bind specifically to the
GIuALl subunit’s wing loop (developed by Aletheia Lee). SPR analysis (conducted by Aletheia
Lee) found that the Fab bound to GIuAl with 450-500nM affinity. Here FACS analysis revealed
that the Fab appeared to enhance surface expression of GIuA1_FL_HA_mCh (figure 4.20C & D).
When cells expressing GIuA1_FL_HA _mCh were stimulated with Fab together with
NP1 PTX 3coil an overall reduction in surface expression was observed, but the reduction was

not as great as that occurring in cells stimulated with NP1_PTX_3coil alone (figure 4.20 C & D).

Results would therefore indicate one of two scenarios: Either that the Fab fragment was
able to partially block the internalisation of GIuA1_FL_HA_mCh when co-stimulated with
NP1 PTX 3coil by occupying same or similar binding site as NP1 _PTX 3coil, or that the
apparent reduced internalisation of GIuA1_FL_HA_mCh could just be the combined effect of a
Fab enhanced surface expression and a NP1 PTX 3coil internalisation, both proteins

independently affecting GluA1_FL_HA_mCh surface expression.
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Figure 4.20 FACS analysis of GluAl__FL_HA_mCherry (mCh) transfected HEK293T cells stimulated with Fab and
pentraxins.

A) Raw data histograms from anti-HA surface detection of GluA1 HA mCh. B) Graphical representation of reference
subtracted geometric mean values for anti-HA surface detection when cells were transfected with GluAl_FL_HA mCh
positive control (pink) (geometric mean 8.44 £1.22, n=2), or incubated with purified NP1 PTX (lilac) (geometric mean 9.44
+1.0,n=2)orNP1 PTX 3coil (navy blue) (geometric mean 6.39, n=1)at 10puM.

C) Preliminary data represented as a histogram (generated in FloJo) to show geometric mean values for Fab competition
assay . D) Graphical representation of data in A) where cells transfected with GluAl FL HA mCh = positive control (pink
bar) (geometric mean 13.23 + 0.65, n=2), cells incubated with GluAl ATD specific Fab fragment (green bar) (geometric
mean 17.98 0.1, n=2), cells incubated with Faband NP1 PTX 3coil (light blue bar) (geometric mean 14.98, n=1) and cells
incubated wit NP1 PTX 3coil alone (navy blue bar) (geometric mean 11.33 £ 0.45, n=2). Standard error of the mean (SEM)
bars present where applicable.
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4.5 Discussion

The first aim of this chapter was to structurally characterise the neuronal pentraxin PTX
domains. Here structural information was obtained for all three pentraxin (NP1, NP2 and NPR)
PTX domains where structural homology was high and only small differences in a ‘B face’ loop
(implicated in calcium binding) was observed. SPR analysis then identified that the binding
between the ATD of GluA4 and NP1_PTX was the tightest of all interaction pairs tested. In the
absence of a protein complex structure, the interaction of NP1 _PTX and GluA4_ATD was
mapped by mutagenesis. Mutations were introduced to the PTX domain to disrupt the calcium
binding site and to the GIuA4_ATD to create a steric block using glycan moieties. SPR analysis
conducted with an N-linked glycan mutation introduced at the GluA4_ATD flap loop reduced the
binding affinity to NP1_PTX, suggesting that the flap loop could be involved in this interaction.
The flap loop of other iGIUR ATDs is known to be involved in protein-protein interactions, for
example the delta receptor GluD2 interacts with ChlIn1 at the corresponding GluD2 flap loop and
when GluD2 ATD flap loop residues were mutated to alanine residues it abolished the interaction
(Kuroyanagi et al. 2010). Disruption of the NP1_PTX calcium binding site also disrupted binding
to GluA4_ATD but whether this is due to the site being directing involved in the interaction or

acting by allosteric effects remains to be determined.

The oligomeric state of the neuronal pentraxins was previously unknown where EM
analysis presented protein as large complexes of aggregated globules (Xu et al. 2003). EM
analysis of NP2_CC2 protein (construct design based on an observed cleavage product occurring
during purification) revealed that a trimeric ‘bunch of flowers’ form was present but was
unstable. Here work to create a homogenous stable trimeric form successfully generated a protein
(NP1_PTX 3coil) suitable for use in biophysical and cellular assays. Based on previously
published work where AMPA receptor clustering was observed after the addition of neuronal
pentraxins (O'Brien et al. 1999; O'Brien et al. 2002), one would have predicted that an increased
level of AMPA receptor might have been observed when NP1 _PTX 3coil was added to cells in

FACS analysis performed here but a reduction in overall cell surface expression was observed
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(figure 4.19). This does not rule out the requirement for an initial pre-clustering or rearrangement
that results in the observed receptor internalisation. FACS analysis indicates that internalisation
occurs in less than 1 hour (figure 4.19B) but further investigation is required to analyse the rapid

processes resulting in AMPA receptor internalisation.

Due to poor expression and purification yields SPR analysis could not be performed with
GIuA1_ATD protein but FACS analysis was able to provide some insights into its interaction
with NP1. Preliminary FACS analysis of cells surface levels of GIuA1 FL_HA mCh after
incubation with NP1_PTX 3coil alone caused a reduction of detectable surface protein levels.
When cells expressing GIuAL_FL_HA_mCh were incubated with a GIuAl wing specific Fab
fragment and NP1_PTX_ 3coil protein it also resulted in an overall, yet less marked, reduction in
cell surface GIuA1_FL _HA_mCh levels. Incubation with the Fab alone resulted in an increase in
surface AMPA receptor levels. The Fab used here was targeted to the wing region of
GIuA1_ATD due to this regions divergence across iGIUR ATDs so any Fab binding to this region
would bind specifically to the GIuAl subunit. These current data do not confirm whether the Fab
and NP1 _PTX_3coil interact at the same site. It is also important to note that there are no known
protein- protein interactions that occur at the wing loop of any other iGIUR ATD domains, so if
the neuronal pentraxins do indeed bind to the wing loop it would be a novel binding site. Most
likely is that there are multiple points of contact between the AMPA receptor and the neuronal
pentraxin proteins and may involve the wing, flap and other regions of the AMPA receptor

ectodomain.

137



Chapter 4 The Neuronal Pentraxins

4.6 Future work/ future perspectives

The neuronal pentraxins are noted for their lectin-like ability to bind to proteoglycans in a
calcium dependant manner (Tsui et al. 1996). More recently the neuronal pentraxins were found
to interact directly with PNN surrounding GABAnergic PV-INs and increase excitatory synaptic
strength onto these inhibitory neurons (Chang et al. 2010). Here crystallization attempts failed to
obtain a crystal structure of NP1_PTX bound to the heparin analogue sucrose octasulphate (SOS)
but exploring other proteoglycans may prove more successful to analyse the lectin properties of
neuronal pentraxins. A PNN model was recently used to demonstrate the role of the mesh-like
PNNs in CNS repair mechanisms (Kwok et al. 2011) where the basic components required to
form a PNN were shown to be hyaluronan (HA), chondroitin sulphate proteoglycans (CSPGs),
link proteins (HAPLN1), and the extracellular matrix protein tenascin R. Work is currently
underway to recreate these artificial PNNs in mammalian expression systems, where light
microscopy will be used to examine the effects of their presence on AMPA clustering by neuronal
pentraxins. One hypothesis is that these nets anchor the pentraxins to enable clustering of AMPA
receptors which would, in vivo, result in an increased excitatory drive onto GABAnergic PV-INs
resulting in inhibition of pyramidal hippocampal neurons as occurs outside of the ‘critical

periods’ of learning (figure 4.3).

Electrophysiology will be conducted to examine the effects on AMPA receptor gating
activity upon addition of neuronal pentraxins. Work will be conducted by our collaborator Ingo
Greger (LMB, Cambridge) and will require substantial amount of protein to be purified. Frozen
stocks of NP1_PTX and NP1 PTX_ 3coil have been stored for such work, hopefully occurring in

the near future.

Mouse model experiments will enable in vivo analysis of phenotype following addition of
neuronal pentraxins. Purified neuronal pentraxin proteins NP1 _PTX or NP1_PTX_3coil will be

injected into mouse brains. Analysis of performance in memory and behavioural tests will then be
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conducted by Aletheia Lee, supervised by David Bannerman (Oxford) but the exact experimental

design remains to be finalised.
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5.1 Introduction

The AMPA receptor interactome orchestrates many dynamic processes involved in
receptor trafficking, recruitment and localisation that have been implicated in synaptic plasticity
(described in detail in chapter 1) (Shepherd et al. 2007). AMPA receptor trafficking can be
controlled by phosphorylation of the intracellular C-terminal domain of the GIuAl subunit by
protein kinase A (PKA). This enables an interaction with the actin association protein 4.1,
triggering receptor trafficking and membrane insertion at extra-synaptic locations, ready for
insertion into the synapse (Oh et al. 2006; Lin et al. 2009). AMPA receptors are anchored at the
synapse by PSD cytoplasmic scaffolding proteins and auxiliary proteins (such as transmembrane
AMPA receptor regulatory protein-2 (TARP2)) which tether receptors to PSD-95 preventing their
lateral diffusion and recycling (Hee Jung et al. 2000; Jin et al. 2006; Shepherd and Huganir
2007). Initiated by activity, calcium dependant GIuAl dephosphorylation disrupts intracellular

protein-protein interactions to trigger AMPA receptor endocytosis (Ehlers 2000).

In addition to an intracellular interactome, the extracellular regions of other iGIuRs
(NMDA, kainate & Delta receptors) are known to be involved in a variety of ectodomain-specific
interactions. These interactions may function either to locate the iGIuRs to a required site, or to
modulate receptor function. Synaptic recruitment and clustering of NMDA receptors is mediated
through an interaction of the NMDA receptor ectodomain with the EphB receptor-EphrinB
complex, acting to locate the NMDA receptor at the synapse which stimulates excitatory synapse
formation (Dalva et al. 2000). In addition to this, the ATD flap loop, present in the extracellular
domain of the Delta receptor GluD2 subunit, interacts with secreted ChInl at the synapse to
induce pre-synaptic formation at cerebellar parallel-fiber (PF)-Purkinje neuron (PN) synapses
(Kuroyanagi et al. 2010). Channel conductance properties of kainate receptors is modulated by
extracellular interactions with their auxiliary proteins Netol and 2, where mutations in the
extracellular domains of Netol were found to eliminate its effects on kainate receptor

desensitization (Fisher et al. 2012).
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AMPA receptors are also known to form extracellular protein-protein interactions and are
increasingly seen at the core of larger supra-molecular assemblies (figure 1.9) The neuronal
pentraxins are postulated to cluster the AMPA receptor, acting to enrich synaptic receptor
numbers (Gu et al. 2013) (discussed in Chapter 4). Research suggests that the N-cadherins
interact directly with the ATD of GIuA2 to decrease the receptor’s lateral movements that was
shown to promote spine formation (Saglietti et al. 2007). In both of these examples, the
interactions are postulated to have roles in locating the AMPA receptor. Extracellular AMPA
receptor protein-protein interactions acting to modulate channel conductance have also been
proposed. TARP2 (Stargazin), a trailblazer to the iGIuR social network, has well documented
intracellular interactions with the AMPA receptors with roles in AMPA receptor trafficking and
synaptic targeting (Rouach et al. 2005). Of interest to this chapter is the structurally
uncharacterised TARP2 ectodomain loop-2 that is postulated to regulate AMPA receptor gating
via a novel interaction with the AMPA receptor ectodomain (Milstein et al. 2009). The
extracellular cystine-knot region of cystine-knot AMPA receptor modulating protein-44
(CKAMP44) has also been shown to modulate AMPA receptor channel conductance (described
in Chapter 1, section 1.6) (Von Engelhardt et al. 2010) but again the protein is structurally
uncharacterised. Finally several secreted proteins that potentially interact directly with the AMPA
receptor ectodomain were recently identified in pull-down assays and mass spectrometry analysis
(Schwenk et al. 2012; Shanks et al. 2012) but the effect that these interactions have on AMPA
receptors are currently unknown. One would hypothesize that novel AMPA receptor extracellular
protein-protein interactions may have similar roles (in receptor localisation or channel

modulation) as those previously described for other iGIuRs.
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5.2 Aims

Many auxiliary partners putatively interact with the AMPA receptor ectodomain, but the
stoichiometry, structural arrangement and functional consequences of such interactions are yet to
be fully defined. TARPs and CKAMP44 are known to modulate AMPA receptor gating
mechanisms but their interactions with the AMPA receptor ectodomain remains structurally
uncharacterised. The recently identified novel AMPA receptor interactome proteins have
unknown effects on AMPA receptors and their binding sites are also uncharacterised. Therefore

the aims of this chapter were to:

1) Express secreted ectodomain regions of AMPA receptor extracellular interactome
proteins (TARP2, CKAMP44 and the novel proteins).
2) Conduct SPR analysis to biophysically characterise if and how these proteins interact
with the AMPA receptor ectodomain (GIuA2 subunit).
3) Use X-ray crystallography to give vital insights into the expanding AMPA receptor
interactome.

a) Attempt crystallization of structurally uncharacterised proteins.

b) Attempt co-crystallization of protein-protein complexes to structurally characterise

interactions.
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5.3 Materials and Methods

5.3.1 Construct design, PCR and cloning overview

PCR amplification, restriction digest, plasmid ligation and E. coli transformation
protocols were conducted as previously described (Chapter 2, section 2.1). Construct residue
numbering commences from the start of each protein’s native secretion signal. Accession
numbers for all constructs are stated in Chapter 2 table 2.1. All oligonucleotide information for
proteins described in this chapter can be found in Appendix C. Some cDNA constructs were gifts

from collaborators, details of which can be found below.

5.3.2 Generation of the GIuA2_LBC

GRIA2_human cDNA (GenBank accession hnumber BC010574) was used in an SOE-
PCR to generate an artificial ligand binding core (LBC) domain termed GIuA2_LBC (K414-
G795AP528-5652) in which residues P528- S652 (which form part of the transmembrane region)
were replaced by a GT linker. After ligation into pHLsec, GluA2_LBC was sub-cloned into
PET22b via Ndel/Xhol restriction sites for expression in E. coli systems. GluA2_LBC was then
expressed in Origami™ cells (Novogen) as previously described (Chapter 2, section 2.5) for

experiments involving protein complex formation, crystallization and biophysical analysis.

5.3.3 TARP2 (Stargazin) construct optimisation

The TARP2 protein (sequence in Appendix C) is predicted to be a member of the
tetraspanin family of proteins which share a common domain organisation. Their N- and C-
termini are both intracellular and they contain a large four-pass transmembrane domain and two
extracellular loops with low secondary fold prediction (figure 5.4A) (Hemler 2005). Previous
research suggested that the TARP2 ectodomain loop-2 was involved in the regulation of AMPA
receptor gating (Milstein and Nicoll 2009), so a synthetic codon-optimised construct (produced

by Geneservice) was designed to contain only the second loop of TARP2 (G29-S105) (Appendix
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C for details). The TARP2 loop-2 (G29-S105) was inserted into the Trx scaffold (figure 5.4B)
(sequence in Appendix G). The TARP2 loop-2 in the Trx scaffold, termed from hereon in as
TARP2_Trx, was cloned into the pET22b vector via Ndel/Xhol restriction sites for expression in
E. coli systems. Sequencing analysis confirmed correct sequence was present (sequencing

analysis in Appendix C).

TARP2_Trx was purified from 3L of E. coli culture after expression that resulted in
inclusion body formation (Chapter 2 section 2.5.4). Briefly Rosetta™ cells were transformed with
TARP2_Trx_pET vector. The cell culture was induced with 0.8mM IPTG and grown for 6 hours
at 37°C to force proteins into inclusion bodies and cells were harvested, lysed and centrifuged.
Inclusion body pellets were re-suspended and washed then the proteins were purified by anion
exchange and SEC. During anion exchange the NaCl content of the protein solution was reduced
to 50mM via a 1 in 10 dilution in 10mM Tris pH 8.0. The protein was bound to a 5ml Q column
(GE Healthcare) using a peristaltic pump (5ml/min) and separated according to net charge by use
of a constant gradient increase from a low salt ‘Buffer A’ (10mM Tris pH 8.0, 50mM NacCl), into

a high salt ‘Buffer B* (10mM Tris pH 8.0, 500mM NaCl) (figure 5.5C).

5.3.4 CKAMP44 construct design

The full length CKAMP44 (GenBank accession number NP_0011386762) contains 465
amino acids but only residues L193-T212 are stated to have a secondary structure and are
predicted to form a transmembrane domain (HHpred) (figure 5.1 highlighted in blue). Three N-
linked glycosylation sites are predicted at residues N86, N130 and N157 (figure 5.1 highlighted in
purple bold font). The ectodomain contains multiple cysteine residues (red bold font underlined
bold), 8 of which reside within a 66 residue stretch that has been predicted to form a cystine-knot

(Von Engelhardt et al. 2010).
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Figure 5.1 CKAMP44 domain organisation.

Constructs designed for Homo sapiens CKAMP44 protein with GenBank accession number NP_0011386762. Secondary
structure prediction (HHPred, http://toolkit.tuebingen.mpg.de/hhpred) indicates the protein’s trans-membrane domain
(L193-T212) (blue highlight). Predicted N-linked glycosylation sites at residues N86, N130 and N157 are indicated by
purple bold font. The region predicted to form the ectodomain contains multiple cysteine residues (indicated by red bold
underlined font).

A CKAMP44 ectodomain construct (M42-T191) and a cystine-knot (cys-knot) construct
(D113-K174) were cloned into the pHLsec and pHLsec_Avi vectors. Additional constructs D113-
H184 (CKAMP44 17) and D113-T191 (CKAMP44 18) to optimise the start and end residues

around the cys-knot were also generated.

5.3.5 Other putative interactions

Brorin (GenBank accession number NP001102782.1), Noelin-1 (GenBank accession
number NP062371.2), Noelin-2 (GenBank accession number NP001015017.1), Noelin-3
(GenBank accession number NP703188.1) and Neuritin (GenBank accession number
NP445798.1) constructs were gifts from Nadine Harmel (Disseldorf, Germany), who published
the original paper proposing their interaction with AMPA receptor ectodomains (Schwenk et al.
2012). Constructs were designed to encompass only the secreted ectodomains for cloning into the
pHLsec vector. Additional information detailing oligonucleotides for PCR amplification, cloning

and sequence information can be found in Appendix C.

The full length Brorin protein is 324 amino acids in length with residues M1-C27 coding
for a native secretion signal. Residues T117 and T137 were predicted to be O-linked
glycosylation sites (NetOglyc) (Steentoft et al. 2013) and are depicted schematically in figure
5.8D. The protein contains two predicted von Willebrand C (VWC) cysteine rich domains. A full
length Brorin (Br_FL) (M1-M324) construct was designed to utilise the protein’s native secretion
signal. Br_FL was ligated into pHLsec after PCR incorporation of ECoR1/Kpnl restriction sites.

Analysis of the Brorin amino acid sequence highlighted a region upstream of the VWC domain
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that was predicted by regional order neural network (RONN) (http://www.strubi.ox.ac.uk/RONN)

to be disordered (figure 5.2).
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Figure 5.2 RONN disorder prediction for Brorin
Regional order neural network (RONN) http://www.strubi.ox.ac.uk/RONN predicts Borin to be disordered from
residue 33 (Leu) toresidue 147 (Pro).

This disordered region might have hindered crystallization, so a new primer was designed
to generate a new shorter Brorin construct. This shortened Brorin construct, (Br_short) (D148-
M324) as well as other Brorin constructs S28-M324 (S1), R48-M324 (R21), D68-M324 (DA41),
E88-M324 (E61), D108-M324 (D81) and E128-M324 (E101) were ligated into the pHLsec vector
to utilise the vectors secretion signal therefore Agel/Kpnl restriction sites were incorporated into
oligo design. Some construct were initially numbered using a different system and so reference to

the original oligo numbers (used in Appendix C) is indicated by the residue numbers in brackets.

Finally the Noelin-1 (EcoR1/Kpnl), Noelin -2 (EcoR1/BsiWI), Noelin -3 (EcoR1/Kpnl)
and Neuritin (EcoR1/Kpnl) constructs were ligated into pHLsec and pHLsec_Avi after PCR

incorporation of suitable restriction sites indicated above in brackets.
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5.4 Results

5.4.1 Expression of GluA2_LBC

The GIluA2_LBC structure has been solved many times in complex with various small
molecule agonists and antagonists (examples include PDB IDs: 3BFU, 3BBR and 1MS7) but
never in complex with another protein. Work to crystallize GluA2_LBC in complex with the
various auxiliary proteins described here was therefore undertaken. The GluA2_LBC construct
was expressed in Origami E. coli cells and purified alone (Chapter 2, section 2.5). The LBC has a
well-documented glutamate binding site (Armstrong et al. 2000) so it was postulated that addition
of L-glutamine would stabilise the protein in a closed conformation. L-glutamine (2mM final
concentration) was therefore included in IMAC elution and SEC buffers to prevent protein
precipitation. Typical yields of 1mg/L of the 29.2kDa protein were obtained. A single peak
corresponding to the elution volume expected for a monomeric form of the protein was observed

on SEC (figure 5.3).
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Figure 5.3 Purification of GluA2_LBC.

SEC analysis of GluA2 LBC after IMAC purification on Superdex S200 10/30 column with 10mM HEPES, pH7.5, 500mM
NaCl, 2mM L-glutamate running buffer. 12% SDS-PAGE analysis including lysed, sonicated, cell pellet and supernatant
fractions from E. coli expression. IMAC media {low through (FT), 0.1% w/v Tween-20 and imidazole washes also included
alongside SEC peak fractions.
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5.4.2 TARP2_Trx expression/ purification/ crystallization attempts

Previous research had identified involvement of the TARP2 ectodomain loop-2 in
regulation of AMPA receptor gating (Milstein and Nicoll 2009), so the synthetic TARP2 loop-2
(G29-S105) (Appendix C) (schematic figure 5.4A) was inserted into a Trx scaffold (figure 5.4B).
This scaffold had previously been used as a peptide aptamer scaffold and here allowed the region
of interest (loop-2) to be presented on the surface of the well-ordered globular Trx protein

(Borghouts et al. 2008; Brown et al. 2010) (Appendix G for Trx sequence information).

B Trx scaffold

loop-1

extracellular

trans-
membrane

intracellular

N C

Figure 5.4 TARP2 Trx construct generation.
A) Schematic of a tetraspanin protein. The protein’s N- and C- terminals are intracellular. There are four transmembrane
domains and two extracellular loops with low secondary structure prediction. B) Trx scaffold structure (PDB 1D 2TRX
(Katti ef al, 1990)). Trx protein overall fold shown in blue. Residues highlighted in vellow are the modified glycine residue
sites at which to ligate in target sequence (i.e. TARP2 loop-2) (removing purple loop (residues GTGPGGTG).
TARP2_Trx expression was optimised in small-scale expression trials in Rosetta™ and
B834 (DE3) competent E. coli cells where SDS-PAGE analysis of induced verses non-induced
cells shows a prominent band at 22kDa (figure 5.5B). A higher level of inducible protein is

present in the Rosetta™ cell fractions and expression leakage is evident in the non-induced

cellular fraction.

Non-reducing gel analysis of peak fractions from large scale E. coli expression and
inclusion body purification indicates that one peak at 60-75mls (at approximately 250mM NaCl)
contained protein of a single molecular weight (22kDa) (figure 5.5C). All other peak fractions

contained multiple bands of protein of the same molecular weight and higher, demonstrating the
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nature of the refold protocol. The monomeric peak fractions were then pooled and concentrated
for size exclusion chromatography (SEC) on a Superdex S200 10/30 column in 10mM HEPES
pH 8.0, 0.5M NaCl (figure 5.5D). Protein was visually judged to be >95% pure and western blot

analysis confirmed that a His-tagged protein has been purified (figure 5.5E).

The purified TARP2_Trx protein was mixed in a 1:1 ratio with GluA2_LBC and
crystallization screens were attempted. Several crystals grew (figure 5.5F, G & H) but analysis of
diffraction data concluded that the crystals only contained GIuA2_LBC protein. Matthews’s
coefficient calculations found that the unit cell dimensions were incompatible with mass of a
complex and when (for the sake of completeness) the previously solved GluA2_LBC was used as
a molecular replacement model, it fit all available electron density, clearly leaving no space for

the TARP2_Trx protein.
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Figure 5.5 TARP2 expression, purification and co-crystallization attempts.

A) Postulated extracellular interaction between the AMPA receptor and TARP2 loop-2. B) TARP2 Trx small-scale
expression trials in Rosetta ™ and B834 (DE3) competent £.coli cells. Analysis of non-induced cells (lane 1) whole cell lysed
pellet (lane 2) and inclusion bodies pre-wash (lane 3) were analysed by SDS-PAGE with molecular weight marker
Benchmark protein ladder (Invitrogen). C) Anion exchange of TARP2 Trx purified from 3L expression in Rosetta £, coli
cells and non-reduced gel analysis. D) SEC purification of TARP2-Trx including SDS-PAGE analysis with protein molecular
weight marker Benchmark (Invitrogen), E) western blot analysis showing in lane 1) sonicated cells, 2) cell pellet, 3) IMAC
flow through (FT) protein, 4) Tween,, wash, 5) Imidazole wash, 6) protein injected on SEC and peak SEC fractions with.
molecular weight marker Benchmark prestained (Invitrogen), F, G and H) GluA2 LBC and TARP2 Trx co-crystallization
attempts. Crystals grew in a variety of PEG containing conditions, examples include: F) 0.15M ammonium sulfate, 0.1M
MES pH6.0, 15 % w/v PEG 4000, G) 0.2M lithium sulfate 0.1M MES pH6.0, 20 % w/v PEG 4000 and H) 0. 1M sodium citrate
tribasic dihydrate pH5.5, 16 % w/v PEG 8,000.
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5.4.3 CKAMP44 expression and purification attempts

Expression of the CKAMP44 ectodomain construct (M42-T191) was initially tested in
HEK?293T cells and expressed protein was secreted but the SEC elution volume indicated that it
was aggregated (data not shown). Because the interaction of CKAMP44 with the AMPA receptor
LBC is thought to involve the cys-knot region of CKAMP44 (Von Engelhardt et al. 2010). A
construct was developed to contain only the predicted cys-knot region (D113-K174) but in small-
scale expression attempts it was not secreted. Ectodomain constructs to optimise the start and end
residues around the predicted cys-knot were therefore designed. Of note here are two constructs
containing residues D113-H184 (CKAMP44 17) and D113-T191 (CKAMP44_18) that were
secreted in small-scale transient HEK293T expression trials. Both proteins were then expressed in
3L of HEK293T cells with kifunensine (Img/L final concentration). The SEC elution profile of
IMAC purified CKAMP44_17 contained a single peak with a slight shoulder (figure 5.6A) and
CKAMP44 18 (figure 5.6B) revealed a single peak, around ~10mls elution volume. These peaks
were not at the expected elution volume for a monomeric protein (molecular weight 9kDa) and
potentially eluted at the column void volume. Attempts to deglycosylated CKAMP44 18
appeared successful where a shift in the SEC profile was observed (figure 5.6B). SDS-PAGE
analysis confirmed that the protein dissociate into monomers (16.4kDa) (figure 5.6C gel 1 and 2),
suggesting that the aggregation or higher oligomeric form was caused by disulphide bond
formation which were reduced by B-mercaptoethanol. This was confirmed by non-reducing gel
analysis where a protein of high undetermined molecular weight was observed (figure 5.6C gel

3).

Because of the success in obtaining monomeric TARP2 Trx from an E. coli refold
purification (figure 5.5), the CKAMP44 construct (D113-T191) enveloping the predicted cys-knot
ectodomain region, postulated to interact with the GIluA2_LBC (Von Engelhardt et al. 2010), was
cloned into the Trx scaffold. Small-scale expression trials were again attempted in Rosetta™ and

B834 E. coli cells, where an inducible band was more prominent in the Rosetta™ cells (figure
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5.6D). The refold protocol used to purify TARP2_Trx was reproduced, but this time unfortunately
failed. SEC analysis revealed only very small amounts of aggregated protein was present (figure

5.6E). More work to optimise the refold protocol is still therefore required.
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Figure 5.6 CKAMP44 Expression and purification attempts.

A) CKAMP44 17 large-scale transient expression in HEK293T cells with kifunensine (kif) prior to and post Endonuclease
F1 (EndoF1) treatment (glycosylated (glyc) and deglycosylated (deglyc)). B) CKAMP44 18 large-scale transient
expression in HEK293T cells +kif prior to and post EndoF1 treatment. In all cases SEC was performed on an S75 10/30
column in 10mM HEPES pH 7.5, 150mM NaCl. C) SDS-PAGE analysis of CKAMP44 18 glye (gel 1. 12% acrylamide)
CKAMP44 18 deglye (gel 2, 15% acrylamide) and sample analysed on a non-reduced gel (CKAMP44 18 deglye) (gel 3,
15% acrylamide). Gel load order in gel 1: MW marker, IMAC flow through, SmM Imidazole wash, 1 pl of sample injected for
SEC then SEC peak fractions as indicated by red line. D) Expression attempts of CKAMP44 18 Trx in Rosettaand B834 E.
coli cells. Lane 1) non-induced cells, lane 2) whole cell lysed pellet, 3) inclusion bodies pre-wash stage. Molecular weight
marker Benchmark (Invitrogen) was used for all SDS-PAGE gels. E) SEC and SDS-PAGE analysis of large scale E. coli
expression attempts. Black arrows with asterisks (*) indicate approximate column void volumes.
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5.4.4 Biophysical analysis of GluA2_LBC and CKAMP44

The CKAMP44 ectodomain construct M42-T191 was ligated into pHLsec_Avi and
protein expressed in small-scale transient transfection of HEK293T cells. The secreted protein
was biotinylated to be used as a ligand in SPR by methods previously described (Chapter 2
section 2.8.2). Purified GIuA2_LBC protein was concentrated to 80uM and a dilution series
established. SPR was conducted in the presence of 2mM L-Glutamine. Analysis of data found

that these two proteins do interact, with a binding constant of 6.2uM observed (figure 5.7).
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Figure 5.7. SPR analysis of GluA2_LBC binding to CKAMP44_ectodomain.

SPR analysis of the CKAMP44 ectodomain (bound as ligand) interacting with the AMPA receptor GluA2 LBC (analyte).
Data analysis predicts a Bmax of 307 response units (RU) and a binding constant (K,,) 6.2uM with 1770 units of CKAMP44
bound as ligand. Inlay shows raw data curves obtained for the dilution series of GluA2_LBC (80pm highest concentration).
Running buffer 10mM HEPES pH 7.5, 150mM NaCl, 0.005% w/v Tween-20 and 2mM L-glutamine. Analysis performed on a
Biacore T100.

At high concentrations the GIuA2_LBC protein behaved anomalously, where binding to
CKAMP44 seemed to decrease during the injection (figure 5.7 raw data curves, indicated by the
arrow). There were also 1770 units of CKAMP44 ligand bound to the chip so although a binding
curve was generated, one would have expected a larger Bnax value. What cannot be fully

determined is the oligomeric state of the CKAMP44 (M42-T191) protein on the chip. Oligomeric

or aggregated protein may have reduced the number of binding sites available to GIuA2_LBC.
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These data would suggest that the majority of available binding sites were occupied at higher

concentrations as near saturation was reached on the binding curve (figure 5.7).

5.4.5 Analysis of other pututive AMPA receptor interactions

Noelin-1, Noelin-3, Brorin (full length) and Neuritin constructs were cloned and
sequence verified before small-scale HEK293T expression trials were conducted. Western blot
analysis confirmed the secretion of all proteins where bands were present in the media fraction
(M lanes in figure 5.8A). Interestingly, it was frequently observed that constructs expressed in the
pHLsec_Avi-tag vector were secreted to a higher level than those expressed in pHLsec, where
Noelin-1 was actually only secreted when expressed with an Avi-tag. The proteins were then

prepared for SPR analysis by standard protocol (Chapter 2 section 2.8.2).
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Figure 5.8 Expression and purification of novel AMPA receptor- interacting proteins.

A) Western blot analysis of Noelin-1, Noelin-3, Brorin full-length (FL) (M1-M324) and Neuritin-1 protein from small-scale
HEK293T expression trials with cellular (C) and secreted (media, M) fractions analysed. B) Western blot analysis of Br sh
(D148-M324) cells and media fractions to show the this construct was not secreted. C) PCR amplification of Brorin truncated
constructs S28-M324 (1), R48-M324 (2), D68-M324 (3), E88-M324 (4), D108-M324 (5) and E128-M324 (6) as shown in
(D)as green lines). D) Schematic representation of the full length Brorin construct (Br_FL) (M 1-M324) with secretion signal
(SS), and truncated constructs as in C). Predicted O-linked glycosylation sites are indicated by blue boxes, the start residue
forthe Br shconstruct (D148-M324) that was not secreted is indicated by ared line, the two predicted cysteine rich regions
are indicated by orange boxes. E) Western blot analysis of Brorin truncated proteins expressed in pHLsec and pHLsec_Avi
with cellular (C) and media (M) fractions analysed. F) SEC analysis of Br FL and G) SDS-PAGE analysis of Br FL
(containing two O-linked glycosylation sites) (predicted MW 32.8kDa without glycosylation) and H) Br E128-M324
(predicted MW 22.1kDa without glycosylation) potentially containing only one O-linked glycosylation site (G and I1).

SPR analysis of potential binding interactions of Noelin-1, Noelin-3, Brorin_FL and
Neuritin to AMPA receptor was then conducted. The AMPA receptor constructs GluA2_ATD,
AM212 (GluA2_ATD+D1 of LBC) (details in Chapter 2) and GluA2_LBC were purified from

large-scale mammalian and E. coli expression by methods previously described. Proteins were
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concentrated to high concentrations (typically 330uM) for SPR analysis. Noelin-1, Noelin-3,
Neuritin and full length Brorin (Br_FL) were bound to the SPR chip as ligands and analysis of
binding to the various GluA2 analytes was conducted as depicted in figure 5.9A. Initial binding
tests found that only GIuA2_LBC weakly bound to Br_FL, so a full dilution series experiment
was conducted to analyse this interaction (figure 5.9B). An estimated binding constant (Kp) was
obtained but was considered to be inconclusive because equilibrium had not been reached (figure
5.9C) and the injection curves did not plateau when the analyte was injected for 60 sec (figure
5.9B). Several regeneration attempts were made, but the procedure could not be optimised which

also affected overall data quality and analysis.
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Figure 5.9 SPR analysis of putative AMPA receptor interactors.

A) Schematic representation of all constructs tested in SPR where Noelin-1, Noelin-3, Brorin and Neuritin were bound to the
chip as ligands and AMPA receptor constructs GluA2 ATD, GluA2 ATD-D1 and GluA2 LBC were applied as analytes.
Only Brorin with GluA2 LBCshowed a potential interaction (red highlight) so was investigated further. B) Raw data curves
for binding ofa dilution series of GluA2 LBC (highest concentration 330uM) to Brorin full length (FL) protein to highlight
the need for regeneration and C) SPR binding curve generated for GluA2 LBC to Brorin FL (data shown here cropped to
50uM) where Bmax and the binding constant (K,)) could not be accurately determined with750 RU of Brorin bound to the
chip.

5.4.6 Brorin crystallization trials

Western blot analysis of small-scale transient expression trials indicated good protein
expression levels for Brorin full length (Brorin_FL) (M1-M324 including its native secretion
signal) (figure 5.8A) and consequently crystallization was attempted. Brorin_FL protein

expression was scaled up to 3L in HEK293S cells but only low levels of protein was purified
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from media (<0.5mg/L). Large-scale expression was repeated with 2mM valproic acid (VPA)
added to the media. A better yield was obtained (1mg/L), although SDS-PAGE analysis made
protein levels appear deceptively high due to the smearing effect caused by O-linked
glycosylation. After IMAC and SEC purification (Chapter 2 section 2 4.2), SDS-PAGE analysis
of SEC peak fractions revealed several potential protein contamination bands. Therefore a second
round of IMAC was carried out to produce crystallization-grade protein. Briefly this involved
peak SEC fractions being pooled and bound to a 1ml Ni-NTA column, then washed with a 5-
75mM gradient of imidazole. The protein was then eluted with 250mM imidazole and a second
SDS-PAGE gel analysis deemed the protein to be of suitable purity for crystallization (figure
5.8G). Only limited crystallography conditions were screened (Block 1 and Block 4 (Chapter 2
table 2.4) at room temperature and 4°C) with protein at 4.8mg/ml due to limited availability. Non-
detergents sulphobetaines-256 (NDSB-256) (final concentration 100mM) were also included
because they reduced the propensity of the protein to precipitate at high concentrations. After
several days, a high amount of phase contrast was observed in the drops, which can be indicative
of a suitable protein concentration but the likelihood of crystal formation remained low due to the
presence of several O-linked glycosylation sites which create flexible regions within the protein
that can impede crystallization. The NDSB could also be preventing crystallization and crystals

are yet to appear after more than 1 year.

The Br_short construct (D148-M324) was tested in small-scale mammalian expression
trials, analysis of which found it to be expressed but not secreted (figure 5.8B). This secretion
hindrance was thought to be because both O-linked glycosylation sites had been removed since
removing a protein’s O-linked glycosylation sites can prevent protein secretion (Strahl-Bolsinger
et al. 1999). SDS-PAGE analysis of Brorin_FL (M1-M324) SEC (figure 5.8F and G) presented
smeared multiple protein bands around 40kDa, indicating that the O-linked glycosylation sites
may be occupied. Further construct design was required to generate secreted shortened Brorin
protein but proved difficult because it was unclear where the N-terminal residue should be.

Therefore N-terminal truncations in 20 residue steps were generated to optimise secretion with
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minimal O-linked glycosylation sites (figure 5.8C, D and E).

The Brorin_E128-M324 protein (5.8F) was deduced to be more likely to crystallize
because it lacked one of the two O-linked glycosylation sites and a large proportion of the N-
terminal region predicted to be disordered (L33-P147) (figure 5.2). Expression of this construct
was attempted in 3L of HEK293S cells with 2mM VPA added to the media and the expressed
protein was purified and concentrated to 8.25mg/ml for crystallization. Small crystals grew after
15 days in 20%wi/v PEG 3350, 0.2M potassium acetate, but these were unfortunately determined

to be salt crystals.
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5.5 Discussion

5.5.1 TARP2 analysis

An interaction between the ectodomain loop-2 of TARP2 and the LBC of GIuA2 had
been previously identified (Milstein and Nicoll 2009), so attempts were made to express this loop
region as a peptide aptamer on the Trx scaffold (TARP2_Trx). Purification of TARP2_Trx from
E. coli proved to be a success where a single protein species could be isolated from the refolded
protein material. Co-crystallization of TARP_Trx with GIuA2_LBC was then conducted but only
crystals of GIuA2_LBC were obtained. Different ratios of protein could be attempted to
outcompete the tendency for GIuA2_LBC to crystallize alone. TARP_Trx would also require
MALS to determine if it was truly monomeric in solution and biophysical analysis (SPR) to
determine whether the loop, whilst presented on the Trx scaffold, was still able to interact with
the AMPA receptor LBC. SPR analysis could also determine if the interaction involves a larger
proportion of the AMPA receptor ectodomain (detail given in 5.6.1). The TARP2 loop-2 may also
be stabilised by a (currently unknown) cofactor or metal ion. Small molecule ligands that stabilise
the loop could be identified using thermo-stabilisation assays (thermofluor) and might increase

the likelihood of complex formation in co-crystallization attempts.

5.5.2 CKAMP44 analysis

Expression of the CKAMP44 18 ectodomain construct on the Trx scaffold protein
(CKAMP44_Trx) from E. coli initially seemed promising but the protein could not be purified
with the same success of the TARP2_Trx construct. Mammalian expression of the CKAMP44_18
construct seemed to generate a higher yield but the SEC elution volume would suggest that the
protein was forming multimers or aggregations, predicted here to be caused by free cysteine
residues. CKAMP44 belongs to the Shisa family of proteins, predicted to contain a cystine-knot
motif required for correct protein folding (Muller et al. 2002). Mutagenesis of individual cysteine

residues could determine whether a free cysteine residue was causing the protein to aggregate.
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SEC analysis did reveal a single elution peak close to the column void volume, implying that a
single species may be present but requires confirming by MALS analysis although it is likely that
aggregation is occurring as a side effect of the over-expression systems utilised. SPR analysis of
the CKAMP44 ectodomain construct (M42-T191) did suggest an interaction with GIluA2_LBC
where a binding curve could be generated. However, there were 3000 units of CKAMP44_M42-
T191 bound to the chip as ligand but the Bnax for GIuA2_LBC binding was only calculated to be
307 RU. If the majority of the ligand’s activity was impeded by aggregation it could explain the

limited physiological activity observed.

5.5.3 Analysis of other putative interactions

The interaction between Brorin and the AMPA receptor, previously identified by pull-
down assay and mass spectrometry analysis (Schwenk et al. 2012), was confirmed here by SPR
analysis and mapped to the AMPA receptor GIuA2_LBC. Further analysis of the binding curve
revealed that saturation was not reached which prevented calculation of the true binding constant.
In addition to this issue, once the Brorin_FL ‘analyte’ had bound to the GluA2_LBC ‘ligand’, it
was difficult to detach even with extensive regeneration attempts. This affected overall data
analysis where the binding constant suggested here might have been tighter than a true value. One
suggestion for this interaction was that the Brorin protein has non-specific adhesive qualities, but
binding to the GIuA2_ATD or GIluA2_ATD_D1 proteins was not observed, indicating a specific
interaction with the LBC. Other methods, such as ELISA may enable the true Kp value to be

calculated.

Other recently identified putative AMPA receptor ectodomain-interacting proteins
(Schwenk et al. 2012) were analysed here by SPR. Unfortunately only one of five proteins
analysed (Brorin) directly interacted with the AMPA receptor ectodomain (GluA2_LBC). What
should be considered is that the SPR experiments described here only examined binding to the
AMPA receptor GIuA2 subunit. This therefore does not rule out a potential interaction of any of

these novel partners with the other AMPA receptor subunits GIuAL, 3 & 4. Also to consider is the
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wider AMPA receptor interactome picture, in which auxiliary proteins (including TARPs and
CKAMP44) feature prominently. These auxiliary proteins may therefore act as intermediary

binding partners but further analysis will be required to determine how each protein fits into the

complex interactome picture.
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5.6 Future work and perspectives

5.6.1 TARP2

The TARP2_Trx_pET22b construct and its optimised protein purification protocol were
sent to Ingo Greger (LMB, Cambridge) for electrophysiological analysis to examine the effects
that the TARP2 ectodomain loop-2 has on AMPA receptor gating mechanisms. In Oxford,
biophysical analysis will determine if the interaction between the TARP2 loop-2 (which is 77
residues long) and the AMPA receptor extends beyond the currently identified LBC region. Once
the interaction site has been more precisely located, it will ensure that the tightest interacting
partners are used in future co-crystallization attempts. Since initial crystallization attempts of
TARP2_Trx in complex with GIluA2_LBC were conducted, several new screens have been added
to the repertoire of screens available and may contain the optimal conditions required for a

complex to form so will also be included in any future co-crystallization attempts.

5.6.2 The AMPA receptor interactome

What has become clear whilst trying to map AMPA receptor protein-protein interactions
is the difficulty to reproduce results observed by other research groups. Whilst SPR analysis can
generate Kp values for true binding interactions, a pre-SPR screening stage may increase
throughput when screening for novel partners. A high-throughput method to enable fast screening
of potential interactions could be generated in an ELISA format. Put simply, the AMPA receptors
could be coupled to a plate and incubated with constructs of interest, expressed as alkaline
phosphate (AP)-fusion proteins. A simple wash stage may then remove any non-specific unbound

proteins leaving positive interactions to be detected by their AP activity.
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Structural and biophysical analysis of MDGAL1

and its interactions with neuroligins
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6.1 Introduction

The meprin/A5 protein/ receptor protein tyrosine phosphatase mu (MAM)-domain
containing glycosylphosphatidylinositol (GPI)- anchor protein 1 (MDGAL) is postulated to be a
multifunctional protein with roles in cell adhesion, migration and axon guidance (Litwack et al.
2004) (introduced in Chapter 1). MDGAL and its homologue MDGAZ2 show a high level of
sequence homology across species and are both predicted to contain six immunoglobulin (Ig)
domains, a fibronectin type 3 (FN3) domain and a MAM domain. Previous research has
attempted to correlate the multiple MDGAL functions to the domains it contains but a variety of
outcomes have been observed. In one study, secreted AP-fused MDGAL protein and domain
deletion mutations predicted that association with axon rich regions of motor and dorsal root
ganglion (DRG) neurons requires the MDGA1 MAM domain (Fujimura et al. 2006). AP-fused
MDGA1 or MDGA1 ectodomain deletion mutations also identified that a heterophilic cell
adhesion occurs between MDGAL and an unidentified protein (present on differentiating muscle
cells) and requires the MDGAL Ig domains (Fujimura et al. 2006). When the adhesive properties
of MDGAL were analysed in Madin-Darby canine kidney epithelial cells (MDCK), which do not
display endogenous MDGAL expression, a heterophilic cell-cell adhesion did not appear to
involve MDGAL1 N-terminal regions but instead required the MDGA1 MAM domain (Diaz-
Lopez et al. 2010). Together these results allude to MDGAL having multiple roles dependant on
where and potentially when it is expressed. Without structural information (which is currently
unavailable) it is difficult to precisely map the postulated interaction sites and therefore to gain
any further insights onto the protein’s complex modes of action the structure of MDGA1 must be

solved.

Recently a heterophilic cis interaction involving post-synaptically located MDGA1 and
neuroligin-2 was shown to prevent the trans-synaptic adhesion properties of neuroligin-2 and
neurexins at inhibitory neurons (Lee et al. 2013; Pettem et al. 2013) (figure 6.1). Over-expression

of MDGA1 was shown to decrease inhibitory synapse density and MDGA1 was therefore
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postulated to be the first identified negative regulator of inhibitory synapse formation (Pettem et

al. 2013).
Figure 6.1 The neurexin-neuroligin interaction is inhibited by
AXON MDGAL.
Expression of post-synaptic MDGAL interacts with post-synaptic
neuroligin and acts to impede the trans-synaptic interaction of
neuroligin with neurexin.
Neurexin
MDGA1
Neuroligin

DENDRITE

Neuroligins and neurexins are encoded for by multiple genes and alternative splicing of
both proteins generates a vast number of isoforms (Chih et al. 2006). Rare genetic variants that
affect the neuroligin-neurexin cell-cell adhesion properties have been implicated in
neurodevelopmental cognitive diseases including the autism spectrum disorders (ASDs) (Sudhof
2008). The presence of different neuroligin splice isoforms is known to alter their capacity to bind
to neurexins (Chih et al. 2006). One would therefore hypothesize that different neuroligin splice
isoforms may also affect the binding affinity to MDGAL and therefore could be involved in a

complex mechanism to regulate selective extracellular interactions.
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6.2 Aims

Cell adhesion proteins are known to be involved in a variety of homophillic and
heterophilic interactions and many such proteins contain multiple Ig and FN3 domains
(Kamiguchi et al. 2000). Due to the predicted domain organisation one would hypothesise that
MDGA1 would also be involved in cell adhesion (Diaz-Lopez et al. 2005). A heterophilic cis
interaction with neuroligin-2 has been identified (Lee et al. 2013; Pettem et al. 2013). The aims of

this project were to examine the properties of MDGAL and are summarised below.

1) X-ray crystallography will be used to solve the structure of MDGAL.
2) The interactions of MDGAL and the neuroligins 1-4 (various splice isoforms) will be
characterised using biophysical analysis (SPR).
3) A longer term aim is to obtain a protein crystal structure of MDGA1 in complex with
neuroligin-2.
4) The solved structure(s) will enable collaborative efforts to use structural-guided
mutagenesis to target sites of interest within MDGAL1 to;
a. Examine the functional roles of MDGAL1 in chick embryogenesis
(Collaborator: Dr Jo Begbie, Oxford).
b. Test the impact of the MDGAL-NL2 interaction in the modulation of synapse

formation (Collaborator: A. M. Craig, University of British Columbia).
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6.3 Materials and methods

6.3.1 Construct design and cloning

All oligonucleotides for PCR amplification can be found in Appendix D, table D2.
Constructs are numbered according to the start of each protein’s native secretion signal
(summarised in Appendix D, table D1). Constructs were created using methods outlined in

Chapter 2, section 2.1 and are briefly described here.

A

"

HEaHHEFnE F >0

BCLVTGHFRPQ
CLVTGHPRPQ
CLVTGHPRPQ
CLVTGHPRPON

LLGRA
VKMDVALLL

|m

CcMDGAZ_F1NIAD
pEMDGAZ_H2TNHI
hMDGAL QENFF4 : s D)l . QMLELENLRPQDYAR
rMDGAL_P85171 1 YEPH GETE@LELENLRPQDYA|
rhMDGAL_FEVQES S LELENLRPQDYA
cMDGAL_QOWYXE SH SO 3 BTG QLELENLRPQDYAE
crMDGAl_ETGKOB g0 1, ] MLELENLRPQDYAR
hMDGAZ_ Q72553 OGS ''E P MLELENLRPQDYAR
rhMDEAZ_FEUVED 3 ¥ * ¥l MLELENLRPQDYAR
rMDGAZ_P60756 : YEP LELENLRPQDYAR
CMDGA2_F1NIAO : Y LELENLREPQDYAR
pEMDGA2_HITNHY . 81y LELENLRPOQDY

270
nupGal genFra [ EE O bl
rMDGAL _P85171 GHl P I8l P R T
rhMDGA1_PEVQES [ B0 O ThC
cMDGAL_QOWYX8 P (o] P BTN 1~ [§
crMDGAL_E7GK08 v ri§
hMDGAZ_Q7EZ553 PEPE] ri
rhMDGA2_FEUVED Eals FiE
rMDGAZ_PE0756 ils Fli
CcMDGAZ_F1NIAQ AlS Fgv
pEMDGAZ_H2THHY ERIT [ = I

NV H IS ST VE PSR
BV HISSIT VP PSS

EEREE

oo

pEMDGAZ_HITNHY R R

172



Chapter 6 MDGA1

s30

WVPARA.
"VLPAAAAE

hMDGA1_QBNFPd
rMDGAl1_PAS5171

800 810 820 0 840 850 860
hMDGA1_QBNFP4 ¥ vHIEfsRERER g Lalsn ¥ FHNY L GALDTHA
TrMDGAl_PES5171 F YMT E| 4 3 “ NS gy F HMY G i HGTLDTHAR:
rhMDGAL _FP6VQBE [ " F=iel' paii: bl " ERESAE, el * L P = {HMY GR . TECALTSRG|
cMDGAL_QUWYX8 PE YMEIEMESRFPR G L alas i 3| RA QV:
crMDGAl_K7GRO8 Q YMETERSRPR ! 3 ¥ Gl SHNLL R VY-
hMDGA2, Q72553 sl d N ; Nehpee FGOTTIENDL
rhMDGA2_F6UVED KE| YMEST EPY: LCQTTIENPL
TMDGAZ_FE0756 G Y MEYT EN KGQTTIENP.
<MDGAZ_FLNIAQ E YMETE QT A NPL
pEMDGAZ_H2TNHS TME4T E| IPTVTOTSVEL

1
A R

642-731 749-919

51-115

253-315 454-521

142-239 340-422 551-623

Figure 6.2 MDGA1 and MDGAZ2 species alignment and schematic.

A) MDGA Isequence alignment of human (h) (Homo sapiens), rat (r) (Rattus norvegicus) , chicken (¢) (Gallus gallus),
rhesus monkey (rh) (Macaca mulatta) and Chinese soft-shell crab (cr) (Pelodiscus sinensis). MDGA2 alignment of human
(Homo sapiens), rat (Rattus norvegicus) , chicken (Gallus gallus), rhesus monkey (Macaca mulatta) and the Chinese
pufterfish (pf) (Takifiigu rubripes). Alignment produced using Multalign (Corpet, 1988). Ig domain start and end residues
are indicated above the sequence by arrows. N-linked glycosylation of MDGAT is indicated by coloured hexagons. B)
Schematic depicting the MDGA1 ectodomain construct domain organisation with 6 N-terminal immunoglobulin (Ig)
domains, one fibronectin (FN3) and one C-terminal MAM domain. With domain boundaries predicted. The C-termnal GPI
anchor is removed.

A chick MDGA1 ectodomain construct (Q19-N925), termed from hereon in as

chMDGAL FL (schematic figure 6.2B) was generated for GenBank accession number
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NP_001038112 and cloned into the pHLsec vector by our collaborators (A. Smith, Oxford). A
plasmid containing rat MDGAl1l (HA-MDGA1l Kan®) (GenBank accession number
NM_001107618.1) was a gift from our collaborator Ann-Marie Craig (University of British
Columbia, Canada). Based on the domain prediction (figure 6.2) a rat ectodomain construct (Q19-
N925), termed rMDGAL_FL was designed and PCR amplified using oligos rMDGA1_Age_fwd
and rMDGA1_BsiWI_re. A truncated construct (Q19-K330) containing a region that was
predicted to encompass the first three Ig domains (rMDGA1_Ig1-3) (figure 6.2A) was generated

by PCR amplification using oligos IMDGA1_Age_fwd and MDGAL1Ig1-3BsiRe.

Rat neuroligin-2 (NL2) (NCBI accession number NM_053992.1) (NIg2-FC AmpF) was a
gift from Ann-Marie Craig (University of British Columbia, Canada). The PCR amplification of
the NL2 construct (residues E38-H612) was carried out using oligos NL2fwdBspEl 71 and
NL2revBsiW_72 (incorporating BsrGl and BsiWI restriction sites). Amendments to the general
thermocycler parameters stated in Chapter 2, table 2 2 step 3 (Tm here was 65 °C) resulted in
amplification of a strong singular band of 1725bp. This was cloned into the pHLsec and

pHLsec_Avi vectors via Agel/Acc65I restriction sites.

The NL2 construct was sequenced and found to contain a splice insertion at splice site A
(SSA) (figure 6.3). Because splice variants are known to dramatically affect binding of
neuroligins to neurexins (Chih et al. 2006; Koehnke et al. 2010), a NL2 construct lacking the
SSA (NL2-veSSA) was generated for SPR analysis. Oligos NL2-veSSA fwd and NL2-
veSSA rev were designed to remove the splice insertion site by site-directed mutagenesis and
SOE-PCR. All additional NL1, NL3 and NL4 constructs were cloned into the pHLsec and

pHLsec-Avitag vectors by Kwok Wun (Oxford).
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NL1 SSA=  VKRISKECARKPGKKICARKG ~ SSB= NRMSNSTKG
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NL3 SSA1= VKRISKECARKPNKKICRKG
SSA2= GSGAKKQGEDLADNDGDEDE

Figure 6.3 Neuroligin domain organisation.

Neuroligin domain prediction (HHpred) and splice isoforms present in neuroligin 1, 2 and 3 (NL1, NL2 and NL3).
Neuroligins share a common domain organisation including an N-terminal acetylcholinesterase- like domain, in which both
splice insertions are located (splice site A, SSA and splice site B, SSB). Neuroligins also contain a transmembrane domain
(S678-Y700) and an intracellular PZD domain. The larger SSA of NL3 is split into two insertions where SSA1 or SSA2 may
be present.

6.3.2 Protein expression and purification

Western blot analysis (Chapter 2, section 2.3.2) was used to confirm the expression and
secretion of all proteins from small-scale transient expression trails (Chapter 2, section 2.2.1).
Secreted protein candidates were expressed in large-scale from HEK293T and 293S cells (3L)
(Chapter 2, section 2.2.2) and purified as stated in Chapter 2 section 2.4.1-2.4.4, using IMAC and
SEC. SDS-PAGE analysis of peak SEC fractions was conducted to determine protein purity
(Chapter 2, section 2.3.1). Where deglycosylation was required, EndoFl was added to
concentrated protein and then incubated at room temperature for 10 mins immediately prior to
crystallization attempts (amended from Chapter 2, section 2.4.4). Selenomethionine-incorporated
cMDGAL was produced as described in Chapter 2, section 2.2.3. Where proteins were to be co-
expressed, the DNA was added in a 1:1 molar ratio. Proteins used in SPR and SAXS analysis
were pooled and concentrated in their glycosylated form. Purified glycosylated
chMDGAL_FLAG protein was also used by our collaborators for chick embryo work (Jo Begbie/

Lexy Smith DPAG).

6.3.3 Protein crystallization, data collection and processing

A full crystallization screen was conducted for chMDGAL_FL in both glycosylated and

deglycosylated states at 5mg/ml. Many crystals grew but they were fragile and/or small and so
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required optimisation. The crystals diffracting to the highest resolution grew in an optimization of
a PEGRXx condition (Chapter 2, table 2.4) where the precipitant reservoir contained 0.1M HEPES
pH7.5, 4% wl/v polyethylene glycol 8,000. Once a dataset had been collected and it was
established that molecular replacement models could not be used to solve the structure,
selenomethionine-(SeMet) labelled ch MDGAL_FL crystallization was also attempted. A full
screen was conducted but the initial SeMet chMDGA1_FL (deglyc) crystallization screens
produced only flaky-looking, multiple, thin crystals. Due to the nature of data collection required
for a complete SeMet data set, these crystals required optimisation. Native chMDGAL1 FL
(deglyc) protein crystals had grown in a PEGRx condition (described above) so an optimisation of
this condition with SeMet_chMDGA1_FL (deglyc) was established but failed to produce any

crystals.

A seeding experiment was therefore attempted to improve the probability that any
crystals that appeared were the same space group as the native dataset. A crystal of native
chMDGA_FL (deglyc) was fragmented as previously described (Walter et al. 2007) and a Y4
serial dilution series of a seed solution was established through rows A-G of a 96 well
crystallization plate (figure 6.4). Row H, functioned as a control, i.e. was without a crystal seed.
The seed dilution series was screened against a 4% gradient of the original precipitant through
columns 1-12 and chMDGA1_FL (SeMet deglyc) protein at 5mg/ml was applied to each drop

(figure 6.4).

Several of the seeding-optimised SeMet chMDGA1_FL (deglyc) crystals were tested at
the Diamond Light Source 103 beamline. Initial analysis of crystal quality came from four test
images collected 45-90 degrees apart. Auto-processing software was then used to determine the
spacegroup and produce a data collection strategy. SeMet chMDGAL_FL (deglyc) crystal

produced diffraction spots to 3.4 Angstrém (A).
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Figure 6.4 MDGAI crystallization optimisation.

Selenomethionine (SeMet) chMDGAT1 (deglycosylated) protein crystallization seeding experiment. A) Crystal hits
indicated in green in a 1/4 seed dilution (well row A-G, H = seed free control) screened against precipitant 100%-50% (well
column 1-12) 0.1M HEPES pH7.5, 4% w/v PEG 8000. B) Selection of optimised crystals obtained from wells highlighted
in green with black dotted boxes in A.

The cMDGAL1 structure was determined by single anomalous dispersion (SAD) analysis
and the positions of selenium atoms were determined by SHELXD (Schneider et al. 2002). This
solution was input into autoSHARP (Vonrhein et al. 2007) for phase calculation using the high-
resolution native data (3.4 A resolution). ARP/WARP (Perrakis et al. 1999) was used for initial
model building but the majority of the peptide sequence had to be manually hand built in COOT

(Emsley et al. 2004). Refinement was conducted in Phenix (Adams et al. 2002).

6.3.4 SPR analysis

SPR was conducted as described in Chapter 2, section 2.8.2 with the following
amendments. After ligands were coupled to the chip, the running buffer was switched from the
standard buffer to 10mM Tris pH7.4, 150mM NaCl, 2mM CacCl,, 1g/L BSA and 0.005% Tween-
20. The buffer flow speed was then increased to 20ul/min. SPR analysis was conducted with
chMDGA1_FL and rMDGA1_FL purified protein as analyte sample and various neuroligins as

ligands to calculate binding constants Ky, for each interaction.
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6.3.5 SAXS

Small angle X-ray scattering (SAXS) was used to determine the oligomeric state of
MDGAL1 in solution in their glycoslyated states. Data collection and analysis was conducted by J.
Elegheert, STRUBI). SAXS data were collected at the BM29 beamline at the ESRF, Grenoble
(Pernot et al. 2013). Measurements were carried out at 293 K, within a momentum transfer range
of 0.01 A <s <06 A?, where s = 4msin(0)/A and 20 is the scattering angle. IMDGA1 was
measured at concentrations of 0.85, 1.70, 3.20, 5.00 and 6.80 g/L in 10mM Tris HCI pH7.5,
150mM NaCl, 3mM CaCl,, 0.005% Tween-20. The rMDGA1-NL2 complex was measured at
concentrations of 1.00, 3.00 and 5.00 g/l with identical buffer composition. The cMDGAL was
measured at concentrations of 1.50 and 3.36 g/L in 10mM HEPES pH7.5, 150mM NaCl. No
measurable radiation damage was detected on comparison of ten successive time frames 10 sec.
exposures. Initial data processing was performed using automated procedures implemented in the
ATSAS software suite (Petoukhov et al. 2012). Buffer subtraction was performed with the
program PRIMUS (Konarev et al. 2003) in accordance with standard procedures. Merged curves
were generated using the low angle part of the lower concentration curves and the high angle part
of the higher concentration curves. The radius of gyration ry and forward scattering I, were
determined using PRIMUS through evaluation of the Guinier region. Maximum particle
dimension Dyax and the distance distribution function P(r) were calculated using GNOM
(Svergun 1992). Molecular masses of different constructs were calculated by comparison with the
reference BSA sample, by evaluation of the Porod volume, and by using the volume of
correlation invariant V. (Rambo et al. 2013). Theoretical scattering patterns from available
structures and generated models, together with their respective discrepancy to the experimental

data, were calculated using CRYSOL (Svergun et al. 1995; Petoukhov et al. 2012).
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6.4 Results
6.4.1 Structural analysis of MDGA1

Expression and secretion of chMDGAL1 _FL and rMDGAL FL indicates that a single
band of ~120kDa is present and correlated to a protein mass prediction of 108kDa plus 12
predicted N-linked glycosylation sites (example western blot analysis for chcMDGAL_FL in figure
6.5A). A singular symmetrical peak was observed for both chick and rat proteins on SEC
following their IMAC purification (example for chMDGA1_FL in figure 6.5B). SDS-PAGE
analysis of the peak identified a potential contaminant or cleavage product so only selected

fractions (identified by i in figure 6.5B) were pooled.
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Figure 6.5 MDGAT purification.
A) Western blot analysis of chtMDGA1_FL with transfection positive and negative controls. Total expression (cellular
fraction, C) and secreted fraction ( media M) were analysed. B) SEC elution profile and SDS-PAGE analysis of
chMDGA1_FLafter IMAC purification. An S200 10/30 SEC column was run in 10mM HEPES pH7.5, 150mM NaCl. Peak
SEC fractions were analysed on 12% SDS-PAGE gels with the following gel loading order: Benchmark (Invitrogen) protein
molecular weight marker (MW), IMAC flow through, 5mM imidazole IMAC wash followed by peak SEC fractions as
indicated on SEC elution profile by Roman numerals i and ii.

Crystallization screens were established for chMDGA1 and rMDGAL protein. Initial
crystallisation attempts required optimisation where a seeding experiment successfully increased

the size (figure 6.4) and diffraction resolution (figure 6.6A) of the previously obtained crystals.
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The chMDGAZ1_FL contains 16 methionine residues whereas the rIMDGAL_FL contains
only 7. The chMDGAL crystal was confirmed to contain selenium atoms by a fluorescence
energy scan (figure 6.6C) so the beam energy was shifted accordingly to the peak of 12659.5eV.
The best crystal diffracted to 3.4A (figure 6.6A) and Ig domains were clearly evident in the SAD

phased 2Fo-Fc electron density map (contoured at 1.5 o) prior to refinement (figure 6.6B).

A

LQ(JCIE m

/dls/i03/data/2013/ mx8423—-65 /Tluorescence_scans,/£1305.dat_chooch
C energy i i3
peak 12859.04] 8.01 —8.45
infl 1265751 305 -1023

I
50 \ L
/ w‘““'\.___ = o
4
A
10+ L
=
a. -
o
g -30 -
. . ]
- e E
704 _R“‘\x_\ /
! %
~110+ : . . : , ; : ; .
12628 12640 12652 12664 12676

X-ray energy (eV)

Figure 6.6 MDGA1 data collection.
A) MDGAL selenomethionine-incorporated (SeMet) crystal and X-ray diflraction to 3.4A collected at Diamond beamline
103. B) Unbiased experimental SeMet SAD-phased electron density (contoured at 1.5 o) with Ig-like domain features (Beta
protein strands and sheets) clearly visible in electron density map. C) A fluorescence energy scan was performed to
determine that anomalous-scattering selenium atoms were present within the erystal.

Xia2 (Winter 2010) automatically performed data reduction, merging structure factor
amplitudes and processed the data to spacegroup P2;2;2; with unit cell dimensions 103.12,

109.09, 209.08 a b ¢ (A), 90, 90, 90 apy (°). Matthew’s coefficient analysis (Matthews 1968;
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Kantardjieff et al. 2003) estimated that for a 108kDa protein (excluding any glycosylation) with
these unit cell dimensions, there was a 95% probability that there were two molecules per

asymmetric unit (ASU) with a 54% solvent content.

The solved structure indicates that the six immunoglobulin (Ig) domains are organised in
a novel arrangement (Figure 6.7 and 6.8 D) hence why molecular replacement models using Ig
domain-containing proteins DSCAM (PDB ID: 3DMK, Axonin (PDB ID: 1CS6) and DCC (PDB
ID: 1LAF) failed (figure 6.8A-C). These cell-adhesion protein models all contain Ig domains in a
‘horse-shoe’ arrangement. However in the MDGAL structure the Ig domains are folded around in
a triangular arrangement with two Ig domains forming each side of the triangle. Angles of
approximately 60° are observed between domains 1g2 and 1g3 and Ig4 and Ig5. The MAM
domain is not present in the model, and is probably disordered due to its flexibility within the
crystal. Model building is currently on-going, and explains why only half of the FN3 domain has
been presented here. Further model building may also enable the location of the MAM domain to
be identified (if it has not been cleaved). Structural analysis reveals that there are two molecules
locked together in a cis-arranged dimer with a twisted double “tubular bells’ conformation (figure
6.7). Interestingly a loop region of the 1g2 domain from each molecule extends to form a contact
with a second protein dimer in a head to tail arrangement (figure 6.8E). Whether this architecture
is physiological or an artefact of crystallization remains to be determined. The loop region
incorporates residues SDVRGSFYQE (residues 141-150 in chicken) and sequence alignment
(Figure 6.2) indicates that this region is specific to MDGA1 (60-70% different in MDGAZ2
dependent upon species) with divergence in MDGAL at one residue (S146) in chicken (Gallus
gallus) and Chinese soft-shell crab (Pelodiscus sinensis) where an asparagine residue is observed

in other species.

Structural refinement of this 949 residue (per monomer) structure is currently on-going

and is indicated by crystallographic statistics (Table 6.1). Once refinement is complete it will
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reveal more sites of interest to target for structural-guided mutagenesis required for future

functional analysis.

A

(partially built)

Ny
\:/ C \ 90

TOP VIEW

Figure 6.7 MDGA Structural analysis.

Domain organisation of MDGA 1in cartoon rainbow format (chain A) for six Ig domains and a fibronectin domain that have
been coloured to match domain labelling in figure 6.2A . Chain B is coloured in dark grey. The position of the MAM domain
is not yet determined. A) Protein face view, B) 90 degree rotation of (A) around y-axis to show the protein side view and C)
90 degree rotation of (A) around x-axis to show the top view of the crystallographic dimer.
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Axonin PDB ID: 1CS6 DCC PDB ID: 1LAF

DSCAM PDB ID: 3DMK

FN3

(partially built)

Figure 6.8 Further MDGA1 structural analysis.

Molecular replacement models A) DSCAM (PDB ID: 3DMK), B) Axonin (PDB ID: 1CS6) and C) DCC (PDB ID: 1LAF)
represented in cartoon rainbow format which all have a *horse-shoe’ arrangement of four Ig domains and all failed to solve
the MDGA] structure. D) The structure of MDGAI indicates a previously unseen arrangement of Ig domains. E)
Crystallographic packing represented in cartoon tube format indicates head to tail pattern of MDGAT in a crystallographic
dimer (pink and purple chains) where the extended loops of the Ig2 and Ig3 dimer makes contacts with Ig6 and the partially
build FN3 domain of another molecule (in white boxed region highlighted).
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Table 6.1 Crystallographic data collection and structure refinement statistics.

MDGA1 SeMet

Data collection
Beamline
Phi width
Images
Space group
Cell dimensions
a, b, c(A)
a By ()
Wavelength (A)

Resolution (A)

Rmerqe

Rpim O}

l/ol

Completeness (%)
Redundancy

Refinement

Diamond 103
0.10°

1-7200
P2,2:2,

103.13, 109.10, 209.11
90, 90, 90
1.26595

109.1-3.1
(3.18-3.1)
0.184 (2.382)
0.038 (0.485)
17.3 (1.7)
100 (99.9)
26.5 (25.8)

In progress

Chapter 6 MDGA1

Numbers in brackets refer to the highest resolution shell. Ry, =Precision-indicating merging R-value
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6.4.2 Mapping the Neuroligin- MDGAL interaction

Results have previously shown that MDGAZ1 binds the neuroligins (NLs) where analysis
by cell surface binding assays suggested that the interaction between MDGAL1-NL2 was in the
nanoMolar (nM) range where affinities of 145nM (Lee et al. 2013) and 7.3nM (Pettem et al.
2013) were previously observed. To validate this nM affinity, SPR experiments were conducted
as previously described (Chapter 2, section 2.8.2) with amendments as described in section 6.3.4.

Results are summarised below in figure 6.9.
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Figure 6.9 SPR analysis mapping the chick MDGA1-Neuroligin interaction.

Analysis of chMDGA binding to A) NL1 lacking splice insertsat sites A& B (-A-B), B)NL1 -A+ B, C)NL1 -A+B N300Q,
D) NL2 +A with 483 RU of ligand bound, E) NL3 -A -B with 458 RU of ligand bound and F) NL4 +A with 406 RU of ligand
bound. SPR was performed on an T-200 Biacore machine.

185



Chapter 6 MDGA1

SPR analysis reveals an interaction of MDGAL with all neuroligins, where the strongest
interaction of 572nM is observed for MDGAL binding to NL2. Here SPR analysis also
demonstrates that the interaction of the NL1 with MDGA1 can be dependent upon the splice
isoform present (figure 6.9A & B). When the NL1 splice insertion at splice site B is not present,
binding between MDGAL and NL1 is enhanced 10 fold (figure 6.8A). Removal of an N-linked
glycan present in NL1s splice insertion site B (previously shown to cause a steric hindrance to the
interaction with neurexin (construct NL1 —A +B N300Q, created by J. Elegheert, Oxford))
indicated that binding is comparable to if the insertion at SSB was not present at all (figure 6.9A&

C).

It was previously stated that binding of NL2 to MDGAL was in the nM range, where
assays were conducted with NL2 containing the insertion at SSA (Pettem et al. 2013). To
determine whether removal of the splice insertion at SSA could increase the binding affinity for
MDGAL1 in the same way that removal of the splice insertion at SSB had in the NL1 interaction
with MDGA1, a NL2 —-SSA isoform was produced by site-directed mutagenesis. Initial SPR
analysis revealed no difference in the binding affinity between the two isoforms (figure 6.10 A &

B).
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Figure 6.10 SPR analysis of rMDGA1 binding to NL2 with or without its insertion at splice site A (SSA).

A) analysis of rMDGAT1 binding to NL2 +SSA where 275units of ligand were immobilised on the chip. B) Analysis of
rMGDAI binding to NL2 -SSA where 380units of ligand were immobilised on the chip. Analysis was conducted ona T-100
sensitivity enhanced (T-200) Biacore machine. Running buffer 10mM Tris pH7.5, 150mM NaCl, 2ZmM CaCl., 1g/L BSA,
0.005% w/v Tween-20 at 20ul/min flow speed. A ratMDGA1 (rMDGAT) 1:2 dilution series was established from 10uM
(highest molar concentration).
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6.4.3 MDGA1- NL2 complex crystallization attempts

SPR analysis suggested that the binding affinity of MDGA1 to NL2 is not affected by the
presence or absence of the NL2 splice insertion at SSA. Complex crystallization was therefore
attempted with rMDGAL and both forms of NL2 (+/- SSA). The proteins were co-expressed from
large-scale transient transfection of HEK293S cells. Initial SEC and SDS-PAGE analysis revealed
different elution profiles (figure 6.11). MDGAL in complex with NL2 +SSA presented one large
peak, close to the column void volume and a small excess of NL2 +SSA (figure 6.11A) where
both proteins within the larger peak appear to be present in an equal ratio. When MDGA1 was co-
expressed with NL2 lacking the splice insertion at site A (-veSSA) a doublet peak was observed
on SEC (figure 6.11B). This was considered to be caused by the different resolving ability of the
columns used where an s200 1660 column was used in figure 6.11A and only a small S200 1030

column was used in figure 6.11B.
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Figure 6.11 MDGA1-Neuroligin 2 complex formation.

A) Purification of rMDGAI1 FL and NL2 (+SSA) on S200 16/60 column in 10mM HEPES pH7.5, 150mM NaCl. B)
Purification of rIMDGA1 FL and NL2 (-ve SSA) using 8200 10/30 SEC columns in 10mM HEPES pH7.5, 150mM NaCl.
Both co-expression attempts were expressed in HEK293S cells. Peak SEC fractions were analysed on 12% SDS-PAGE gels.
Gelload order: Benchmark (Invitrogen) protein molecular weight marker (MW), IMAC flow-through, 5mM imidazole wash
then peak SEC fractions identified by red Roman numerals i-iv.

Crystallization was attempted for both complexes from peaks i and iii (Figure 6.11A &

B) and have yielded small needle crystals which form after 10 days at room temperature. These
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crystals were tested at the Diamond Light Source, Harwell and diffracted to >15A, therefore

further optimisation will be required.

6.4.4 Small-angle X-ray scattering (SAXS) analysis

SAXs analysis was performed to determine the oligomeric state of rMDGAL alone and in
complex with neuroligin 2 (+SSA). Preliminary results indicate that MDGAL is monomeric in
solution (132kDa) and has a maximum diameter of 17nm (figure 6.12A). This is similar to a
predicted diameter based on the MDGAL1 structure where 130A (13nm) was measured (figure
6.12B). When rMDGAL is in complex with NL2, a mass of 344kDa is observed which indicates
that a complex is present in a 2:2 ratio (figure 6.12A) which would be expected as the neuroligins

are known to form dimers in solution (Stidhof 2008).
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Figure 6.12 SAXS analysis of MDGA1 and MDGA1-NL2 complex.
A) SAXS analysis of MDGAT (red trace) and MDGAT in complex with NL2 (+SSA) (blue trace) B) MDGA1 monomer
represented in cartoon rainbow format with distance measured across the molecule estimated to be 130A (using PyMol

mecasure function).
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6.5 Discussion

The first aim of the chapter was to structurally characterise MDGA1 and here the
structure was solved to 3.4A by selenomethionine SAD phasing. The structure revealed an
unusual double ‘tubular bells’ conformation, never before observed in a multi-lg domain-
containing protein. An additional point of interest is the fact that many cell-adhesion proteins
belonging to the Ig superfamily (IgSF) contain specialised intracellular domains required for
downstream processes (Brummendorf et al. 2001). However the MDGAL protein is GPI anchored
and for it to have any downstream effects they must occur via protein-protein interactions with its
extracellular region. Further investigation is therefore required to determine why MDGAL is

structurally dissimilar to other IgSF protein members.

The SPR analysis conducted here confirmed that a direct interaction occurs between
MDGA1 and all neuroligins to high uM and nM affinities. NL1 protein lacking the splice
insertion at SSB bound with higher affinity that the protein containing an insertion at SSB, thus
one would predict that the neuroligin binding site for MDGAL involves the splice site B region.
When the glycan moiety in the splice site B was removed by mutation, it was able to restore
binding to levels obtained for the protein lacking an insertion at SSB. This implies that the
insertion at splice site B infers a steric hindrance to the interaction with MDGAL. The presence of
a neuroligin 1 splice insertion at site B has also been shown to reduce the binding affinity to -
neurexin (Koehnke et al. 2010). NL2 does not contain a splice insertion at SSB and inclusion or
removal of the splice insertion at SSA did not affect binding which would infer that this site is not

involved in the interaction with MDGAJ1.

MDGAL crystallized as a dimer, but appears to be monomeric in solution (as determined
by SAXS analysis). The interaction between MDGAL1 and NL2 is able to withstand SEC
purification and appears to be in complex in a 2:2 ratio. The neuroligins form dimers and are not
trafficked to the cell surface if in a monomeric form (Poulopoulos et al. 2012). Two putative

modes of binding are therefore proposed, the first involves a dimer of MDGAL interacting head-
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to-head in a “scrum model” with the neuroligin dimer (figure 4.13B). The second model involves
the MDGAL molecules interacting with the neuroligin dimer to form a cis array on the post-
synaptic membrane both models acting to inhibit the neuroligin- neurexin interaction. Also to
consider is a possible MDGAZ1 structural rearrangement which may not be crystallisable alone.
Optimisation of MDGA1- neuroligin2 complex crystallization trials will be required to confirm or

disprove these models.

A B C
AXON
Neurexin . .
MDGA1
Neuroligin w
DENDRITE DENDRITE DENDRITE
Scrum model Conga model

Figure 6.13 Proposed models for the MDGA1-neuroligin 2 interaction.

A) The trans-synaptic interaction of neuroligins with neurexins. B) The ‘scrum model” where two MDGA 1 molecules bind
to each neuroligin dimer in a head-to-head arrangement. C) the ‘Conga model” where an array of MDGA and neuroligins
form on the post-synaptic membrane.
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6.6 Future work/ perspectives

Due to time constraints, only a limited number of crystallization conditions for the
rMDGAL and NL2 (+/- splice site A) complex have been screened and so far only thin, needle
like crystals have grown. Promisingly these crystals were deduced to be of protein origin although
they only diffract to a low resolution ( >15A). With more time, these crystals will be improved
through optimisation and may enable a novel complex to be solved. This would shed light on how
the MDGA1-NL2 interaction is able to out-compete binding of neuroligin to neurexin (Pettem et

al. 2013).

Further investigation is also required to investigate whether the protein is a monomer or
dimer in a cellular context and whether either of the models proposed here (the scrum or the
conga) occur. All constructs that have been expressed here were membrane truncated forms and
therefore soluble, although the full length protein is GPI-anchored to the post synaptic membrane.
Forster resonance energy transfer (FRET) analysis could therefore be used to investigate the cell

surface attached full length MDGAL and determine whether dimers form.
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7.1 Summary of findings

In 2009, only structures of the AMPA receptor ligand binding core (LBC) had been
solved using proteins expressed in bacteria and refolded (GluA2_LBC (Armstrong et al. 2000),
GIuA3_LBC (Ahmed et al. 2009) and GluA4_LBC (Gill et al. 2008)). The last four years have
witnessed huge progress in the structural characterisation of glutamate receptors, for which
eukaryotic expression was essential. The GluA2_ATD structure solved here (Clayton et al. 2009)
revealed a dimeric clam-shell fold with extensive dimer interfaces but exhibited flexibility in its
lower D2 lobes. The second crystal form identified a putative ligand binding site with potential
novel allosteric regulatory mechanisms. Structures for all AMPA receptor ATDs have since been
solved (GIuA1_ATD (Yao et al. 2011), GIuA3_ATD (Sukumaran et al. 2011) and GluA4_ATD
(Dutta et al. 2012) but the ground-breaking crystal structure of a full length GluA2 homotetramer
(Sobolevsky et al. 2009) was a crowning moment for structural analysis of the AMPA receptor.
Since this breakthrough, AMPA receptor complexes have emerged as a field of interest in their
own right. The view of exactly what constitutes a physiological AMPA receptor is rapidly
evolving, as the tetrameric core forming the actual ion channel seems merely to represent the
central component of a larger supra-molecular assembly. The AMPA receptor’s protein-protein
interaction map is constantly expanding and we are still a long way from fully understanding all

of its synaptic interactions at a molecular level.

This thesis aimed to expand the current knowledge on AMPA receptors and their multiple
protein interactions, with an overall aim to deconstruct synaptic complexity. Structural and
functional insights into the neuronal pentraxins and how they interact with the AMPA receptors
presented many more research avenues to explore. For instance the neuronal pentraxins are either
activity dependant or constitutively expressed but it is unclear why this is the case and what effect
this has on AMPA receptors. Here all neuronal pentraxins were shown to weakly associate with
AMPA receptor ATDs (although the GluA1_ATD remains to be investigated). From a structural
point of view, why does the GIuA4_ATD bind with highest affinity to the neuronal pentraxin 1

PTX domain? The PTX domains were shown here to share a high level of structural and sequence
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homology, so a detailed analysis will be required to examine this. Further co-crystallization
attempts of AMPA receptor ATDs with neuronal pentraxin PTX domains, as well as biophysical

analysis and functional experiments will hopefully soon solve this conundrum.

This thesis also presented a crystal structure of MDGAL in a novel dimeric tubular bells
arrangement that provided a tantalising glimpse into this vast protein’s potential mechanisms of
action. Interestingly, results obtained here suggest that its roles are perhaps not limited solely to
inhibitory synaptic interactions with neuroligin 2 (NL2) as previously proposed (Pettem et al.
2013). Biophysical analysis demonstrated that MDGAL interacts with all NL 1, 2, 3 and 4, with
NL1 expressed only at glutamatergic and not y-aminobutyric acid (GABA)ergic synapses (Song
et al. 1999). Due to the interactions with both NL1 and NL2, MDGAL1 may therefore be a key
regulator of both excitatory and inhibitory synapse formation and function. This hypothesis
presents exciting research opportunities for further structural and functional investigations to

understand the physiological implications of the MDGA1-neuroligin interaction.

7.2 Physiological insights gained from this research

A more in depth analysis of the proteins examined here finds a common theme emerging,
that is, how each protein is involved in the post-synaptic clustering of neurotransmitter receptors.
Physiologically, synaptic plasticity (Bliss et al. 1973) in terms of the activity dependant
morphological changes and subsequent strengthening of the synapse, ultimately result from
neuroreceptor clustering. Two methods of receptor clustering seem to be occurring, which show
diversity in the proteins involved, dependent on the synapse type/ location in question.

Neurotransmitter receptor clustering may result from one of two mechanisms:-
1) Cytoplasmic scaffold-independent mechanisms
2) Cytoplasmic scaffold-dependent mechanisms

At excitatory synapses, cytoplasmic scaffold-independent mechanisms result from

extracellular protein-protein interactions that have evolved to cluster the iGIuRs (figure 1.7A).
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Neuronal pentraxins have been shown to induce clustering of the AMPA receptors in the
hippocampus (O'Brien et al. 1999) and GluD (Delta, &) receptors are clustered by cerebellin
(CblIn) complexed with neurexin in cerebellar parallel-fiber (PF)-Purkinje neurons (Kuroyanagi et
al. 2010). Scaffold-dependant mechanisms of neurotransmitter clustering involve cell adhesion
proteins and in some cases IGIuR auxiliary proteins (eg TARPS) (figure 7.1A). The presynaptic
adhesion protein neurexin is intracellularly anchored by its PDZ domain to a scaffolding complex
containing CASK (Missler et al. 1998) and its trans-synaptic partner neuroligin binds to PSD-95
which is a major components of the glutamatergic scaffold (Craig et al. 2007). The neuroligin-
neurexin interaction has been shown to regulate excitatory synaptic activity where clustering of
NLs results in recruitment of scaffolding protein as well as NMDA iGluRs (figure 7.1A) (Chih et

al. 2005).

At inhibitory synapses, accumulation of the neuroreceptor GABA A subtype is dependent
on its ability to interact with the post-synaptic scaffolding protein gephyrin (Tretter et al. 2008).
Neuroligin 2 (NL2) aggregates gephyrin at inhibitory synapses and NL2 knock out reduces
gephyrin accumulation and GABAAa receptor clustering. (Tyagarajan et al. 2014). NL2 is
therefore in effect, acting as the foundation on which to build the cytoplasmic protein platform
which clusters neuroreceptors at GABAnergic synapses (Graf et al. 2004; Squire 2008) (figure

7.1B).

Inhibitory and excitatory cytoplasmic scaffolds are dynamic assemblies, held together
and regulated by multiple protein-protein interactions, of which only a small handful of
interaction partners are discussed here. Questions remain as to how the neuroligin -MDGA1
interaction reduces synapse formation but one could hypothesise that it prevents gephyrin (Pettem
et al. 2013) and PSD-95 accumulation. Therefore synaptic adhesion proteins such as neuroligins
and neurexins not only have roles in a trans-synaptic adhesion but also generate bi-directional,

pre-and post-synaptic structural rearrangements that strengthen the synapse.
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A EXCITATORY SYNAPSE
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VGCCI pre-synaptic membrane

o Neurexin
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B INHIBITORY SYNAPSE Figure 7.1 Neuroreceptor clustering at excitatory and
inhibitory synapses.

CASK A) AMPA (GluA) receptors are clustered by neuronal

pentraxins and by via their auxiliary protein TARP2 to PSD-

VGCCI 95. Neuroligins (NLs) also bind to PSD-95 and act as trans-
synaptic cell adhesion molecules interacting with neurexins.
© Neurexin NL clustering also recruitments scaffolding protein PSD-95

and NMDA iGluRs. Delta (GluD) receptors are clustered by
roligi
r

neurexins via cerebellin (cbln). MDGAT1 prevents trans-
Gephryn

MDGA1

synaptic and intracellular neuroligin interactions.

B) Neurotransmitter receptor clustering at inhibitory
synapses via scaffold dependant mechanisms. The
interaction of NL2 with neurexin induces gephryin mediated
GABA, receptor clustering and the interaction of MDGAL
with neuroligin inhibits this clustering.

The autism spectrum disorders (ASDs) are postulated to arise from disruptions in the
overall synaptogenic excitatory-inhibitory (E/I) balance (Bourgeron 2009). A NL3 R451C
mutation was identified in a boy with X-linked Asperger syndrome and in his brother with X-
linked autism (Jamain et al. 2003). Initial analysis suggested that this mutation prevents NL3s
dissociation from its chaperone prior to dimerization, thus impeding correct protein trafficking
(De Jaco et al. 2006). However, when this mutation was introduced into a knock-in (KI) mouse
model, a gain of function and increased inhibitory synaptic transmission was observed. Like
patients with ASD, the R451C mice exhibited impaired social behaviour but enhanced spatial
learning abilities not observed in the NL3 KO mouse (Tabuchi et al. 2007). In this instance it was

noted that only a partial retention of NL3 was actually occurring (90% reduction to total surface
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expression), with the remaining protein postulated to cause the gain of function effect. Because
there are no structures of NL3 currently available, this mutation can be mapped to a NL3
homologue, NL4 (pdb ID: 2XB6 (Leone et al. 2010)) (figure 7.2). Analysis reveals that the
mutation is located near the neuroligin dimer interface (figure 7.2). Several scenarios which could

cause the gain of function effect are therefore proposed here:-

1) The mutation could result in an altered protein conformation. In this instance solving
the structure of the NL3 R451C mutant could confirm or disprove this.

2) The mutation may result in a stabilisation to the dimer interface enhancing the
likelihood of a neuroligin-neurexin interaction. Biophysical analysis could confirm or
disprove this.

3) The mutation could affect the NL3 interaction with MDGA. An MDGA- NL complex
structure would therefore provide a huge amount of information to resolve this

problem.

This figure has been removed due to
copyright restrictions.

Figure 7.2 Structural analysis of the gain of function mutation R451.
The mutation was mapped to human neuroligin-3 residue R450 based on sequence information from Tabuchi et al. (2007).
The mutation was then aligned to the solved structure of neuroligin-4 in complex with neurexin-1(2XB6) (Leone et al. 2010).
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7.3 Structural analysis to aid biophysical and functional experiments

Structural analysis of the neuronal pentraxin PTX domains found a high level of
structural fold homology. Only a small loop region close to the calcium binding site in a calcium
free NP2PTX crystal form presented an alternative conformation. Interestingly the ATD- PTX
interaction was found to require the presence of calcium. If this loop is implicated in the PTX-
ATD interaction, then any sequence differences found in the loop could account for the variations
in Kp observed in SPR analysis. Further investigation reveals that within the loop sequence a
charged to uncharged residue variation is present (Arg to Gly) where NP2 and NPR loops are
more positively charged than the NP1 loop (figure 7.3). The loops of NP2 and NPR could
therefore be mutated to the corresponding NP1 loop sequence, where SPR analysis could

corroborate or contradict the hypothesis that this loop dictates binding affinity.

loop region I—_
35 0 .6. ! 37 3¢

NP1 S50 LGQEQD'I € FDATQAF VNN
NP2 pg85G MLGQEQDT N R DATQAFVG)3f]elH
NPR M- I MLGOEQDTIAGGIIFDATQAF VGIsEP:Ne)H

Figure 7.3 Sequence alignment of human neuronal pentraxin NP1, NP2 and NPR.

Sequences were aligned using MULTALIN (http://multalin.toulouse.inra.fr/multalin/). Conserved calcium co-ordinating
residues are highlighted by blue pentagons. Beta sheets are labelled K and L based on nomenclature stated for the C-reactive
protein structure (Shrive et al, 1996). The loop region exhibiting flexibility in the crystal structure is highlighted in the red
box. Structural analysis of loop region of NP1_PTX (orange), NP2 PTX (green)and NPR_PTX (blue).

In addition to structural analysis of the PTX domain, electron microscopy provided
information as to the oligomeric state of NP2_CC2 where a trimeric arrangement was observed.
Stability of oligomeric protein was a major issue where rapid degradation often occurred. To
overcome this and generate stable protein for use in functional experiments, artificial trimeric

PTX domains were developed.

The MDGAL structure presented a novel, dimeric tubular bells arrangement of Ig
domains which was interesting for several reasons. Structural analysis found that an Ig 2 loop
(SDVRGSFYQE residues 141-150 in chicken) extended to form a contact with a second protein
dimer in a head to tail arrangement (figure 6.8E). The loop region is specific to MDGAL and is

60-70% different to MDGA2 (dependent upon species). This Ig domain also appeared
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fundamental to protein dimerization within the crystal structure, although biophysical analysis of
native MDGAL protein found it to be monomeric in solution. Structure-guided mutagenesis will

help to determine whether this architecture is physiological or an artefact of crystallization.

7.4 Structural analysis providing insights for rational drug design

Structural analysis is a useful tool for rational drug design because it enables sites of
interest to be specifically targeted by visualising potential drugs in complex with target proteins
(Williams et al. 2005). Fine tuning of drug candidates can improve molecular characteristics to

enhance drug target specificity and increase potency whilst reducing side effects.

During synapse formation and maturation inhibitory and excitatory synaptic connections
are tightly regulated in an activity dependant manner (Dean et al. 2006). Atypical changes in
synaptic strength can therefore dramatically affect the fine balance of inhibitory and excitatory
circuitry, and such events are implicated in ASDs (Bourgeron 2009). Pettem et al (2013)
eloguently demonstrated that neuronal cells form fewer connections with cells expressing NL2
and MDGAL than cells expressing NL2 alone, so in a physiological context MDGAL acts to
reduce net inhibitory drive (Lee et al. 2013; Pettem et al. 2013). Potential drugs to inhibit the NL-
MDGAL interaction whilst maintaining the NL-neurexin interaction could therefore be a potential
target for ASD treatment. It would be difficult to disrupt a specific site without complex structural
information. A NL2-MDGAL1 complex structure will be therefore enable small molecules to be
targeted to the MDGAZL-NL interaction interface to aid in understanding of underlying causes of

ASDs in which MDGAL, NLs and neurexins are implicated.
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Appendix A- AMPA receptor constructs and oligonucleotides

Table Al- Information for all AMPA receptor constructs detailed in this thesis, including domain boundaries,
oligonucleotides (oligos) reference numbers used for PCR amplification and cloning strategies. Presence of *
indicates that these oligos were used to introduce a mutation. Oligos for the original domain boundary were then
used to amplify constructs as required.

Construct ID Domain boundaries Forward Reverse Cloning
AM21 N25-E412 90 91 Agel/BsiWI
AM21ml F50D (F71D) 264* 265* Agel/BsiWI
AM21m2 F82D 266* 267* Agel/BsiWI
AM21m3 T53N-A55S 268* 269* Agel/BsiWI
AM21m4 L140E 270* 271* Agel/BsiWI
AM21m5 L144E 272* 273* Agel/BsiWI
GIluR2 ATD_D1 DNSS linker | N25-S796 AG520- GluR2_ GIluR2_ | Agel/BsiWI
at fusion point D757 DNSS fwd | DNSS rev
GluR2 ATD_D1 DDSS linker | N25-S796 AG520- GluR2_ GIluR2_ | Agel/BsiWI
at fusion point D757 DDSS fwd | DDSS rev
GluA4 ATD 1 S25-G406 655 866 Agel/BsiWI
GIluA4_ATD 2 S25-E413 655 867 Agel/BsiWI
GluA4_ATD 3 S25-T416 655 868 Agel/BsiWI
GluA4 ATD 4 S$25-T421 655 869 Agel/BsiWI
GluA2_LBC_flop K414-G795 AP528- 118 145 Agel/BsiWI
S652
GIuA2_FL_HA N25-1883 98 347 Agel/BsiWI
GIluA2_FL_FLAG N25-1883 358 347 Agel/BsiWI
GluA2 AATD_HA N406-1883 360 347 Agel/BsiWI
GluA2 AATD FLAG N406-1883 359 347 Agel/BsiWI
RatGIuA4FLflip S$25-G893 657 653 Agel/BsiWI
RatGluA4 AATDflip N407-G893 658 653 Agel/BsiWI
rGIuA3 FL pHL F24-1888 1203 1199 Agel/Kpnl
rGIuA3 FL_mV F24-1888 1203 1198 Agel/Kpnl
rGIuA3_FL_A653T pHL F24-1888  A653T 1196 1197 Agel/Kpnl
rGIuA3 FL_A653T mV F24-1888 1196 1198 Agel/Kpnl

*oligo were ordered using old numbering system. New residue numbering is indicated in brackets.
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Table A2- Details all AMPA receptor oligonucleotides used for PCR amplification with reference to oligo
numbering detailed in Table Al.

Oligo | Oligo ID Sequence 5'-3'
number
90 hGRIA2 fwd_Age cgcaccggtAACAGCATACAGATAGGGGGGCTATTTC
91 hGRIA2atd_rev_Bsi cgcegtacgcTCAAGCCCAGAGGTGTCATTTCCAG
98 hGRIA2_HA_fwd_Age cgcaccggtTACCCCTACGACGTGCCCGACTACGCCAACAGCATACA
-7 - GATAGGGGGGCTATTTC
118 hGRIA2 S1fwd Age CGCACCGGTAAGACTGTTGTTGTCACCACAATTTTGGAATCTC
N/A | GIUR2 DNSS rev CTTTGGACGACGAGTTGTCGAGGCTCATGAAGGGCTTTGAGAAG
B B TC
N/A | GIuR2 DNSS fwd CATGAGCCTCGACAACTCGTCGTCCAAAGGCTATGGCATCGCAA
B B CACC
N/A | GIuR2 DDSS rev CTTTGGACGACGAGTCGTCGAGGCTCATGAAGGGCTTTGAGAAGT
B B C
N/A | GIuR2 DDSS fwd CATGAGCCTCGACGACTCGTCGTCCAAAGGCTATGGCATCGCAAC
B B ACC
264 F50D_fwd (*71) GACAATTTGGAGGTGGCAAACAGCGACGCAGTCACTAATGCTTT
B CTGCTC
265 F50D rev (*7]_) GAGCAGAAAGCATTAGTGACTGCGTCGCTGTTTGCCACCTCCAA
- ATTGTC
266 F82D_fwd (*103) GAAGTCTGTAAATACCATCACATCAGATTGCGGAACACTCCACG
B TCTCCT
267 F82D _rev (*103) AGGAGACGTGGAGTGTTCCGCAATCTGATGTGATGGTATTTACA
B GACTTC
268 T53N_A55S_de GTGGCAAACAGCTTCGCAGTCAATAATTCTTTCTGCTCCCAGTTT
(*74_76) TCGAG
269 T53N_AB5S_rev CTCGAAAACTGGGAGCAGAAAGAATTATTGACTGCGAAGCTGTT
(*74_76) TGCCAC
270 L140E_fwd (161) GACAGTGACAGAGGCTTATCAACAGAGCAAGCTGTGCTGGATTC
B TGCTG
271 L140E_rev (161) CAGCAGAATCCAGCACAGCTTGCTCTGTTGATAAGCCTCTGTCAC
B TGTC
272 L144N_fwd (165) GCTTATCAACACTGCAAGCTGTGAACGATTCTGCTGCTGAAAAG
B AAATGG
273 L144N_rev (165) CCATTTCTTTTCAGCAGCAGAATCGTTCACAGCTTGCAGTGTTGA
B TAAGC
347 R2_rev* BsiWI CGCCGTACGCTAAATTTTAACACTCTCGATGCCATATACGTTG
358 | R2fl_FLAG fwd Ag CGCACCGGTGACTACAAGGACGACGACGACAAGAACAGCATAC
B B B AGATAGGGGGGCTATTTC
359 R2dATD FLAG fwd CGCACCGGTGACTACAAGGACGACGACGACAAGAATGACACCTC
B B B TGGGCTTGAGAATAAGACTG
360 R2dATD_HA fwd_Ag CGCACCGGTTACCCCTACGACGTGCCCGACTACGCCAATGACAC
-7 - CTCTGGGCTTGAGAATAAGACTG
652 rR2 fl rev Bsi CGCCGTACGAATTTTAACACTCTCGATGCCATATACGTTGTAACC
-0~ TTC
653 rR4_fl_rev Bsi CGCCGTACGTGGTAGGTCCGATGCAATGACAGCCA
654 rR4_fI** rev Bsi CGCCGTACGTCATTATGGTAGGTCCGATGCAATGACAGCCA
655 rR4 ATD fwd CGCACCGGTAGCAGCGTTCAAATAGGTGGTCTCTTCATC
657 R4 fl HA fwd CGCACCGGTTACCCCTACGACGTGCCCGACTACGCCAGCAGCGT
-7 TCAAATAGGTGGTCTCTTCATC
658 rR4JATD HA fwd CGCACCGGTTACCCCTACGACGTGCCCGACTACGCCAATGACAC
-7 AGCAGCTATTGAGAACAGAACAG
655 I’R4_ATD_de CGCACCGGTAGCAGCGTTCAAATAGGTGGTCTCTTCATC
866 rR4 ATD revl Bsi cgccgtacgGCCCAGAGTAGGCATATCTTGAATCAAGA
867 rR4 ATD rev2 Bsi cgccgtacgCTCAATAGCTGCTGTGTCATTGCCCAG
868 rR4 ATD rev3 Bsi cgcegtacgTGTTCTGTTCTCAATAGCTGCTGTGTCATTG
869 rR4 ATD rev4 Bsi cgcegtacgTGTGGTTACAACCACTGTTCTGTTCTCAATAG
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118 | hGRIA2 Sifwd Age CGCACCGGTAAGACTGTTGTTGTCACCACAATTTTGGAATCTC

145 | hGRIA2S2 rev Bsi CGCCGTACGGCCGCACTCTCCTTTGTCGTACCA

1196 | rGIuA3 A653T fwd TCTCTTCCTACACTGCAAACCTTaCTGCTTTCCTGACTGTGGAGAG
- - GATG

1197 | rGIuA3 A653T rev CATCCTCTCCACAGTCAGGAAAGCAGIAAGGTTTGCAGTGTAGGA
- - AGAGA

1203 | rGIuA3_HA_fwd_Ag cgcaccggtTACCCCTACGACGTGCCCGACTACGCCTTCCCCAACACC
- - - ATCAGCATAGGTGGA

1199 | rGIUA3 ** rev Kp cgcggtaccCTACTAGATCTTAACACTTTCTGTTCCATACACGTTG

1198 | rGIuA3_rev_Kpn cgcggtaccGATCTTAACACTTTCTGTTCCATACACGTTG

* oligo were ordered using old numbering system. New residue numbering is indicated in brackets.
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Appendix B containing construct information, oligonucleotide numbering, N-linked glycosylation
states and species sequence alignment for NP1

Table B1- All neuronal pentraxins construct info, including domain boundaries, oligonucleotides (oligos) used in
PCR and cloning strategy. Presence of * indicates that these oligos were used to introduce the required
mutation. Original domain boundary oligos were then used to amplify constructs as required.

Construct ID

Boundaries | Forward | Reverse | Cloning

NP1 PTX P224-1431 | 253 254 Agel/Kpnl
NP1 FL @23- 1431 | 252 254 Agel/Kpnl
NP1 CC2 G112-1431 | 705 254 Agel/Kpnl

NP1 PTX_N280D

P224-1431 | 1178* 1177* | Agel/Kpnl

NP1 PTX_Q370E

P224-1431 | 1183* 1182* | Agel/Kpnl

NP1PTX_E3585+D360S | P224-1431 | 1185* 1184* | Agel/Kpnl

NP2_PTX §221-1431 | 256 257 Agel/Kpnl
NP2_FL @18-1.431 | 255 257 Agel/Kpnl
NP2_CC2 G89-L431 | 379 257 Agel/Kpnl
NP2 _PTX_N393Q S221-L431 | 483* [ 484* [ Agel/Kpnl
NPR_PTX $289-A500 | 839 840 Agel/Kpnl
NPR_CC2 G118-A500 | 841 840 Agel/Kpnl

Table B2- Details all neuronal pentraxins oligonucleotides used for PCR amplification. Presence of ** indicates
that these oligos were named according to an old numbering system which is suitable for reordering means only.
All constructs described are correctly numbered starting from the first amino acid residue, typically the start of
each proteins native secretion signal.

Oligo | Oligo ID Sequence 5'-3'
number

252 | NP1fl_fwd_Age cgcaccggtCAGGATTTCGGGCCGACGCGCT

253 | NP1ptx_fwd Age cgcaccggtCCTGGAGACAAGTTCCAGCTCACATTC

254 | NP1fl_rev_Kpn CGCGGTACCGATCTGGCGACAGGCCTCGAAGGT

255 | NP2fl fwd Age CGCACCGGTCAGGACAGCCCGGCGCCCGGTA

256 | NP2ptx_fwd Age cgcaccggtTCACCAGATGCGTTCAAGGTGTCCCT

257 | NP2fl rev_Kpn cgcggtaccCAAGTCAAGGAGACGCTCCTCACAC

379 | NP2cc2_Age fwd cgcaccggtACGGGCAAGGACACTATGGGCGA

705 | NP1 CC2 fwd Age CGCACCGGTTCGGGCAAGAACACCATGGGCGAC

483 | N393Q fwd CACAAGAAATTGTCAACATCGCCcAgTGCTCCACAAACATGCCGGGCAA
484 | N393Q rev TTGCCCGGCATGTTTGTGGAGCACTgGGCGATGTTGACAATTTCTTGTG
839 | NPR PTX fwd Age CGCACCGGTAGTCCTCCAGATGCCTTCAAGATCAGCA

840 | NPR rev_Kpn CGCGGTACCTGCCTTGGCCCTCCCCTTGCAGA

841 | NPR _CC fwd Age CGCACCGGTGAGCGCGAAGAGCTGCTGCTGCT(32bp)

1177 | NP1PTX N57D fwd** | CTACGCTGTGCCCGGCCAGGCCGACGAGCTGGTCCTCATTGAGTGGGGC
1178 | NP1IPTX N57D rev** | GCCCCACTCAATGAGGACCAGCTCGTCGGCCTGGCCGGGCACAGCGTAG
1182 |\|P1PT)(:Q]_47E__fW GGTGGTGGGTTTGATGCCACCGAGGCATTTGTGGGTGAGCTGGCCCAC
1183 | NP1PTX QI47E rv GTGGGCCAGCTCACCCACAAATGCCTCGGTGGCATCAAACCCACCACC
1184 | NP1PTX SSmut fw CGTGCTGGTGCTGGGCCAGTCCCAGTCCACTCTGGGTGGTGGGTTTGATGC
1185 | NP1PTX SSmut rv GCATCAAACCCACCACCCAGAGTGGACTGGGACTGGCCCAGCACCAGCACG
N/A_ | R4 ATD wing fwd CACCCATGGTAACCAACCTATCGGATCGGTGGAAGAAACTAGATC

N/A | R4 ATD wing_rev GATCTAGTTTCTTCCACCGATCCGATAGGTTGGTTACCATGGGTG

N/A | R4 ATD flap fwd CCGAAGTCTCAGAAGACAGAACATTTCTATTTCAAGGAGAGGAAATGCTG
N/A | R4 ATD flap rev CAGCATTTCCTCTCCTTGAAATAGAAATGTTCTGTCTTCTGAGACTTCGG
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NP1 NetNGlyc 1.0: predicted N-glycosylation sites in Sequence
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Figure B1 NetNGlyc prediction for NP1, NP2 and NPR full length protein.
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Homo_sapiens
Macaca_mulatta
Orecinus_orca
Rattus norvegicus ...............000.. B
Gallus_gallus MAALPRCLPLPPFLSLELS[L

izo 130 140 is0

Homo_sapiens K{NTMGDLSRH
Macaca_mulatta NTMGDLSRM
Orcinus_orca T| NTMGDL SR
Rattus_norvegicus BS|
Gallus_gallus G
Homo_sapiens [ L el = . £ 7 3 LEKGOKDHNRE|
Macaca_mulatta X 1 il LEEGQKDNRE|
Orcinus_orca 3 ol F 3 LEKGQKDNRE|
Rattus_norvegicus 4 o 3 A A Q LEKEGQEDNRP] i
Gallus_gallus ) N - LEEGI\PN KIELTSLBOPIQ LEEGOQKDNRE FﬁLTFPLRTHYMYAKU

250 260 270 280 290 300 310 3z0 330
Homo_sapiens KESLPEMYAF] C KSSANPGEGTPFSYAVPGOANELVLIEWGNNPMEILINDEVAEKELPFVINDGKWHHICHTWTTRDGVWEAY QD
Macaca_mulatta KKESLPEMYAFEMC 5 5 AR GTPFSYAVPGQANELVLIEWGNNPMEILINDEVAKLPFVINDGKWHHICHTWT TRDGVHWEAY QD)
Orecinus_orca KESLPEMYAF] ] GTPFSYAVPGOANELVLIEWGNNPMEILINDEVAKLPFVINDGEKWHHICHMTWT TRDGVWEAY QD
Rattus_norvegicus | 445834 888 £ A GTPFSYAVPGOANELVLIEWGNNPMEILINDEVAKLPFVINDGEKWHHICHTWTTRDGVWEAY QD
Gallus_gallus KEESLPEMYAF] L5 EIP GlWGTPFSYAVPGOANELVLIEWGHNNPMEILINDEVARELPFVINDGEWHHICHTWT TRDGVWEA Y DD

340 350 360 370 380 390 400
Homo_sapiens Ofe GEMLAFYHPIKPQGVLVLGQEQDTLGGGFDATQAFVGELAHFN FGEVYRILATC SHEA
Macaca_mulatta G| GENLAFYHPIKPQGVLVLGQEQDTLGGGFDATQAFVGELAHF i LATCSHER
Orecinus_orca GEMLAFYHPIKFQGVLVLGQEQDTLGGGFDATQAFVGELAHFN 3| FGEVYRLATC SHK £
Rattus_norvegicus I GEIGENLAPYHPIKPQGVLVLGOQEQDTLGGGFDATQAFVGELAHEN 3 BLATCSEHKANBIGNVIAWREE
Gallus_gallus 0 GENLAFPYHPIKPQGVLVLGQEQDTLGGGFDATQAFVGELAHFN L FGEVYRILATC SEHEAMRAGNV I AWREEN] T

4az0
Homo_sapiens
Macaca mulatta
Orcinus_orca
Rattus_norvegicus
Gallus_gallus IATEWTFEACRQMN

Figure B2 Neuronal pentraxin I is conserved amongst species.

Multalign showing high level of neuronal pentraxin | sequence homology across Homo sapiens (human), Macaca mulatia (rhesus
macaque), Orcinus orca (killer whale), Rattus norvegicus (rat) and Gallus gallus (chicken). All sequences sourced from PubMed
http://www.ncbi.nlm.nih.gov/pubmed.
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Table C1- Construct info, including domain boundaries, forward and reverse oligo IDs used for PCR

amplification and cloning strategies.

Construct ID | Boundaries | Forward | Reverse | Cloning
Brorin M1-M324 1029 1030 EcoRI/Kpnl
Brorin_S1* | S28-M324 | 1190 1030 Agel/Kpnl
Brorin_R21* | R48-M324 | 1191 1030 Agel/Kpnl
Brorin_D41* | D68-M324 | 1192 1030 Agel/Kpnl
Brorin_E61* | E88-M324 | 1193 1030 Agel/Kpnl
Brorin_D81* | D108-M324 | 1194 1030 Agel/Kpnl
Br_E101 E128-M324 | 1195 1030 Agel/Kpnl
Br_short D148-M324 | 1176 1030 Agel/Kpnl
Noelin_1 M1-1485 1023 1024 EcoRI/Kpnl
Noelin_2 M1-P478 1025 1026 EcoR1/BsiWI
Noelin_3 M1-T458 1027 1028 EcoRI/Kpnl
Neuritin M1-G114 1031 1032 EcoRI/Kpnl

*0ld construct numbering system used to order oligos. True boundaries indicated in Table C1 column 2.

Table C2- Details all oligonucleotides used for PCR amplification. All constructs described are numbered
starting from the first amino acid residue, typically the start of each proteins native secretion signal.

Oligo | Oligo ID Sequence 5'-3'
number
1023 Noell EcoR1 fwd TCCTGAATTCGCCACCatgTCGGTGCCGCTGCTGAAGATC
1024 Noell Kpn_rev gcgGGTACCCAACTCATCGGAGCGGATGACATGGA
1025 | Noel2 EcoR1 fwd TCCTGAATTCGCCACCatgtcggtgccgcetgctcaagate
1026 | Noel2 BsiWI rev cgccgtacgTGGGTCTCCGGCAGTGCTGATGAC
1027 | Noel3 EcoR1 fwd TCCTGAATTCGCCACCatgcaggcgaggtccagctttcte
1028 Noel3 Kpn_rev gcgGGTACCTGTGTCATCTTCAGTCTTAATGATGTGGAACAG
1029 Brorin Eco fwd TCCTGAATTCGCCACCatgCCTAGCTCCTCTGCGATGGCA
1030 | Brorin_Kpn_rev gcgGGTACCCATTTGCCTGCATTCATGTCTCGTGCAC
1031 Neur EcoRI fwd TCCTGAATTCGCCACCatgGGACTTAAGTTGAACGGCAGATATATTTCA
1032 Neur_ Kpn_rev gcgGGTACCGCTGCCGCAGAGTTCGAATAAGCTG
1176 | Bror_sh Age fwd gcgACCGGTgactaccgaggtaagggctgcgtggac
1190 Br S1 Age fwd gcgACCGGTAGTCCGAGCATCCCGCTGGAGAA
1191 | Br_R21 Age fwd gcgACCGGTCGCGAGCACGCGTCTCGG
1192 | Br_ D41 Age fwd gcgACCGGTGACGAGGGCAGCAGTGCCC
1193 Br E61 Age fwd gcgACCGGTGAGGCGTGGAGCAAGCAGAAGC
1194 Br D81 Age fwd gcgACCGGTGACTGGCAGGTCCGGCCTC
1195 | Br_E101 Age fwd gcgACCGGTGAAGCGATCAGTCTGGAACTCATGC
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The original Brorin construct had been inserted into the pcDNA3.1+ plasmid via
HindlII/EcoRI. The full length protein was 324 amino acids in length, the molecular weight
36.57kDa, with a theoretical pl of 5.82 and the extinction coefficient 1.1.

Nucleotide sequence:

aagcttatgcctagctcctctgcgatggcagttggcgegetecteccagtteccctettggtcacctg
ctgcctgatggtggctctgtgcagtccgagcatcccgectggagaagctggcccaagctccagage
aacccggccaggaaaagcgcgagcacgcgtctcgggacagcccgggaagggtgagcgagetcggg
cgcgcctctagggacgagggcagcagtgcccgggactggaagagcaagggcagccgegcegctcte
gggccgggaggcgtggagcaagcagaagcaggcctgggcectgcccagagcgggagcgeccaaggccg
cggactggcaggtccggcctcgcggggataccccacagggggagcccccggccgecgeccaggaa
gcgatcagtctggaactcatgcccacaccggagctgcctgaggaatacgcctatcccgactaccg
cgggaagggctgcgtggacgagagtggcttcgtgtatgcgattggggagaagttcgeccccaggte
cctcagcctgceccatgtctgtgtacggaggaggggcccctttgcgecccagccagagtgeccgegg
cttcacccgcgctgcatccacgttgacaccagtcagtgctgtccgcagtgcaaagagaggaagaa
ctactgcgagttccggggcaagacctaccagactttggaggagttcgtggtgtctccatgtgaac
ggtgtcgctgtgaagccaatggtgaagtgctgtgcacagtgtcggecgtgtccccagacggaatgt
gtggaccccgtgtatgagcctgatcagtgctgcccgatctgcaaaaacggtccaaactgctttge
agaaaccgctgtcatcccagctggtcgagaggtgaagactgacgaatgcaccatatgtcattgta
cttatgaggagggcacgtggagaattgaacggcaagccatgtgcacgagacatgaatgcaggcaa
atgtaggaattc

Amino acid sequence:

8PS 1PLEKLAQAPEQPGQEKREHASRDSPGRVSELGRA
SRBEGSSARDWKSKGSRALSGREAWSKQKQAWAAQSGSAKAABWQVRPRGDTPQGEPPAAAQEA
SLELMPTPELPEEYAYPDYRGKGCVDESGFVYAIGEKFAPGPSACPCLCTEEGPLCAQPECPRLH
PRC IHVDTSQCCPQCKERKNYCEFRGKTYQTLEEFVVSPCERCRCEANGEVLCTVSACPQTECVD
PVYEPDQCCP I CKNGPNCFAETAV IPAGREVKTDECT I CHCTYEEGTWR 1 ERQAMCTRHECRQM-
EF

Alignment:
atgcctagctcctctgcgatggcagttggcgcgctctccagttecctettggte

acctgctgcctgatggtggctctgtgc-ccqaqcatcccqctqqaqaaqctggcccaa
P S I P L E K L A Q
gctccagagcaacccggccaggaaaag-qaqcacqcqtcthqgacagcccgggaagg
AP E Q P Q E H A S R

gtgagcgagctcgggcgcgcctctagg-qaqqqcaqcaqtqcccgggactggaagagc
\Y L A°S R D E G S S A R D K
Aagggcagccgcgcgctctcgggccgg-qcqtqqaqcaaqcaqaaqcaggcctgggct

S L AW S K Q K Q A

Gcccagagcgggagcgccaaggccgcg-tqqcaqqtccqqccthcggggatacccca
A D R P T P

A Q V
Cagggggagcccccggccgccgcccag-qcqatcaqtctqqaactcatqcccacaccg
Q E PP A A AQEAI S L EL MP TP

gagctgcctgaggaatacgcctatcccqactaccqcqqqaaqqqctqcgtggacgagagt
L P EEY AY P DY R G K G C

chttcgtgtatgcgattggggagaagttcgccccaggtccctcagcctgcccatgtctg
F

vV Y | K F AP G P S A CUP C L
Tgtacggaggaggggcccctttgcgcccagccagagtgcccgcggcttcacccgcgctgc
P L C A P L H R C

atccacgttgacaccagtcagtgctgtccgcagtgcaaagagaggaagaactactgcgag
I H vV DT S Q CCP Q CKEIRIKNY C E
ttccggggcaagacctaccagactttggaggagttcgtggtgtcteccatgtgaacggtgt
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FRGKTY QTULEEFV V S P CE R C
cgctgtgaagccaatggtgaagtgctgtgcacagtgtcggcgtgtccccagacggaatgt
R C E A N G E V L T V. S A P Q T E C
gtggaccccgtgtatgagcctgatcagtgctgcccgatctgcaaaaacggtccaaactgc
v b P VY EPDOQT CTCUP1T CIKNUGUPNTC
tttgcagaaaccgctgtcatcccagctggtcgagaggtgaagactgacgaatgcaccata

F AAE T A V 1 P T D E C T 1
tgtcattgtacttatgaggagggcacgtggagaattgaacggcaagccatgtgcacgaga

C H C TY Il E R Q A M C T R
catqaatqcaqqcaaatqtaggaattc

H E CR Q M - E F

The Brorin signal sequence (M1-C27) is highlighted in cyan blue, O-linked glycosylation
sites are shown in red, the N-terminal truncation start residues are highlighted in magenta, a
potential cell-adhesion motif shown in green. The start residue for the Brorin_short construct

highlighted in yellow.

Brorin_short construct design:
Bror_sh_Age fwd

DYRGKGCVDESGFVYAIGEKFAPGPSACPCLCTEEGPLCAQPECPRLHPRCIHVDTSQCCPQCKE
RKNYCEFRGKTYQTLEEFVVSPCERCRCEANGEVLCTVSACPQTECVDPVYEPDQCCP ICKNGPN
CFAETAVIPAGREVKTDECT ICHCTYEEGTWRIERQAMCTRHECRQMGTKHHHHHH

21KDa

Ex Co 0.77

mouse Noelin-1 (EcoRI/Agel) in pEGFP-N1

secretion signal SignalP does not predict a strong signal sequence
8 N-linked glyc sites

potential O-linked site

Olfactomedin-like domains

stop codon
gaattcatgtcggtgccgctgctgaagatcggggtcgtgctaagcaccatggccatgatc
E F Mo

accaactggatgtcccagacgctgccctegetggtgggectcaataccacccggettteg
T NWWM S QTLP S LV GL N TTR L S
gccgccagcggcgggacgctggaccgcagcaccggcgtgttgcccaccaaccccgaggag
A A T L DR STGV L P TNP E E
agctggcaggtgtacagctctgcccaggacagtgagggcaggtgtatctgcacagtggtc
S woQ vy S SAQDSEGRTCI1IT CTVYV
gccccccagcagaccatgtgttcgecgggatgeccgcacaaaacagctgaggcagetactg
AP QQTMCSRDARTU KU OLT RGO OTLITL
gagaaggtgcaaaacatgtctcaatccatagaagtcttggacaggcgaactcagagagac
E KV QNWMSUOQSTITEVTLTDTRT RTU GQTR RTD
ctgcagtacgtggagaagatggagaaccagatgaaaggcctggagaccaagttcaagcag
L QY VEIKMENSO GQMEKTGTLTETTZKTFKDQ
gtggaggagagccataagcagcatctagccaggcagttcaaggcaataaaagcgaaaatg
V EE S HK QHULARIOQUFIKATI K AIKM
gatgaacttaggcctttgattcctgtgttggaagagtacaaggccgatgccaaattggta

215



Appendix C- AMPA receptor-interacting proteins oligos and constructs

b ELRW®PWLII PV L EEYKADA AS KLYV
ttgcagtttaaggaggaggtccagaatctgacgtcagtgcttaacgaactgcaagaggag

cgtgcatgcatgcaaaaactagcctgcgggaagctgacaggcataagtgacccagtgact
R ACMOQIKULACGIKULTSGI11T S D PV T
gtcaagacctctggctcaaggttcgggtcctggatgacagacccgectggccccagaaggce
v K T S 6 S R F G SWWMTDUPL AUPEG
gataaccgggtctggtacatggatggttatcacaacaaccgctttgtccgtgagtacaag
DNR VWY MDGY HNNIRFV R E Y K
tccatggtggacttcatgaacacggacaactttacctctcaccgtctcccacacccctgg
S M v D FWMNTWIDNUIFTSHIRULPHPW
tcaggtacgggccaggtggtctacaatggctccatctatttcaacaaattccagagtcac
S G TGQV VYNNG GSTIYFNZKTFUOQSH
attatcattaggtttgacctgaagacagagacgattctgaagacgcgcagcctggactat
I 1 I R F DL KT ETTI1 L KTR S L DY
gctggctacaacaatatgtatcactacgcctggggcggccactcagacatcgacctcatg
AAG Y NNWMYHY A WG GH S D1 DL M
gtggacgagaatgggctctgggctgtctatgccacaaaccagaacgcaggcaacattgtce
vV D ENGLWAVYATNI QNAGNTIV
atcagcaagctggatcctgtctcactgcagatcctccagacctggaacaccagctaccce
I S K L D PV S LQITI L QTWNTS Y P
aagcgcagtgccggtgaggccttcatcatctgcggcaccctctatgtcaccaacggttac
K R A E A F 1 1 CGTULY V TNGY
tcggggggcaccaaggtccactatgcctaccaaaccaacgcctcgacctacgagtacatt
S 66 T KV HY AY QTNASTY E Y I
gacatccccttccagaacaaatactctcacatctccatgctggactacaaccctaaagac
Dl P F QNI KY SHIT S MLDY NP KD
cgcgegetgtacgectggaacaatggccatcagaccctctataatgtcaccctettecat
R ALY AWNNUGMHIOQTULY NV TL FH
gtcatccgctcecgatgagttgtagagatctgcagetggtaccaccggt
v 1 R S b EL - R S A AG T T G

EFMSVPLLKIGVVLSTMAMITNWMSQTLPSLVGLNTTRLSAASGGTLDRSTGVLPTNPEE
SWQVYSSAQDSEGRCICTVVAPQQTMCSRDARTKQLRQLLEKVQNMSQSIEVLDRRTQRD
LQYVEKMENQMKGLETKFKQVEESHKQHLARQFKA IKAKMDELRPL IPVLEEYKADAKLYV
LQFKEEVQNLTSVLNELQEEIGAYDYDELQSRVSNLEERLRACMQKLACGKLTGISDPVT
VKTSGSRFGSWMTDPLAPEGDNRVWYMDGYHNNRFVREYKSMVDFMNTDNFTSHRLPHPW
SGTGQVVYNGSIYFNKFQSHI I IRFDLKTET ILKTRSLDYAGYNNMYHYAWGGHSD IDLM
VDENGLWAVYATNQNAGN IV ISKLDPVSLQILQTWNTSYPKRSAGEAFI ICGTLYVTNGY
SGGTKVHYAYQTNASTYEY IDIPFQNKYSHISMLDYNPKDRALYAWNNGHQTLYNVTLFH
VIRSDEL-RSAAGTTG

Extinction coefficient 1.6
Number of amino acids: 485
Molecular weight: 55427.7
Theoretical pl: 6.48

Noelin 2 rat Noelin-2 (EcoRI/Agel) in pEGFP-N1

gaattcatgtcggtgccgctgctcaagatcggggeggtgetgagcaccatggecatggtce
E F MV
actaactggatgtcgcagacgctgccctegetcgtgggactcaacagcaccgtgteccgce
T NWWM S QTL P SL V GL N STV SR
gcgggctectcagagaaaatcactctcttccagagcccagaagagggetggcagetgtac
A G S S E K I T L F Q S P EEGWOQ LY
acgtcagcgcaggcgccggatggcaaatgcatctgcacagctgtgattcctgcacagagce
T S AQ A PDGI KT CIHITCTA AV I P A Q S
acctgtgcccgagatggtcggagcagagagcttcgccagctcatggagaaggtccagaat
T CARDGRSRELIROQLMEK V QN
gtgtctcagtccatggaagtccttgagctaaggacataccgggatctccagtatgttege
vV S Q S M EV L ELIRTYIRDULOQY VR

216



Appendix C- AMPA receptor-interacting proteins oligos and constructs

agcatggagaccctcatgcggagectggatgcaaggctcaggacageccgatgggtcagtce
S M ETLWM®RSULUDARILRTADG SV
tcagccaaaagctttcaggaactgaaggacaggatgacagagctgctgecectgagttca
S A K SFQ EL KD RMTETLULWPL S S
gtgctggagcagtacaaagcagacacacggaccattgtgcgcctgcgggaggaggtgagg
vV L E QY K ADTWRTTI1T V RULIREE V
aacctctcaggcaacctggctgccatccaggaggaaatgggtgcctacgggtacgaggac
N L S G NILAAI Q E EMGAY G Y E D
ttgcagcagcgcegtgatggeccctggaggceccgactccatgectgecgegcagaagetggge
L Q Q RV M A L EARULHATCA AU QKL G
tgcgggaagctgacaggegtcagtaaccccattaccatccgageccatgggatcecgette
c 6 K LT GV SNWP 1T TIRAWMGS SR F
ggctcctggatgactgacacgatggcccccagtgecagacagtegggtetggtacatggat
G S w™MTODTMAPSADS S RV WY MD
ggttattacaaaggccgccgagtgctggagttccgtactttgggagacttcatcaaaggce
G YY K GRRV L EFIRTULGDF I K G
cagaacttcatccagcacctgctgccgcagccatgggcaggtacgggecatgtggtatac
Q NF I Q HLL P QP WAGTGHV VY
aatggatctctgttctacaacaagtaccagagcaatgtggtggttaagtaccacttccgg
NG S L FY NI KYQ SNV VYV KY HF R
tccegceteegtgttggtgcagaggagecteccgggggetggttacaataacaccttecee
S R SVLVQQRSLPGAGYNNTFP
tattcctggggcggcettctcggacatggacttcatggtagacgagagcgggctgtggget
Yy S w6 66 F S DMDFMV DES G L W A
gtgtataccaccaaccagaacgcgggcaacattgtggtcagccggctggaccctcacacc
v Y T T NQNAGNI VV S R L DUPHT
ctggaggtcgtgaggtcctgggacactgggtaccctaagcgcagcgecggtgaggecttce
L EV VR SWDTGY P KR S AGE A F
atgatctgtggtgtcctctacgtgaccaactctcacctggccggagccaaggtctacttt
M I ¢C G VLYV TN SHULAG GAIKVYF
gcgtacttcaccaacacgtccagctatgagtacacggatgtgcccttccacaaccagtac
AAY FTNTSSY EY TDVPFHNOQ'Y
tcgcacatctccatgctggattacaaccccagggagcgggccctgtatacctggaacaac
S H1 S ML DY NUWPIREWRA ALY T WNN
gggcaccaggtgctgtacaacgtcaccctcttccacgtcatcagcactgccggggacccee
G HQVLYNV TLFHV I S TAGTDP
tagagatctgcagctggtaccggt
- R S A A G T G

EFMSVPLLKIGAVLSTMAMVTNWMSQTLPSLVGLNSTVSRAGSSEKI TLFQSPEEGWQLY
TSAQAPDGKCICTAVIPAQSTCARDGRSRELRQLMEKVQNVSQSMEVLELRTYRDLQYVR
SMETLMRSLDARLRTADGSVSAKSFQELKDRMTELLPLSSVLEQYKADTRTIVRLREEVR
NLSGNLAAIQEEMGAYGYEDLQQRVMALEARLHACAQKLGCGKLTGVSNPITIRAMGSRF
GSWMTDTMAPSADSRVWYMDGYYKGRRVLEFRTLGDF IKGQNF 1QHLLPQPWAGTGHVVY
NGSLFYNKYQSNVVVKYHFRSRSVLVQRSLPGAGYNNTFPYSWGGFSDMDFMVDESGLWA
VYTTNQNAGNIVVSRLDPHTLEVVRSWDTGYPKRSAGEAFMICGVLYVTNSHLAGAKVYF
AYFTNTSSYEYTDVPFHNQYSH I SMLDYNPRERALYTWNNGHQVLYNVTLFHV ISTAGDP
-RSAAGTG

Ex Co 1.62

Number of amino acids: 487
Molecular weight: 54747.0
Theoretical pl: 8.58

Noelin -3
mouse Noelin-3 (Xhol/Agel) in pEGFP-N1

ctcgagatgcaggcgaggtccagctttctcaacctecttcttctgtctttacttgctggattagatccttccaagactca
gattagccccaaagaagggtggcaagtgtacagctcagcacaggaccctgatgggcgatgcatttgtactgtggttgete
cagaacaaaacctgtgttccagagatgccaaaagcaggcagcttcgccagctactggaaaaggtacagaatatgtcacag
tctatagaagtcttaaacttgagaactcagagagattttcagtatgtcttaaaaatggaaacccaaatgaaagggctgaa
ggccaagtttcggcagattgaagatgatcggaagacgctaatgaccaagcattttcaagagttgaaagagaaaatggatg
agctactgcccctgatcccagtgttggagcagtacaaaaccgatgcaaagctcatcacacagttcaaggaagaaattcgg
aacctgtcttcagtcctcactgggattcaggaggaaattggtgcctatgactatgaagaacttcatcaacgggtcctcag
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cttagagaccaggcttcgtgactgcatgaaaaagctaacatgtggcaaattgatgaaaatcacaggccccatcacagtca
agacatctggaactcgatttggtgcttggatgacggatcctttagcatctgaaaagaataacagagtctggtatatggac
agttataccaacaataaaatagttcgtgaatacaagtccattgcagactttgtgagtggagctgaatcaaggacatacaa
cctccctttcaagtgggcaggaactaaccatgttgtctacaatggctctctctattttaacaaatatcagagtaatatca
tcatcaagtacagctttgacttagggagagtgctagcccaaagaagcctggagtacgctggttttcacaatgtgtaccec
tatacatggggtggattctctgacattgacctaatggctgatgaaattggtctgtgggctgtatatgcaactaaccagaa
tgcaggcaatattgtcatcagccagcttaatcaagataccttggaggtgatgaaaagctggagcactggctatcccaaga
gaagtgcaggggaatccttcatgatctgtgggactctgtacgtcaccaattcccacttaacaggagccaaagtgtattat
tcctattccacaaaaacttccacatatgagtacacggacatccccttccataaccaatactttcacatatctatgcettga
ctacaatgcaagagatagagctctttatgcctggaacaatggccaccaggtcctgttcaatgttaccctgttccacatca
ttaagactgaagatgacacatagtctagactagttaacccgggtaccggt

ctcgagatgcaggcgaggtccagctttctcaacctecttecttectgtectttacttgctgga
L E

ttagatccttccaagactcagattagccccaaagaagggtggcaagtgtacagctcagea

Q I S P KEGWGOQVY S S A
caggaccctgatgggcgatgcatttgtactgtggttgctccagaacaaaacctgtgttcc
Q bpP DG RZCI CTVV APEI GQNILC S

agagatgccaaaagcaggcagcttcgccagctactggaaaaggtacagaatatgtcacag
R DAKS SRO QLTI RO OQLTLTETKVG QQNHMSDO
tctatagaagtcttaaacttgagaactcagagagattttcagtatgtcttaaaaatggaa
S 1 EVLNULRTQRDFQY V L K ME
acccaaatgaaagggctgaaggccaagtttcggcagattgaagatgatcggaagacgcta
T Q M K 6 L K AKFRQ1 EDUDRKTL
atgaccaagcattttcaagagttgaaagagaaaatggatgagctactgcccctgatccca
M T K H F Q E L K E K M DEULL P L 1 P
gtgttggagcagtacaaaaccgatgcaaagctcatcacacagttcaaggaagaaattcgg
vV L E Q Y K TDAIKL 1 T Q F K EE I R
aacctgtcttcagtcctcactgggattcaggaggaaattggtgcctatgactatgaagaa
N L S S V L T Il Q E E I G A Y D Y E E
cttcatcaacgggtcctcagcttagagaccaggcttcgtgactgcatgaaaaagctaaca
L HQ RV L SL ETIRIULIRIDT CMMI KK L T
tgtggcaaattgatgaaaatcacaggccccatcacagtcaagacatctggaactcgattt
c 6K LMK 1 TGP 1 TV KTS G TR F
ggtgcttggatgacggatcctttagcatctgaaaagaataacagagtctggtatatggac
G AWMTDUPULASEIKNNIRVWY MD
agttataccaacaataaaatagttcgtgaatacaagtccattgcagactttgtgagtgga
S Y T NNIK 1T VRIEY K S 1T A DFV S G
gctgaatcaaggacatacaacctccctttcaagtgggcaggaactaaccatgttgtctac
AAE S R TYNULWPIFIKWAG GTNUHV VY
aatggctctctctattttaacaaatatcagagtaatatcatcatcaagtacagctttgac
NG S L Y FNIKY Q SN T 1 I K Y S F D
ttagggagagtgctagcccaaagaagcctggagtacgctggttttcacaatgtgtacccce
L G RV L AQRSULIEYAGVFHNWVYP
tatacatggggtggattctctgacattgacctaatggctgatgaaattggtctgtgggct

Y T w6 G F S D1 DL MADTET G L WA
gtatatgcaactaaccagaatgcaggcaatattgtcatcagccagcttaatcaagatacc
VY ATNOQNAGNTIUVISOQLNO OQTDT

ttggaggtgatgaaaagctggagcactggctatcccaagagaagtgcaggggaatccttce
L EV MK S WS TGY P KR S A G E S F
atgatctgtgggactctgtacgtcaccaattcccacttaacaggagccaaagtgtattat
M I C¢C 6 T LY V TNZSHIU LTS GAIKVYY
tcctattccacaaaaacttccacatatgagtacacggacatccccttccataaccaatac
s Yy sSTK TS TY EY TDI1I P F HNOQY
tttcacatatctatgcttgactacaatgcaagagatagagctctttatgcctggaacaat
F H I S ML DYNARUDI RALY AWNN
ggccaccaggtcctgttcaatgttaccctgttccacatcattaagactgaagatgacaca
G HQV L FNV TLFWHI1T 1 K TEDTDT
tagtctagactagttaacccgggtaccggt
- S R LV NUPGTG

LEMQARSSFLNLLLLSLLAGLDPSKTQISPKEGWQVYSSAQDPDGRCICTVVAPEQNLCS
RDAKSRQLRQLLEKVQNMSQSIEVLNLRTQRDFQYVLKMETQMKGLKAKFRQIEDDRKTL
MTKHFQELKEKMDELLPL IPVLEQYKTDAKL ITQFKEEIRNLSSVLTGIQEEIGAYDYEE
LHQRVLSLETRLRDCMKKLTCGKLMKITGP ITVKTSGTRFGAWMTDPLASEKNNRVWYMD
SYTNNKIVREYKSIADFVSGAESRTYNLPFKWAGTNHVVYNGSLYFNKYQSN I I IKYSFD
LGRVLAQRSLEYAGFHNVYPYTWGGFSD IDLMADE IGLWAVYATNQNAGNIVISQLNQDT
LEVMKSWSTGYPKRSAGESFMICGTLYVTNSHLTGAKVYYSYSTKTSTYEYTDIPFHNQY
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Appendix C- AMPA receptor-interacting proteins oligos and constructs

FHISMLDYNARDRALYAWNNGHQVLFNVTLFHI IKTEDDT-SRLVNPGTG

Number of amino acids: 469
Molecular weight: 53965.4
Theoretical pl: 8.31

Ex.co 1.57

Neuritin
rat Neuritin (EcoRI/Xhol) in pcDNA3.1+

gaattcatgggacttaagttgaacggcagatatatttcactgatcctcgcggtgcaaatagcttacctggtgcaggecgt
gagagcagcaggcaagtgcgatgcagtctttaagggcttttcagactgtttgctcaagctgggtgacagcatggccaact
acccgcagggcctggacgacaagacgaacatcaagaccgtgtgcacatactgggaggatttccacagctgcacggtcaca
gctcttacggattgccaggaaggggcgaaagatatgtgggataaactgagaaaagaatcgaaaaacctcaatatccaagg
cagcttattcgaactctgcggcagcggcaacggggcggcggggtecctgeteccggegettteccgtgctectggtgtcte
tctcggcagetttagegacctggetttecttcfifflotcgacgagetegag

gaattcatgggacttaagttgaacggcagatatatttcactgatcctcgcggtgcaaata
E F

gcttacctggtgcaggccgtgagagcagcaggcaagtgcgatgcagtctttaagggettt
G K C D AV F K G F
tcagactgtttgctcaagctgggtgacagcatggccaactacccgcagggcectggacgac
s bCCLL KL GDSMANYPQG L DD
aagacgaacatcaagaccgtgtgcacatactgggaggatttccacagctgcacggtcaca
K T N T K TV CTYWEUDUFWH S CTV T
gctcttacggattgccaggaaggggcgaaagatatgtgggataaactgagaaaagaatcg
AL TDT COQEGAIKIDMMWD K L R K E S
aaaaacctcaatatccaaggcagcttattcgaactctgcggcagcggcaacggggcggcg
K NL N T QG S L F ELICGSGNGAA
gggtccctgecteccggegetttecgtgetectggtgtctetetecggecagetttagecgace
G S L LPAL SV L LV SL SAALA AT
tggctttccttctgagtcgacgagctcgag
W L S F - V D E L E

EFMGLKLNGRY ISLILAVQIAYLVQAVRAAGKCDAVFKGFSDCLLKLGDSMANYPQGLDD
KTNIKTVCTYWEDFHSCTVTALTDCQEGAKDMWDKLRKESKNLNIQGSLFELCGSGNGAA
GSLLPALSVLLVSLSAALATWLSF-VDELE

Number of amino acids: 149
Molecular weight: 16150.6
Theoretical pl: 4.91

Ex. Co. 14

GPI anchor site (GPI SOM program http://gpi.unibe.ch/)

Other GPI predictions

361 w__ Spacer__Hydrophobic domain Probability
Wild type MDPSAA “%CRTNYGYSAAPSLHLPPGSLLASLVPLLLLSLP 1.0

frag anchor

HMM

Score 1: 21.9999 *** 58

Structure: [GAA] GSLLPALSVLLVSLSAALATWLSF
Classification: Highly probably
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Appendix C- AMPA receptor-interacting proteins oligos and constructs

Score 2: 21.7937 *** 59

Structure: [AAG] SLLPALSVLLVSLSAALATWLSF
Classification: Highly probably

Score 3: 20.3648 *** 60

Structure: [AGS] LLPALSVLLVSLSAALATWLSF
Classification: Highly probably

TARP2 sequence:

MGLFDRGVQMLLTTVGAFAAFSLMTIAVGTDYWLYSRGVCKTKSVSENETSKKNEEVMTHSGLWRTCCLEG
NFKGLCKQIDHFPEDADYEADTAEYFLRAVRASSIFPILSVILLFMGGLCIAASEFYKTRHNIILSAGIFFVSAGLSN
IIGIIVYISANAGDPSKSDSKKNSYSYGWSFYFGALSFIIAEMVGVLAVHMFIDRHKQLRATARATDYLQASAITR
IPSYRYRYQRRSRSSSRSTEPSHSRDASPVGVKGFNTLPSTEISMYTLSRDPLKAATTPTATYNSDRDNSFLQVH
NCIQKDSKDSLHANTANRRTTPV

Trx scaffold: (see Chapter 5, figure 5.4)

MVKQIESKTAFQEALDAAGDKLVVVDFSATWGGTGPGGTGGKMIKPFFHSLSEKYSNVIFLEVDVDDSQDVA
SESEVKSMPTFQFFKKGQKVGEFSGANKEKLEATINELV

TARP2-loop-2:

GTDYWLYSRGVCKTKSVSENETSKKNEEVMTHSGLWRTCCLEGNFKGLCKQIDHFPEDADYEADTAEYFLRA
VRASS

Codon optimised TARP2-Trx construct:

TARP2 loop (yellow highlighted) cysteine residues (red highlighted)
MVKQIESKTAFQEALDAAGDKLVVVDFSATWGGTGTDYWLYSRGVCKTKSVSENETSKKNEEVMTHSGLW
RTCCLEGNFKGLCKQIDHFPEDADYEADTAEYFLRAVRASSGTGGKMIKPFFHSLSEKYSNVIFLEVDVDDSQD
VASESEVKSMPTFQFFKKGQKVGEFSGANKEKLEATINELVLEHHHHHH

Sequencing analysis:

Blue box highlights TARP2 loop-2 sequence
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Appendix C- AMPA receptor-interacting proteins oligos and constructs

rev
consensus>50

TARP_synth
fwd

Tev
consensus>50

120 1320 140

TG;?MIFPFFH”L"ET:uNuIFLEEE DLS:EV
EKYSNVIFLEVDV )
LLLEY\ SNVIFLEVDV

TARP_synth
fwd

rav
consensus>50

150 160 170 180

TARP_synth
fwd

rev
consensus>50

TARP synth

fwd GLANGTRPVAAHARRVWWLRAAPLHLPAPRPLLSLSSLPFSPREPAFPVKLIGGSLGSDLVLYGTSTPKNLIRVMVEY
rev
consensus=50

CKAMP44

CKAMP44_18 construct D113-T191

MRRVLRLLLGCFLTELCA
GAASGEASEGAEASDAPPTRAPTP

RVCRAQERAGHGQLAQLGGVLLLAGG

ARKDDPLHDPTKDKTNLIVYIICGVVAVMVLVGIFTKLGLEKAHRPQREHMSRALADVM
RPQGHCNTDHMERDLNIVVHVQHYENMDTRTPINNLHATQMNNAVPTSPLLQQMGHP
HSYPNLGQISNPYEQQPPGKELNKYASLKAVGSSDGDWAVSTLKSPKADKVNDDFYTK
RRHLAELAAKGNLPLHPVRVEDEPRAFSPEHGPAKQNGQKSRTNKMPPHPLAYTSTTNF
KGWDPNEQSLRRQAYSNKGKLGTAETGSSDPLGTRPQHYPPPQPYFITNSKTEVTV
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Appendix C- AMPA receptor-interacting proteins oligos and constructs

Output for 'Sequence’

Hame: Sequence Length: 429

EFATMRRVLRLLLGCFLTELCARMCRAQERSGHGQLAQLGGVLLLTGGHRSGAAS GEAGE GV GGSDAPPTRAPTPDSCRG 80
YFDVMGQWDPPFHCSSGDFIFCCGTCGFRF CCTFKKRRLH()STCTHYD TPLWLNT GKPPARKDDPLHDP TKDKTHLIVY T 160
ICGVVAVMVLVGIF TKL GLEKAHRP QREHMSRALADVMRP ) GHCHTDHMERDLNIVVHV QHYERMD SRTP INNL TT QMNN 240
AVPTSPLLQQMGHPHSYPNLGQISNPYEQQPPGKELNKYASLKAVGNSD GDHAVATLKSPKADKVNDDF YAKRRHLAELA 320
VKGNLPLHPVRVEDEPRAF SPEHGPAQQNGQKSRTNKMPPHPLAYH S TANFKTHDPSD(SLRRQAYGNKGKLGIAESGSC 400

DPLGTRTQHFPPTQPYFITHNSKTEVTVGT

80
160
240
320
400
480

{Threshold=0.5)

SegqName Position Potential Jury H-Glyc

agreement result

Segquence 49 HRSG 0.5814 (7/9) +

Sequence 93 HCSS 0.5738 (6/9) +

Sequence 120 HQST 0.4839 (4/9) -

Sequence 233 HLTT 0.6782 (879) i

Sequence 366 HSTA 0.7064 (9/9) +4+

NetNGlyc 1.8: predicted N-glycosylation sites in Sequence

Potential

» Threshold
®

-

£ 14

<

@

-

o

% 9.75 -

c

o

H

- 8.5

E]

"

o

[+

>

P 8.25 4

z

@ T T T T T T T T
a =10) 188 158 cee 25e 300 358 400

Sequence position

Graphics in PostScript

CKAMP44_18+Trx pET
fwd 18

rev_18

CKAMP44 18+Trx pET TNYDTPLWLNTGKPPARKDDPLHDPTKDK K. ]

fwd 18 TNYDTPLWLNTGKPPARKDDPLHDPTKDK K K IFL VDDS QD
rev_18 VIFLEVDVDDSQDV

ANKEKLEATINEL
ANKEKLEATINEL
ANKEKLEATINEL

CKAMP44_18+Trx_pET
fwd 18

rev_18

CKAMP44 Figure Appendix C
CKAMP44 N-linked glycosylation prediction (NetNGlyc) and sequencing analysis of CKAMP44 in Trx scaftold in pET22b

222



Appendix D- MDGAU1 and neuroligin-2 constructs and oligonucleotides

Table D1- MDGAL1 and Neuroligin (NL2) construct info, including domain boundaries, oligonucleotides (oligos)
used in PCR and cloning strategy. Presence of * indicates that these oligos were used to introduce the required
mutation by site directed mutagenesis. Original domain boundary oligos were then used to amplify constructs as
required in a second round PCR.

Construct ID Boundaries Forward | Reverse | Cloning
chMDGA1 Q19-N925 N/A N/A N/A
ratMDGA1 FL | Q19-N925 1268 1272 Agel/BsiWI
rMDGA1_Ig1-3 | Q19-K330 1268 1276 Agel/BsiWI
NL2 E38-H612 1322 1323 BsrGI/BsiWI
NL2-veSSA E38-H612 AG157-T173 | *fwd *rev BsrGI/BsiWI

Table D2- Details all MDGA1 and NL2 oligonucleotides used for PCR amplification. All constructs described
are correctly numbered starting from the first amino acid residue, typically the start of each proteins native
secretion signal.

Oligo Oligo ID Sequence 5'-3'
number
1268 rIMDGA1 Age fwd cgcaccggtCAAGGAGTCTACGCTCCAGCCCA
1272 rMDGAL BsiWI _re tctataCTCGAGTGATCATTAGTGATGGTGATGGTGGTGCTTGGTACC
TTTGTTGGGATCCATCTGCCTCCGGGGA
1276 | MDGA1lgl-3BsiRe cgcegtacgCTTCAAGGATCGCACCAGCAGGTTGA
1269 | Nlg2_Agel fwd CgcaccggtGAGGAGCGCTTCCCGGTGGTGA
1270 | Nlg2_Kpnl_rev cgcggtaccGTGCAGGTTGTGCAGGTGGGGCA
1281 | Nlg2 fwd BspEl gctgettccggaGAGGAGCGCTTCCCcGTGGTGA
1282 | Nlg2_rev_BsiWI cgcegtacgGTGCAGGTTGTGCAGGTGGGGCA
1322 NL2fwdBspE1l 71 gctgettccggaGAGGAGCGCTTCCCCGTGGTGAACACAGCCTAC
1323 NL2revBsiW 72 cgccgtacgGTGCAGGTTGTGCAGGTGGGGCACGAGCTCCAG
N/A NL2-veSSA fwd AACCTCTACGTGCCCACTGAGGACGATATCCGGGACTCTGGGAA
*fwd GAAACC
N/A NL2-veSSA rev GGTTTCTTCCCAGAGTCCCGGATATCGTCCTCAGTGGGCACGTAG
*revy AGGTT

223




Appendix E -MonoVenus and pNeo-Sec vectors

Additional vector information for monoVenus generation and pNeo_Sec vector are
contained within this appendix. The MonoVenus tag generated was based on the neurospora
expression vector pYFP, GenBank accession number EF661030.1. The monoVenus cDNA and
amino acid sequence information is detailed below. Site directed mutagenesis of the A206K to

enable monomerisation is highlighted in yellow.

GenBank accession number EF661030.1:

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGA
CGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGA
CCCTGAAGCTGATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTG
GGCTACGGCCTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTC
CGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGA
CCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGAC
TTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTA
TATCACCGCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACAACATCGAGG
ACGGCGGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTG
CTGCCCGACAACCACTACCTGAGCTACCAGTCCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGA
TCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACA
AGTAA

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKLICTTGKLPVPWPTLVTTL
GYGLQCFARYPDHMKQHDFFKSAMPEGYVQERT I FFKDDGNYKTRAEVKFEGDTLVNRIELKGID
FKEDGN ILGHKLEYNYNSHNVY 1 TADKQKNG I KANFKITRHNIEDGGVQLADHYQQNTP 1 GDGPVL
LPDNHYLSYQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK-

atggtgagcaagggcgaggagctgttcaccggggtggtgcccatcctggtcgagctggac
M Vv §$ K 6 E EL F TGV YV P 1 L V E L D
ggcgacgtaaacggccacaagttcagcgtgtccggecgagggcgagggcgatgecacctac
G DV NGHIKF SV S G EGEGDATY
ggcaagctgaccctgaagctgatctgcaccaccggcaagctgcccgtgecctggeccace
G K L T L KL ICTTGI KL P VP WP T
ctcgtgaccaccctgggctacggcctgcagtgcttcgecccgectaccccgaccacatgaag
L v T TL GY G L Q CF ARY P DMHMK
cagcacgacttcttcaagtccgccatgcccgaaggctacgtccaggagcgcaccatctte
Q HDFF K SAMWPEGY V QERT I F
ttcaaggacgacggcaactacaagacccgcgccgaggtgaagttcgagggcgacaccctg
F K DD GNYKTWRAIEV K F E G D T L
gtgaaccgcatcgagctgaagggcatcgacttcaaggaggacggcaacatcctggggcac
VvV N R I E L K GG 1 DFKEUDTGNT1T L G H
aagctggagtacaactacaacagccacaacgtctatatcaccgccgacaagcagaagaac
K L EYNYNSHNWVY I T AD K Q K N
ggcatcaaggccaacttcaagatccgccacaacatcgaggacggcggcgtgcagctcgec
G I K ANF K 1T R HN T EDGG GV Q L A
gaccactaccagcagaacacccccatcggcgacggcecccgtgctgctgecccgacaaccac
DHY Q Q N T P 1 6GDGUPV L L P D NH
tacctgagctaccagtccaagctgagcaaagaccccaacgagaagcgcgatcacatggte
Y L SY Q S KL S K DWPNIEIKIRDH MYV
ctgctggagttcgtgaccgccgccgggatcactctcggcatggacgagctgtacaagtaa
L LEFV TAAGI TULGWMDETL Y K -
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pNeoSec vector

This figure has been removed due
to copyright restrictions
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Appendix G- Trx scaffold sequence

The following appendix contains sequence information for the design of the Trx scaffold
to attempt expression and secretion of the TARP-2 loop-2 and CKAMP44 cysteine knot from E.

coli cells.

The E. coli TrxA sequence:

ATGAGCGATAAAATTATTCACCTGACTGACGACAGTTTTGACACGGATGTACTCAAAGCGGACGG
GGCGATCCTCGTCGATTTCTGGGCAGAGTGGTGCGGTCCGTGCAAAATGATCGCCCCGATTCTGG
ATGAAATCGCTGACGAATATCAGGGCAAACTGACCGTTGCAAAACTGAACATCGATCAAAACCCT
GGCACTGCGCCGAAATATGGCATCCGTGGTATCCCGACTCTGCTGCTGTTCAAAAACGGTGAAGT
GGCGGCAACCAAAGTGGGTGCACTGTCTAAAGGTCAGTTGAAAGAGTTCCTCGACGCTAACCTGG
CcC

Translation:

1 Mm s DK 1 I HL TDWDSFDTDV L KA
1 ATGAGCGATAAAATTATTCACCTGACTGACGACAGTTTTGACACGGATGTACTCAAAGCG

2. D G A1 LV DFWAEWTESGTPTE-«KMIA
61 GACGGGGCGATCCTCGTCGATTTCTGGGCAGAGTGGTGCGGTCCGTGCAAAATGATCGCC

41 P 1 L DE 1T ADEY Q G KL TV A KL N
121 CCGATTCTGGATGAAATCGCTGACGAATATCAGGGCAAACTGACCGTTGCAAAACTGAAC

61 I D Q@ NP GTAWPIKY G 1T RG 1 P T L L
181 ATCGATCAAAACCCTGGCACTGCGCCGAAATATGGCATCCGTGGTATCCCGACTCTGCTG

81 L F K NGEWVAATIKVG AL S KG QL
241 CTGTTCAAAAACGGTGAAGTGGCGGCAACCAAAGTGGGTGCACTGTCTAAAGGTCAGTTG

101 K E F L D A N L A
301 AAAGAGTTCCTCGACGCTAACCTGGCC

Human Trx (wt):

MVKQIESKTAFQEALDAAGDKLVVVDFSATWCGPCKMIKPFFHSLSEKYSNV 1 FLEVDVDDCQDVASECEVK
CMPTFQFFKKGQKVGEFSGANKEKLEAT INELV

Human Trx (nocys):

MVKQIESKTAFQEALDAAGDKLVVVDFSATWgGPgKMIKPFFHSLSEKYSNV I FLEVDVDDSQDVASESEVK
SMPTFQFFKKGQKVGEFSGANKEKLEAT INELV

Human Trx_no_cys, E. coli codon optimised and [SGEIMRPA docking site inserted

ATGGTGAAACAGATTGAGAGCAAAACCGCGTTTCAAGAAGCGTTAGATGCAGCTGGCGATAAACT
CGTTGTGGTTGACTTTAGTGCGACTTGGGGTGCABBBEONCCAGG AHGEBE0gagycAAAATGA
TCAAACCGTTCTTTCATTCCTTGTCGGAAAAGTATTCGAACGTGATCTTTCTGGAAGTTGACGTA
GACGATAGCCAAGATGTCGCAAGTGAATCAGAAGTCAAAAGCATGCCGACCTTCCAGTTCTTCAA
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Appendix G- Trx scaffold sequence

GAAAGGCCAGAAAGTAGGCGAGTTTTCTGGAGCCAATAAGGAGAAACTGGAAGCCACGATTAACG
AACTGGTG

Translation:

1 MV K QI ES K TAFIQEALUDAATGTD
1 ATGGTGAAACAGATTGAGAGCAAAACCGCGTTTCAAGAAGCGTTAGATGCAGCTGGCGAT

21 K L VVVDFSATWEG G CHINEE P o
61 AAACTCGTTGTGGTTGACTTTAGTGCGACTTGGGGTGGAACCGGTCCAGGAGGTACCGGA

41 G K M1 KPFFHSL S EIKY SNV I F
121 GGCAAAATGATCAAACCGTTCTTTCATTCCTTGTCGGAAAAGTATTCGAACGTGATCTTT

61 L EVv bDVvDDSQDVASESEV K S M
181 CTGGAAGTTGACGTAGACGATAGCCAAGATGTCGCAAGTGAATCAGAAGTCAAAAGCATG

81 P T F Q F F KK GQ KV GEF S G AN K
241 CCGACCTTCCAGTTCTTCAAGAAAGGCCAGAAAGTAGGCGAGTTTTCTGGAGCCAATAAG

101 E K L E AT 1T NE LV
301 GAGAAACTGGAAGCCACGATTAACGAACTGGTG
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Appendix H- Perineuronal nets (PNN) cloning

This appendix contains information for protein constructs required to generate artificial

perineuronal nets (HAS3, HAPLNL1, Brevican or GPC4) as described in Kwok et al. 2011 as well

as the generation of a C-terminal AP-fusion tag.

Table H-1 Construct required to generate the perineuronal nets (PNN).
Domain boundaries, oligos used in PCR and their cloning strategies are included.

Construct ID Boundaries | Forward | Reverse | Digest Cloning
AP-tag 142-Y531 1271 1262 Agel/BsiWI | pHLsec Agel/Acc65I
GPCR_WT A23-K521 | 1263 1264 Agel/BsiWI | pHLsec_AP
Agel/Acc65l
GPCR _sugarless | A23- 1263 1265 Agel/BsiWl | pHLsec_AP
K521A Agel/Acc65l
Brevican M1-P911 1266 1267 EcoR1/BsiWI | pHLsec_AP
EcoRI/Acc65I
HAS3_veSS+VSV | M1-Q281 1273 1278 EcoR1/BsiWI | pHLsec_AP
EcoRI/Acc65I
HAPLN1 D16-N354 | 1274 1275 Agel/Kpnl pHIsec Agel/Kpnl

Table H-2 Details all oligos used to generate the various PNN components by PCR amplification.
All constructs described are correctly numbered starting from the first amino acid residue, typically the start of each
proteins native secretion signal.

Oligo Oligo ID Sequence 5'-3'
number

1262 | BsiWl_AP_rev cgccgtacgATAACCCGGGTGCGCGGCGTC

1263 | GPC4 Agel fwd Cgcaccggtgcggagceccaagtcgaaaagt

1264 | GPC4 WT BsiWI_rv | cgccgtacgCTTCCCAGAATGGTCAGTGGCGTTG

1265 | GPC4 sug BsiW _rv cgccgtacgCTTCCCAGCATGGTCAGTGGCGTTG

1266 | Brev_EcoR1_fwd GCCGAATTCGCCACCATGGCCCAGCTGTTCCTGCCCC
T

1267 | Brev BsiWI _rev cgccgtacgGGGACCTGGCATGGGGCTGGA

1271 | Age_xx_Kpnl_AP_f cgcaccggtggaggctcaggtaccggaggctcaATCATCCCAGTTGAG
GAGGAGAACC

1273 | HAS3EcoR1_fwd GCCGAATTCGCCACCATGCCGGTGCAGCTGACGACA
G

1274 | HAPLN1_ fwd_agel CgcaccggtGATCATCTTTCAGACAACTATACTCTGGATC
ATGAC

1275 | HAPLN1_Kpnl_rev cgcggtaccGTTGTATGCTCTGAAGCAGTAGACACCATAC
A

1278 | HAS3BsiVSVKpn_r cgccgtacgctttcccagecggttcatctcaatgtecgtgtaggtacctccCTGCTC
TCTAGAAACGTGGCGTTGGT

1305 | GPC _fwd Nhel AAGCTGGCTAGCCACCATGGAGAC

1306 | Rev_GPC 4wt _Hind tagtagAAGCTTtCCCAGAATGGTCAGTGGCGTTG

1307 | Rev_GPC4noHS Hi tagtagAAGCTTtCCCAGCATGGTCAGTGGCGTTG

1308 | APTAG5 rev_seq TGCCTCGCGGTTCCAGAAGTC

1309 | LINK fwd_Eco TCCTGAATTCGCCACCatgAAGAGTCTACTTCTTCTGGT

GCTGATTTC
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Generation of the pHLsec-AP vector for standard use

The AP sequence was amplified from the Neurocan-AP plasmid by PCR.
Oligonucleotide design enabled the AP-tag construct (142-Y531) to be cut with Agel/ BsiwI and
ligated into the pHLsec plasmid cut with Agel/Acc65l. Introduction of a Kpnl cloning site N-
terminally enabled its future use as a c-terminal tag to any construct inserted into pHLsec via
Agel/Kpnl.

Forward (Age_xxx_Kpnl_AP_fwd):
cgcaceggtggaggctcaggtaccggaggctcaATCATCCCAGTTGAGGAGGAGAACC

Reverse (BsiWI_AP_rev):

cgccgtacgATAACCCGGGTGCGCGGCGTC

Translation:

SWLATMETDTLLLWVLLLWVPGSTGDAAQPARRARRTYEAYVRSSGI IPVEEENPDFWNR
EAAEALGAAKKLQPAQTAAKNL I IFLGDGMGVSTVTAAR I LKGQKKDKLGPE IPLAMDRF
PYVALSKTYNVDKHVPDSGATATAYLCGVKGNFQT IGLSAAARFNQCNTTRGNEV 1 SVMN
RAKKAGKSVGVVTTTRVQHASPAGTYAHTVNRNWYSDADVPASARQEGCQD IATQL ISNM
DIDVILGGGRKYMFPMGTPDPEYPDDYSQGGTRLDGKNLVQEWLAKRQGARYVWNRTELM
QASLDPSVTHLMGLFEPGDMKYE IHRDSTLDPSLMEMTEAALRLLSRNPRGFFLFVEGGR
I DHGHHESRAYRALTET IMFDDAIERAGQLTSEEDTLSLVTADHSHVFSFGGYPLRGSSI
FGLAPGKARDRKAYTVLLYGNGPGYVLKDGARPDVTESESGSPEYRQQSAVPLDEETHAG

EDVAVFARGPQAHLVHGVQEQTFIAHVMAFAACLEPYTACDLAPPAGTTDAAHPGYLEEA
LSLEGPEQKL I SEDELNSAVDHHHHHH-V-T

Hyaluronan synthase 3 (HAS3)

Translation (281aa)

MPVQLTTALRVVGTSLFALAVLGGILAAYVTGYQFIHTEKHYLSFGLYGAILGLHLLIQS
LFAFLEHRRMRRAGQALKLPSPRRGSVALCIAAYQEDPDYLRKCLRSAQRISFPDLKVVM
VVDGNRQEDAYMLD I FHEVLGGTEQAGFFVWRSNFHEAGEGETEASLQEGMDRVRDVVRA
STFSCIMQKWGGKREVMYTAFKALGDSVDY IQVCDSDTVLDPACT IEMLRVLEEDPQVGG
VGGDVQPPGKGMAVEDDQVQAAQVRATEAWSVHQRHVSREQ

Hyaluronan and proteoglycan link protein 1 (HAPLN1)

Translation (354aa):

MKSLLLLVLISICWADHLSDNYTLDHDRAITHIQAENGPHLLVEAEQAKVFSHRGGNVTLP
CKFYRDPTAFGSGIHKIRIKWTKLTSDYLKEVDVFVSMGYHKKTYGGYQGRVFLKGGSDS
DASLVITDLTLEDYGRYKCEVIEGLEDDTVVVALDLQGVVFPYFPRLGRYNLNFHEAQQA
CLDQDAV IASFDQLYDAWRGGLDWCNAGWLSDGSVQYP I TKPREPCGGQONTVPGVRNYGF
WDKDKSRYDVFCFTSNFNGRFYYL IHPTKLTYDVAVQACLNDGAQIAKVGQIFAAWKILG
YDRCDAGWLADGSVRYP ISRPRRRCSPTEAAVRFVGFPDKKHKLYGVYCFRAYN

246



Appendix H- Perineuronal nets (PNN) cloning

Brevican

The human Brevican construct (M1-P911) based on IRATp970D0944D was cloned into pHLsec-
AP. PCR incorporation of EcoRI/BsiWI restriction sites allowed its native secretion signal to be
utilized.

Translation:

MAQLFLPLLAALVLAQAPAALADVLEGDSSEDRAFRVRIAGDAPLQGVLGGALT IPCHVH
YLRPPPSRRAVLGSPRVKWTFLSRGREAEVLVARGVRVKVNEAYRFRVALPAYPASLTDV
SLALSELRPNDSGI'YRCEVQHG IDDSSDAVEVKVKGVVFLYREGSARYAFSFSGAQEACA
RIGAHIATPEQLYAAYLGGYEQCDAGWLSDQTVRYPI1QTPREACYGDMDGFPGVRNYGVV
DPDDLYDVYCYAEDLNGELFLGDPPEKLTLEEARAYCQERGAEIATTGQLYAAWDGGLDH
CSPGWLADGSVRYP IVTPSQRCGGGLPGVKTLFLFPNQTGFPNKHSRFNVYCFRDSAQPS
AIPEASNPASNPASDGLEAIVTVTETLEELQLPQEATESESRGAIYSIPIMEDGGGGSST
PEDPAEAPRTLLEFETQSMVPPTGFSEEEGKALEEEEKYEDEEEKEEEEEEEEVEDEALW
AWPSELSSPGPEASLPTEPAAQEKSLSQAPARAVLQPGASPLPDGESEASRPPRVHGPPT
ETLPTPRERNLASPSPSTLVEAREVGEATGGPELSGVPRGESEETGSSEGAPSLLPATRA
PEGTRELEAPSEDNSGRTAPAGTSVQAQPVLPTDSASRGGVAVVPASGDCVPSPCHNGGT
CLEEEEGVRCLCLPGYGGDLCDVGLRFCNPGWDAFQGACYKHFSTRRSWEEAETQCRMYG
AHLASISTPEEQDFINNRYREYQWIGLNDRT IEGDFLWSDGVPLLYENWNPGQPDSYFLS
GENCVVMVWHDQGQWSDVPCNYHLSYTCKMGLVSCGPPPELPLAQVFGRPRLRYEVDTVL
RYRCREGLAQRNLPL IRCQENGRWEAPQ I SCVPRRPARALHPEEDPEGRQGRLLGRWKAL
L1PPSSPMPGP-

Rat glypican 4

Rat glypican 4 (GPC4) was a kind gift of Nicola Allen (location). A rat glypican 4 mutant

with the C-terminal glycosylation sites mutated was also a gift of Nicola Allen.

Translation:

MARLGLLALLCTLAALSASLLAAEPKSKSCSEVRRLYVSKGFNKNDAPLYEINGDHLKIC
SQDYTCCSQEMEEKYSLQSKDDFQTVVSEQCNHLQAIFASRYKKFDEFFKELLENAEKSL
NDMFVKTYGHLYMQNSELFKDLFVELKRYYVAGNVNLEEMLNDFWARLLERMFRLVNSQY
HFTDEYLECVSKYTEQLKPFGDVPRKLKLQVTRAFVAARTFAQGLAVARDVVNRVSVVNP
TAQCTQALLKMIYCSHCRGLVTVKPCYNYCSNIMRGCLANQGDLDLEWNNF IDAMLMVAE
RLEGPFNITESVMDP IDVK I SDATMNMQDNSVQVSQKVFQGCGPPKPLPAGRISRS 1 SESA
FSARFRPYHPEQRPTTAAGTSLDRLVTDVKEKLKQAKKFWSSLPSTVCNDERMAAGNENE
DDCWNGKSKSRYLFAVTGNGLANQGNNPEVQVDTSKPD ILILRQIMALRVMTSKMKNAYN
GNDVDFFD I SDESSGEGSGSGCEYQQCPSEFEYNATDHSGKSANEKADSAGGAPAEAKPY
LLAALCILFLAVQGEWR-
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