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ABSTRACT

lonotropic glutamate receptors (iGIuRs) are the primary mediators of fast excitatory
neurotransmission in the mammalian central nervous system (CNS). Thus far, most structure-
function studies focused on characterizing the behavior of iGIuRs as independent protein units. At
glutamatergic synapses however, it is now acknowledged that iIGIuRs operate in complex
association with an array of accessory proteins. For AMPA-type iGIuRs (AMPARS), recent studies
suggest that some of their so-called ‘auxiliary subunits’, including members of the transmembrane
AMPAR auxiliary protein (TARP) and protein cornichon homolog (CNIH) families, can modulate
receptor kinetics and pharmacological properties, accounting for a previously reported mismatch
between AMPAR responses measured in heterologous vs native systems. The experiments
conducted in the context of this thesis were designed to explore the interplay between auxiliary
subunits and AMPAR behavior. More specifically, the outside-out patch-clamp
electrophysiological technique and site-directed mutagenesis were used to investigate the nature
of functional interactions between GIuA2 homomers and two important auxiliary subunits of
AMPARSs, namely the prototypical type-I TARP y2 and CNIH3. First, this work shows that a
previously isolated ‘lysine-glycine-lysine’ (KGK, 718-720) motif conserved in the lower (D2) lobe
of GluA1-4 ligand-binding domains (LBD) plays a specific role in the modulation of AMPAR
decay kinetics, recovery from desensitization and equilibrium responses by y2, but not CNIH3. An
additional residue (E665) in the vicinity of the KGK motif was then identified as a shared
interaction site for y2 and CNIH3, contributing to the ability of both auxiliary subunits to slow
AMPAR decay kinetics and potentiate equilibrium currents. Importantly, this work highlights
protein-protein interactions involved in the modulation of AMPAR Kinetics by auxiliary subunits
independently of their ability to alter other pharmacological properties of the receptors, such as
efficacy of the partial agonist kainate and sensitivity to voltage-dependent block by intracellular
polyamines. These findings also add to a growing body of evidence suggesting that the LBD is a
hotspot for the functional modulation of receptor kinetics by auxiliary subunits.



ABREGE

Les récepteurs glutamatergiques ionotropes (iGIuRS) sont les principaux médiateurs de la
neurotransmission excitatrice rapide du systéme nerveux central (SNC) des mammiféres. Au sein
de synapses glutamatergiques, il a été démontré que ces récepteurs forment des associations
complexes avec une variété de familles protéiques transmembranaires. Jusqu’a ce jour, la plupart
des etudes de structure-fonction portant sur les iGIuRs de type AMPA se sont concentrées sur la
caractérisation des récepteurs en tant qu’unités protéiques indépendantes. Cependant, de récentes
études démontrent que certains membres des familles de protéines auxiliaires transmembranaires
des récepteurs AMPA (TARPs) et des protéines homologues de types cornichon (CNIHS)
modifient la cinétique d’inactivation et de désensibilisation ainsi que les propriétés
pharmacologiques des récepteurs. En effet, ces altérations seraient responsables de discordances
entre les réponses médiées par les récepteurs AMPA observées dans les systemes hétérologues
versus physiologiques. Les expériences réalisées dans le cadre de cette thése s’appuient sur des
travaux antérieurs menes dans le laboratoire de Dr. Bowie, portant sur I’étude des interactions
fonctionnelles entre les récepteurs AMPA et leurs protéines auxiliaires. Plus précisément, la
méthode électrophysiologique patch-clamp en configuration « outside-out» ainsi que la
mutageneése dirigée furent utilisées en vue de mieux comprendre 1’ interaction entre les sous-unités
GIuAZ2 et deux protéines auxiliaires importantes, soient la protéine TARP y2 ainsi que CNIH3. Les
résultats démontrent d’abord qu’un motif ‘lysine-glycine-lysine’ (KGK, 718-720) conservé dans
le lobe inférieur (D2) du domaine de liaison du ligand (LBD) des sous-unités GIuA1-4 joue un
role spécifique dans la régulation de la cinétique d’inactivation, de récupération et de la réponse a
I’équilibre des récepteurs AMPA par y2, mais pas CNIH3. De plus, nous avons isolé un résidu
additionnel (E665) dans le voisinage du motif KGK qui serait potentiellement partagé par y2 et
CNIH3 en tant que site d’interaction commun, contribuant au ralentissement de la cinétique des
récepteurs AMPA et a la potentialisation de leur réponse a 1’équilibre. Ces résultats démontrent
I’existence de sites d’interactions fonctionnelles impliqués dans la régulation de la cinétique des
récepteurs AMPA par des protéines auxiliaires indépendamment de leurs effets sur d’autres
propriétés pharmacologiques, telles que I’efficacité de I’agoniste partiel kainate et le blocage
voltage-dépendant du pore central par les polyamines intracellulaires. De plus, ceux-ci s’ajoutent
a un regroupement grandissant d’évidences démontrant que le LBD est une cible d’interaction

centrale pour la régulation de la cinétique des iGIuRs par les protéines auxiliaires.
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PART I:
LITERATURE REVIEW



1. Overview of ionotropic glutamate receptors

1.1. Discovery of glutamate as a neurotransmitter

Glutamate was first isolated from wheat in 1866 through hydrolysis of the so-called
“gluten-fibrin” protein (Vickery and Schmidt, 1931). Aside from its role as a protein building
block, glutamate is known today as the main excitatory neurotransmitter of the vertebrate central
nervous system (CNS) (Dingledine et al., 1999; Madden, 2002; Niciu et al., 2012). Early
indications of the important neurophysiological function of glutamate arose from the discovery of
its high relative abundance in the human cerebral cortex, its association with clonic convulsions
when diffusely applied over mammalian motor cortices and its ability to improve conditional
learning in dogs at small intravenous concentrations (Hayashi, 1954; Krebs et al., 1949). With
advances in electrophysiological techniques in the following years, measurements of glutamate-
mediated neuronal responses in mammalian cortices soon allowed the recognition of its rapid and
reversible excitatory action on neurons (Curtis et al., 1960; Krnjevic and Phillis, 1963). Despite
these evidences and the well-established concept of chemical neurotransmission at the time,
glutamate was not recognized as a functional neurotransmitter until over a century following its
initial isolation (LOopez-Mufioz and Alamo, 2009). Given its apparent association with oxidative
reactions in the brain and retina, glutamate was rather thought to play a role in cell metabolism
(Krebs, 1935). Furthermore, the unusually ubiquitous activity of glutamate on all neuronal cell
types known at the time and the lack of a clear re-uptake mechanism that could rapidly terminate
this activity hampered the establishment of the neurotransmitter hypothesis (Root and Hofmann,
2016). This concept was progressively built over decades of investigations and culminated in the
1980s, where glutamate was finally recognized as an amino-acid that met all the major defining
criteria of a neurotransmitter (Fonnum, 1984). A key discovery was the identification of a very
specific uptake system of glutamate into synaptic vesicles in mammalian brain tissues (Logan and
Snyder, 1971). In fact, the vesicular uptake of glutamate would be a committing step where
cytosolic glutamate leaves its metabolic functions to now behave a neurotransmitter, accumulating
at nerve terminals and eventually being released into synaptic clefts by exocytosis (zkan and Ueda,
1998). Furthermore, the re-uptake of glutamate outside of synapses was found to mainly involve
glial cells rather than presynaptic transporters. The entry of glutamate into astrocytes would initiate



a glutamate-glutamine cycle accounting for most of the glutamate pool found within neurons
(Marx et al., 2015).

1.2. The main excitatory neurotransmitter system

When released from synaptic terminals, glutamate acts as the endogenous agonist of two major
classes of neurotransmitter-gated receptors, namely the metabotropic and ionotropic glutamate
receptors. Metabotropic glutamate receptors (mGIuRs) use a secondary messenger signalling
cascade to induce long-lasting modulatory changes in synaptic transmission (Watkins, 2000). On
the other hand, ionotropic glutamate receptors (iGIuRs) have an undisputed role in mediating the
vast majority of rapid excitatory neurotransmission in the brain. In fact, iGIuRs contain a cation-
specific transmembrane ion channel that opens in response to agonist binding within the
extracellular ligand-binding pocket. iGIuRs therefore link each pre-synaptic event of glutamate
release to a transient increase in the cation-permeability of the post-synaptic membrane, resulting
in a depolarizing current that may contribute to the generation of an action potential (Hammond,
2015b; Yan et al., 2013). iGluRs are known as fast-acting receptors in that they mediate their
excitatory responses on target cells within a millisecond time-scale. They share this property with
their inhibitory counterparts, type-A ionotropic y-aminobutyric acid (GABAA.)- gated receptors,
which similarly contribute to fast inhibitory neurotransmission by converting agonist binding into
the transient opening of an anion-selective channel (Hammond, 2015a). On the other hand, most
of the other neurotransmitter-gated receptors of the CNS, such as mGIuRs, biogenic amine- and
neuropeptide-gated receptors, mediate their neuro-modulatory effects through complex
intracellular events over hundreds of milliseconds to minutes (Greengard, 2001). The generation
of rapid excitatory and inhibitory post-synaptic potentials (EPSPs and IPSPs) in the brain therefore
heavily relies on the presynaptic release of glutamate and GABA, respectively, and the fast action
of their target receptors (Cherubini, 2010; Meldrum, 2000; Wolszon et al., 1997). The contribution
of other ion-channels to fast neurotransmission, including cholinergic, glycine and serotoninergic
(5HT3) receptors, should not be denied. While nicotinic-cholinergic receptors play a central role
at neuromuscular junctions, they also contribute to a minor fraction of the fast-excitatory
neurotransmission in the CNS (Dani, 2001). 5HT3 receptors mediate excitatory neurotransmission
in distinct serotoninergic pathways across both the central and peripheral nervous systems

(Thompson and Lummis, 2006), and glycine receptors contribute to fast inhibitory transmission
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primarily in the brainstem and spinal cord (Betz, 1992; Thompson and Lummis, 2006). The
GABAergic and glutamatergic systems distinguish themselves through their incredibly ubiquitous
nature. Glutamate is released from widely distributed neuron terminals across the entire brain,
making it the most abundant amino-acid in the CNS (Mustafa and Gazi, 2014). Similarly, iGIuRs
themselves are expressed in neurons, astrocytes, glial cells and oligodendrocytes widely
distributed across the CNS (Steinhduser and Gallo, 1996). The wide distribution of the
glutamatergic system also mirrors its implication in a variety of brain functions, which extend
beyond neuronal communication. In fact, iGIuRs have been associated with almost all facets of
CNS development through major roles in synaptic plasticity mechanisms and neuromodulation,
which are biochemical correlates of learning and memory (Bliss and Collingridge, 1993; Kessels
and Malinow, 2009). Not surprisingly, dysfunctions in iGIuRs can lead to large-scale impairments
in the brain and have been linked to a collection of neurophysiological and psychiatric disorders,
including temporal lobe epilepsy, aberrant nociceptive responses, Fragile X syndrome and stroke
damage (Bowie, 2008; Madden, 2002).

1.3. Identification and classification of ionotropic glutamate receptor subtypes

The identification of glutamate as a major excitatory neurotransmitter stimulated structure-
activity studies to better understand the nature of the targeted receptors. Initial pharmacology-
based investigations lead to the discovery of a group of compounds having an excitatory effect on
neurons, similar to the action of glutamate. These highly potent agonists included the naturally
occurring kainic and quisqualic acids, the L-glutamate analogue N-methyl-D-aspartate (NMDA)
as well as a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), the latter being
synthetically derived from ibotenic acid. Glutamate receptors were initially classified as NMDA
and non-NMDA receptors based on the observation that a series of antagonists would specifically
block NMDA-mediated excitatory responses, while leaving the effect of kainate, quisqualate and
AMPA intact (J C Watkins and Evans, 1981; Watkins, 2000). Similarly, kainate receptors were
later distinguished from other non-NMDA receptors through the discovery of y-glutamylglycine,
which had an antagonistic action restricted to NMDA- and kainate-activated responses (Davies
and Watkins, 1981). L-glutamate was then found to act on G-protein coupled receptors resistant
to the antagonists known at the time, which brought about the differentiation between iGIuRs and

mGIluRs. Quisqualate was associated with a dual action on some receptors included in either
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categories. Among the quisqualate-sensitive receptors, AMPA had a specific action on those of
the ionotropic form, which were renamed AMPA receptors (Lodge, 2009; Nakanishi, 1992;
Nicoletti et al., 1986; Watkins, 2000). As a result of years of sinuous pharmacological
investigations, iGIuRs are now classified in three main families, namely the NMDA, kainate and

AMPA receptors types.

Advances in molecular biology techniques in the 1990s, starting with the development of
cloning technologies, permitted the elucidation of the IGIUR structure and molecular
characterization of its different subtypes (Watkins, 2000). iGIuRs are large transmembrane protein
complexes composed of four subunits, each subunit being made of beyond 900 amino-acids
(Traynelis et al., 2010). The previously established pharmacology-based classification of iGIuRs
has been validated through cloning of the receptor subunits, which co-assemble into functional
tetramers through exclusive associations with subunits of the same receptor family. As indicated
in Figure 1, NMDA receptors are encoded by 7 genes (GIuN1, GIuN2A-D and GIuN3A-B); AMPA
receptors by 4 genes (GluAl1-4) and kainate receptors by 5 genes (GluK1-5) (Collingridge et al.,
2009; Traynelis et al., 2010). Two additional proteins discovered in the 1990s, GIuR&1 and
GIuR&2, were classified as part of the iGIUR family based on their 17-28% sequence identity with
other known subunits (Lomeli et al., 1993; Yamazaki et al., 1992). However, neither GIuR41 nor
GIluR&2 has been shown to form functional receptors in heterologous systems and remain
unresponsive to classical iGIuR agonists, such that they are currently categorized as orphan
receptors (Yuzaki, 2003). Nevertheless, recent investigations have demonstrated their roles in

various neurophysiological functions, which will be discussed shortly.

It is worth mentioning that the nomenclature of iGIUR subunits underwent a series of
modifications following their initial identification (Collingridge et al., 2009). While this work uses
the most up-to-date nomenclature, previous appellations (listed in Figure 1) may still be found in

the literature.
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iIGIuR subunits

NMDA AMPA Kainate Delta (orphan)
4 )
GluN1 (NR1) GluA1l (GIuR1/GIuRA) GluK1 (GIuR5) Gludl
- < | GluA2 (GIuR2/GIuRB) GluK2 (GluR6) Glus2
GIuN2A (NR2A) 1 GluA3 (GIuR3/GIuRC) ( GIuK3 (GIuR7)

J
GluN2B (NR2B) || GluA4 (GIuR4/GIuRD)) / <
GIuN2C (NR2C) GluK4 (KA1)

GIuN2D (NR2D) ) GlukKs5 (KA2)

\(

GIUN3A (NR3A) |
GIUN3B (NR3B)

Figure 1: Subunits of the iGIuR families
Currently accepted nomenclature for the subunits of the four ionotropic glutamate receptor families (NMDA,
AMPA, kainate and delta receptors) with former terminology indicated in parentheses.

1.4. Functional properties of ionotropic glutamate receptors

iGIuR subfamilies have distinct pharmacological and biophysical properties linking them
to specific roles in the vertebrate CNS, summarized in Figure 2. NMDA receptors (NMDARS) are
subject to voltage-dependent block by intracellular Mg?*, making them unresponsive to agonist
binding at resting-membrane potentials. In addition to require the binding of glutamate and glycine
(or D-serine), their activation also depends on the concurrent relief of Mg?* block via membrane
depolarization (Mayer et al., 1984; Mothet et al., 2000). A preliminary depolarization may be
achieved by the activation of AMPA receptors co-localized at the same synapse or through
backpropagating action potentials generated at neighboring synapses (Stuart et al., 1997).
NMDARs are therefore described as coincidence detectors of agonist binding and membrane
depolarization. Once these activating conditions are met, NMDARs generate slow and calcium-
rich, positively charged inward currents (Mayer and Westbrook, 1987; Traynelis et al., 2010). The
resulting calcium influx activates a collection of downstream intracellular effectors thought to be
involved in synaptic development, plasticity and scaling mechanism, with major behavioral
contributions to mechanisms of learning and memory (Burrone and Murthy, 2003; Pelkey and
McBain, 2008; Perez-Otano et al., 2006). It should be noted that pre-synaptic NMDARS

(preNMDARS) have also been identified in a restricted set of synapses, especially during the early
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stages of brain development. PreNMDARs would play important roles in regulating short- and
long-term plasticity mechanisms, enhancing presynatic neurotransmitter release and shaping the

circuitry of the developing brain (Banerjee et al., 2016).

AMPA receptors (AMPARS) co-localize with NMDARs at nearly all synapses in the CNS
to form the functional unit of excitatory synaptic transmission (Traynelis et al., 2010). AMPARs
activate at resting membrane potentials via the synaptic release and binding of glutamate, to
generate depolarizing membrane currents that rise and deactivate within a sub-millisecond
timescale (Mosbacher et al., 1994). Given these rapid gating properties, AMPARSs contribute to
most of the fast neuronal communication in the mammalian CNS (Platt, 2007; Traynelis et al.,
2010). Moreover, they are key players in NMDAR-dependent plasticity mechanisms, since
calcium-mediated intracellular cascades resulting from NMDAR activity lead to downstream,
long-lasting changes in AMPAR surface expression at post-synaptic densities (Collingridge et al.,
2004; Luscher and Malenka, 2012). Unlike NMDARs, the majority of AMPARSs expressed in the
adult CNS are weakly permeable to calcium (Traynelis et al., 2010; Wright and Vissel, 2012).
Nevertheless, a role in synaptic maturation, synaptic plasticity and circuit development has been
attributed to more sparsely expressed calcium-permeable AMPA receptors (CP-AMPARS),

especially during early neonatal brain development (Isaac et al., 2007; Wiltgen et al., 2010)

While native kainate receptors (KARS) can also contribute to excitatory signals, their
activation and deactivation kinetics tend to be generally slower than those of AMPARS, and their
roles at synapses seem rather modulatory (Castillo et al., 1997; Lerma, 2003; Madden, 2002).
Given their slower gating properties, rapidly stimulated kainate receptors generate synaptic
currents that can temporally summate, causing changes in cell excitability and modulatory effects
on long-term potentiation (LTP) regulating synaptic plasticity (Contractor et al., 2011).
Furthermore, KARs are prominently expressed at presynaptic terminals, where they can alter the
strength of synaptic connections by inducing facilitation or depression of transmitter release
(Chittajallu et al., 1996; Cossart et al., 2001). A metabotropic action of KARs has also been
reported, involving a secondary messenger cascade leading to the activation of protein-kinase C
(PKC). This would explain the ability of KARs to downregulate GABA release in hippocampal
neurons, independently of an ionotropic mechanism (Rodriguez-Moreno and Lerma, 1998).
Finally, a distinguishing feature of KARs is the essential role of an ion-binding pocket in their

14



extracellular domain, which must be occupied in order to minimally stabilize the open

conformation of the channel and allow receptor gating (Wong et al., 2006; Wong et al., 2007).

As mentioned earlier, delta (orphan) receptor subunits do not form functional channels nor
respond to classic iGIUR agonists, but knock-out and mutagenesis studies uncovered putative
physiological roles of the individual subunits. Notably, GIuRs2 subunits have been exclusively
found in cerebellar Purkinje cells, where their disrupted expression is associated with motor
coordination problems, impaired long-term depression (LTD) and defects in Purkinje cell
maturation (Kashiwabuchi et al., 1995). A gain-of-function mutation in GIuRs2 subunits has also
been linked to important motor deficits seen in the lurcher mutant mice (Zuo et al., 1997). On the
other hand, GIuR&1 subunits are mainly expressed in hippocampal neurons and cells of the inner,

where they play a role in auditory perception of high frequency signals (Gao et al., 2007).

Presynaptic Neuron

: ey Neuromodulation
Synaptic transmission

Synaptic plasticity ° o : °®

) ] oo @ Glutamate
Metabotropic function > W Glycine

AMPAR  NMDAR KAR

Postsynaptic Neuron

Figure 2: The glutamatergic synapse

Cartoon representation of the principal glutamate receptor categories and their main function in
synapses. We may notice the presence of metabotropic glutamate receptors (mGIuRs) with no ion
channel function; the post- and pre-synaptic localization of kainate receptors; the dual binding of
glutamate and glycine at NMDAR subunits and the absence of delta (orphan) receptor subunits,
which do not form functional channels. Adapted from Kalia et al. (2008).
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1.5. Major structural features of AMPARS

AMPARs are expressed in the CNS as homo- or hetero-tetramers composed of the subunits
GluAl-4, each being encoded by a single gene (GRIA1-4). The first iGIuR subunit to be
successfully cloned was GluA1, which showed noticeable differences compared to other ligand-
gated ion channel (LGIC) subunits known at the time, starting with an unprecedently large
molecular weight (Hollmann et al., 1989). AMPAR subunits range from 894 (GIuA3) to 906
(GluAl) amino-acids in length and share 54% sequence identity, conferring GluAl-4 similar
topological and architectural features while permitting a considerable degree of flexibility in terms

of receptor dynamics and signalling (Traynelis et al., 2010).

1.5.1. Receptor topology

Like all iGIuRs, AMPAR subunits have a complex topological organization with four semi-
autonomous domains. A large extracellular region, accounting for ~85% of the total subunit mass,
comprises an amino-terminal domain (NTD) and a ligand-binding domain (LBD). The
transmembrane domain (TMD) contributes to the channel pore and is linked to a short intracellular
C-terminal domain (CTD). The NTD, TMD and CTD layers are inter-connected by linker
sequences, allowing the relatively independent motion of the three domains and the mechanical
flexibility required for the conformational changes associated with receptor gating (Greger et al.,
2017). This modular architecture distinguishes iGIuR subunits from most other ligand-gaited ion

channels, such as receptors of the cys-loop superfamily (Sine and Engel, 2006).

1.5.2. The amino-terminal domain (NTD)

The extracellular NTD is 400-450 residues in length, encompasses ~50% of the subunit
sequence and is encoded by 9 of the 16 exons comprised in the subunit coding sequence
(Herguedas et al., 2013). This bulky domain has a bilobate conformation with two large segments
folded in a clamshell-like structure (Figure 3A) (Jin et al., 2009). The first 14-33 residues of the
NTD constitutes a membrane-targeting signal peptide, cleaved following membrane insertion, and
accounting for the critical role of the NTD in surface expression of AMPA receptors (Traynelis et
al., 2010). The same excisable signal peptide has also been associated with a role in subunit-
specific assembly of AMPARs. Notably, the nature of this sequence in GluA1 would dictate the

assembly pattern and spatial organization of heteromeric GIluA1/GIluA2 receptors (He et al., 2016).
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In heterologous systems, GIUA subunits lacking their NTD can assemble into functional ion
channels but have altered gating Kkinetics, suggesting that AMPAR NTDs are not required for
receptor function but play important modulatory roles (Pasternack et al., 2002). Furthermore, the
NTD contains binding sites for a vast array of extracellular interactors and plays a critical role in
synaptic targeting of the ion channels (Greger et al., 2017; Herguedas et al., 2013; Traynelis et al.,
2010; Diaz-Alonso et al., 2017). iGIuR NTDs were found to display a high degree of sequence
homology with the LBD of a metabotropic glutamate receptor (mGluR1a) and bacterial proteins
such as the leucine/isoleucine/valine binding protein (LIVBP), suggesting a putative role of the
NTD in providing a ligand-binding pocket for endogenous ligands (Traynelis et al., 2010)

1.5.3. The ligand-binding domain (LBD)

The AMPAR LBD has two globular domains arranged in a clamshell-like conformation,
formed by two extracellular amino-acid stretches referred to as S1 and S2 (Figure 3A). The upper,
NTD-proximal lobe called domain 1 (D1) is mainly composed of S1, while the lower, TMD-
proximal domain 2 (D2) is formed by S2 (Sobolevsky et al., 2009; Stern-Bach et al., 1994). The
LBD is highly homologous to periplasmic-binding-proteins (PBPs), a group of bacterial proteins
all sharing a common bilobate structure with a ligand-binding cleft between the two domains
(Madden, 2002; Quiocho and Ledvina, 1996). In fact, the cleft buried within the iGIuR LBD
clamshell serves as the full agonist-binding pocket (Figure 3A, B, D), D1 providing most of the
residues interacting with a-amino and a-carboxyl groups of glutamate and its derivatives (Greger
et al., 2017). The presence of ligand-binding pockets within individual subunits is a distinctive
feature of iIGIuRs when compared with other ion channels like those of the cys-loop receptor
family, which rather have their extracellular binding sites at subunit interfaces (Miller and Smart,
2010; Stern-Bach et al., 1994). Agonist binding within the iGIuR LBD clamshells initiates a
cascade of conformational changes involved in the activation of the receptor gating machinery.
The structure of the LBD is highly flexible and changes based on various conditions such as the
subunit composition, the conformational state of the receptor and the nature of the bound ligand,
if any. Thanks to the critical role of the LBD in receptor function and recognition of its high
potential as a pharmacological target, major efforts have been made to elucidate the structure of
the LBD in various states, both within and excised from the receptor complex (Armstrong and
Gouaux, 2000; Sobolevsky et al., 2009).
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1.5.4. The transmembrane domain (TMD)

The pore-forming region is the most conserved of all iGIuR domains, GluA1-4 TMD
sequences sharing 87% homology (Traynelis et al., 2010). The TMD of each subunit contributes
to the cation-selectivity of the central pore and is composed of four hydrophobic segments (M1-
M4) (Figure 3A and E), including three membrane-spanning helices (M1, M3, M4). Immediately
preceding M1, a short helix called pre-M1 extends from the S1-M1 peptide linker and folds within
the extracellular space, nearly parallel to the membrane plane (Sobolevsky et al., 2009). The
second helical segment (M2) is a re-entrant loop, in that it enters the membrane from the
cytoplasmic face of the receptor and folds back towards the cytoplasm before fully crossing the
membrane, as shown Figure 3A. Discovery of this re-entrant loop was the first indication that the
iIGIuR TMD evolved from a precursor potassium-selective ion channel, which was also known to

contain an analogous “P segment” that loops back within the membrane (Galen Wo and Oswald,
1995).

1.5.5. The C-terminal domain (CTD)

The fourth helical segment of the TMD extends intracellularly to become the CTD (Figure
3A). Along with the M4 segment, the CTD is the newest evolutionary addition to the receptor
complex (Greger et al., 2017). It is also the most diverse domain, GIuA1-4 CTDs sharing only 9%
homologous residues and ranging from 50 to 80 amino-acids in length (Herguedas et al., 2013;
Traynelis et al., 2010). This variability has limited our ability to resolve the structural details of
the CTD. Nevertheless, we know that AMPA receptors lacking their CTD are functional, like we
saw for NTD-lacking receptors, but display many regulatory impairments including a less efficient
tetramerization (Gan et al., 2016). In fact, the CTD contains phosphorylation sites for various
kinases, as well as docking sequences for many interaction partners residing at excitatory post-
synaptic densities (PSDs). These partners include proteins involved in subunit-specific trafficking,
docking and stabilization of the receptor at synapses, modulation of channel gating kinetics, post-
transcriptional modifications, initiation of intracellular cascades and cytoskeletal interactions
(Traynelis et al., 2010).
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1.5.6. Subunit organization in AMPARSs

The first full-length, high-resolution crystal structure of an AMPA receptor was provided
by Sobolevsky et al. (2009), who diffracted the rat GluA2 homomeric receptor bound to a
competitive antagonist (Figure 3B-D). Elucidation of the intact receptor confirmed the
organization of the three domains in a “Y’-shaped conformation, where the TMDs form the base
of the receptor, the NTDs protrude outward in the extracellular space and the LBDs reside in
between. The entire protein is spanned by a two-fold axis of rotational symmetry perpendicular to
the cell membrane plane. At the level of the transmembrane region, the four subunits (labeled as
A-D in Figure 3B) surround the central pore in a 4-fold symmetrical arrangement, and the
transmembrane helical segments M1, M3, and M4 contribute to the core of the channel structure.
The M3 helices provided by the four subunits cross over each other to create a narrow constriction
at the top of the channel, behaving as the “upper-gate” of the receptor (Figure 3B). Similarly, the
re-entrant loop (M2) of each subunit lines the channel lumen and protrudes towards the center of
the pore to create a second, lower narrowing in the permeation pathway. As described by
Sobolevsky et al. (2009), the pre-M1 helices create a “cuff” around the extracellular entrance of
the ion pore, and are suspected to influence gating Kinetics by interacting with the upper gate
created by M3 helices. In the extracellular domain, each of the 8 clamshell structures generated by
the NTD and LBD contact a partner subunit to create a set of 4 local dimers, as indicated in Figure
3B. In both the NTD and LBD layers, the main axis of 2-fold symmetry is also the site of a dimer-
dimer interface created by the contact of two “proximal dimers”. For the first time, resolution of
the AMPAR structure by Sovolevsky et al. (2009) showed the unusual symmetry mismatch
displayed in the extracellular domain of the receptor, caused by the swapping of dimerization
partners between the NTD and LBD (Figure 3B).
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Figure 3: Quaternary structure and topology of an AMPA receptor

A. Schematic representation of an iGIuR subunit, highlighting the contribution of various amino-acid
stretches in the primary sequence (bottom) to the subunit topology (top). We may notice how the R/G site
and flip/flop cassette both map onto the upper (D1) lobe of the LBD, while the Q/R site is at the tip of M2,
creating the “selectivity filter” of the pore. B. Structure of a GIuA2 homomer (PDB: 3KG2), each colour
representing a different subunit. The star indicates the agonist-binding site and the arrows illustrate
dimerization of subunit partners in the LBD and NTD. Domain swapping in the extracellular region can be
observed on the right, with the A/B and C/D dimers of the NTD being exchanged to become A/D and B/C
dimers in the LBD. C-D. Structural details of the three topological layers, including the upper (UL) and lower
(LL) lobes of the NTD; the upper (D1) and lower (D2) lobes of the LBD and the four helical domains (M1-
M4) of the TMD. Notice in D the position of the binding pocket for allosteric modulators, the agonist binding
site and the flip/flop cassette. The Q/R site is indicated at the lower (C-terminal) end of the pore region in E.
(Figure adapted from Greger et al. (2017).
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1.6. Molecular diversity of AMPAR subunits

AMPAR subunits are subject to post-transcriptional modifications that provide a major
contribution to their functional diversity. Once transcription is completed, pre-mRNA transcripts
undergo alternative splicing of exons 14 and 15, encoding a protein region immediately preceding
the M4 transmembrane helical segment (Figure 3A) (Sommer et al., 1990). The splicing event
results in two subunit isoforms called the flip (GIuAi) and flop (GluAo) variants, which
functionally differ in many ways. Notably, the alternatively spliced region includes a portion of
the LBD intra-dimer interface, which plays a central role in the receptor gating machinery, and
comprises a binding site for allosteric modulators (Figure 3D). As a result, the two splice isoforms
have distinct gating kinetics and sensitivities to pharmacological compounds such as the positive
allosteric modulator cyclothiazide (Mosbacher et al., 1994; Partin et al., 1996). Alternative splicing
of the flip/flop cassette was also shown to influence of variety of processes including subunit
assembly and trafficking, and to regulate functional interactions between AMPARSs and auxiliary

proteins at synapses (Greger et al., 2017; Kott et al., 2007).

The AMPAR GIuA2 subunit is also subject to mRNA editing at the Q/R site, localized at
the apex of the M2 re-entrant loop (Figure 3A). As previously mentioned, the four M2 segments
create a narrow gate within the pore channel, constricting the ion-permeation pathway. The
glutamine (Q)-to-arginine (R) editing event at this site incorporates a positive charge that
electrostatically hinders the permeation of divalent cations such as Ca?*, thus acting as an ion-
selectivity filter (Higuchi et al., 1993; Sobolevsky et al., 2009; Twomey et al., 2017). Editing takes
place in the majority ( > 99%) of GIuA2 transcripts expressed in the CNS, making most GIuA2-
containing AMPARSs calcium-impermeable (Sommer et al., 1990). GIuA2(R) receptors were also
shown to have a reduced unitary conductance and sensitivity to channel block by positively
charged polyamines, compared with GluA2-lacking (or GluA2(Q)-containing) receptors (Bowie
and Mayer, 1995; Swanson et al., 1997). Interestingly, mMRNA editing also takes place at the
equivalent site in KAR subunits (GluK1 and GluK2), but to a lesser degree and in a
developmentally regulated manner (Bernard et al., 1999).

Finally, the AMPAR subunits GluA2-4 are also subject to mMRNA editing at the so-called
R/G site, which is adjacent to the alternatively spliced flip/flop site in the lower (D2) lobe of the
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LBD (Figure 3A). R/G editing occurs in ~30% of both splice isoforms in a developmentally

regulated manner, and has a noticeable influence on gating kinetics (Lomeli et al., 1994).

1.7. Subunit assembly and stoichiometry

iGIuRs were initially thought to assemble as pentamers, like members of the cys-loop
receptor family (Blackstone et al., 1992; Changeux et al., 1987). Electrophysiological studies
provided the first evidences of their tetrameric conformation, which was then confirmed by the
low-resolution electron microscopy images of single AMPAR particles (Safferling et al., 2001),
followed by the first high resolution crystal structure of the full-length receptor (Sobolevsky et al.,
2009). The currently proposed mechanism of subunit assembly involves a defined role of the NTD,
LBD and TMD at different stages of biogenesis (Gan et al., 2015). According to this model, the
NTD mediates an initial dimerization step between two subunit monomers. The two LBDs are also
thought to form a transient interaction at this stage. Tetramerization occurs by the subsequent
pairing of two dimers via interaction of the TMDs and LBDs (Figure 4). At some point during the
process, the LBDs exchange their local dimerization partners while the NTDs remain unchanged,
creating the extracellular “domain swapping” observed by Sobolevsky et al. (2009) in the AMPAR
crystal structure. Like most other transmembrane receptors, this assembly process takes pace in
the endoplasmic reticulum (ER). Once the receptors assembled, a series of quality control
mechanisms and conformational rearrangements take place in the ER to ensure receptor integrity
before being fully exported and trafficked to the membrane (Traynelis et al., 2010). The role of
accessory proteins in regulating AMPAR trafficking and synaptic targeting will be discussed in

section 3.

22



Monomers Dimer of monomers Dimer of dimers

X 2

| =

| =17y

Lad )l Membrane Al U] i D’AQL
VvV W W M/[[” U“

Figure 4: Assembly of iGIUR subunits

Cartoon illustration of the current model of iGIuR subunit assembly. The initial dimerization step is mainly
driven by a strong interaction between two NTDs, leading to the formation of a dimer of monomers. “Dimer
of dimer” formation is then mediated by interactions between the upper lobes of the LBD and/or the TMD
(Madden, 2002).

1.8. Preferential subunit assembly in the CNS

AMPARSs expressed in neurons are dominantly composed of GIuA2 subunits in complex
with either GIuAl or GIuA3 (Greger et al., 2002; Wenthold et al., 1996). Given that Q/R editing
occurs in the vast majority of GIuA2 subunits, native AMPARs generally have a limited calcium-
permeability, unitary conductance and sensitivity to channel block by endogenous polyamines.
However, it has been acknowledged that the expression of GluA2-lacking, calcium-permeable
AMPARSs is enhanced in a limited set of synapses like mossy fiber-basket cell synapses, as well
as during early neonatal and post-natal time windows, where they could regulate synaptic
transmission and contribute to early brain development. Notably, use-dependant relief from
polyamine block in GluA2-lacking AMPARSs at inhibitory interneuron synapses was found to
initiate a post-synaptic mechanism of short-term facilitation (Rozov et al., 1998). GluA2-lacking-
AMPARs would also be involved in long-term plasticity and synaptic scaling mechanisms in

various hippocampal interneurons (Isaac et al., 2007).
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2. Principles of LGIC gating

2.1. Electrophysiological correlates of ion channel behavior

As their name implies, ion channels facilitate the passage of ions across cell membranes in
a selective, transient and inducible manner. Historically, electrophysiological techniques have
been used to measure and characterize functional properties of ion channels at two major
conceptual levels: permeation and gating. Permeation relates to the influx of ions across the
channel pore, which can be quantified in units of electrical currents (the movement of charges per
unit of time unit, or Amperes). On the other hand, gating refers to the process by which an ion
channel enters and exits this permeating state, which may involve a series of conformational
changes (Horn, 1990). When studying the gating behavior of multiple channels in an isolated patch
of membrane, it is assumed that the measured macroscopic response results from the concerted
action of a population of ion channels that are functionally similar and independent from each
other. This assumption allows us to relate macroscopic currents of channel populations (1) to
microscopic, unitary currents of single channels (i) as followed: | = N*Po*i, where N is the number
of channels in the patch contributing to the response, and P, is the average probability of a channel
being open at any time (or the rate at which a channel accesses the open state) (Horn, 1990; W.
Aldrich, 1989).

2.2. State model of channel gating

In LGICs, the energy required to drive gating is provided by the binding of one or multiple
agonist molecules. Kinetic models used to describe the gating process arose from the early
comparison of LGICs to soluble enzymes, as we appreciated that they could similarly “catalyze”
the permeation of ions across lipid bilayers and displayed substrate specificity. As for enzymatic
processes, channels were believed to exist in one of multiple possible states, in a kinetic
equilibrium that could be modulated by ligand occupancy (Andersen and Koeppe, 1992). In this
regard, agonist binding would decrease the energy barrier required to achieve, or gate to, the open
conformational state. This principle implies a distinction between agonist binding and channel
activation. The fact that ion channels can generate measurable currents in the absence of ligands
confirms the idea that the agonist-bound and activated states are indeed separable from each other
(Auerbach, 2015; Turecek et al., 1997).
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The concept of LGICs existing in various possible reversible states can be used as a
foundation to describe their basic gating behaviors and pharmacological properties. Receptor
activation involves the transition from a closed (ion-impermeable) state to an open (conducting)
state. This transition is reversible: ion channels can move back to the closed state through a process
called deactivation (Hinard et al., 2016). The transition from the open to the deactivated state is
driven or facilitated by the binding and unbinding of agonist molecules, respectively. Once
activated, LGICs can also transit to a paradoxical state where the channel gate is closed while the
agonist remains bound. This is the desensitized state, since the receptor is no longer sensitive to
the presence of bound ligands (Plested, 2016). While deactivation and desensitization both involve
the transition of the channel to a closed or non-conducting state, they are two distinct gating
processes involving different conformational changes. In an ensemble (macroscopic) response,
desensitization is manifested as a progressive attenuation in the peak current amplitude with a

prolonged agonist application (Keramidas and Lynch, 2013).

2.3. Channel pharmacology: terminology

Pharmacological ligands can modulate the transition of LGCIs across various states, and
agonists have the ability to push the state equilibrium towards the open conformation. The potency
of an agonist can be measured by the size of the channel response initiated after binding. Potency
must be defined in terms of two parameters: affinity, which is the strength of the ligand-receptor
association; and efficacy, or the ability of a drug to induce a response. By definition, partial
agonists have a low relative efficacy, in that they can only initiate submaximal responses at
saturating concentrations (controlling for affinity) compared to maximally efficacious agonists,

while antagonists have a null efficacy (Stephenson, 1956).

The simplest model initially used to describe the pharmacological regulation of ion channel
gating was provided by Del Castillo and Katz in 1957, who had already recognized that agonist
binding and channel gating occurred in two separable and reversible steps. According to this 2-
state model, binding of an agonist (A) to a receptor (R) brings the channel in an intermediate
inactive complex (AR, closed gate), that can then transit to an active complex (AR*, open gate).
The rate of the binding step is described by the equilibrium dissociation constant Ka, while E refers

to the equilibrium constant of the gating process (Figure 5).
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Figure 5
Two-state model proposed by Del Castillo and Katz (1957) to describe gating of LGICs (Colquhoun,
1998).

The same model can be used to conceptualize the principles of LGIC pharmacology.
Potency is the ability of an agonist (A) to bring a receptor in its active state (AR*). It is defined
both at the binding step through its affinity (Ka), and at the gating step through its efficacy, or the
rate (E) at which it can make the receptor transit to the active state (Colquhoun, 1998).

2.4. Concerted vs sequential models of receptor activation

Given that iGIuRs are made of multiple subunits, each containing an individual agonist-
binding site, a reasonable question to ask is whether the receptor complex has one or multiple
possible active states. Historically, these two alternative cases were described by the Monod-
Wyman-Changeux (MWC, or concerted) and the Koshlabnd-Nemethy-Filmer (KNF, or
sequential) models, respectively (Koshland et al., 1966; Monod et al., 1965). In the MWC model,
all subunits behave in a concerted manner while shifting between two possible states: active or
inactive. As agonist concentration and the ratio of subunit occupancy increase, the receptor
equilibrium is pushed towards the active state, which is accessed at an increasingly faster rate. In
the KNF model, the binding of an agonist molecule to each individual subunit induces a distinct
activated conformation. In the case of iGIuRs, this implies that occupancy of the four subunits
leads to a maximal conductance state, while various degrees of partial occupancy generate
intermediate or sub-maximal conductance states. Evidence suggests that AMPA receptors follow
the second model. In fact, single-channel recordings on recombinantly expressed AMPA receptors
revealed the presence of at least two intrinsic sub-conductance levels in addition to one maximal
conductance state, which are progressively accessed with incremental subunit occupancies
(Rosenmund et al., 1998). Provided that a channel can have multiple active states, partial agonists

could have a lower efficacy by favoring intermediate states rather than the maximally conducting
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one. This was demonstrated by Jin et al. (2003), who showed that partial agonists of AMPARS

have greater opening probabilities (Po) for submaximal states.

2.5. Structural and biophysical correlates of AMPAR gating

Various approaches have been used to study the gating machinery of AMPA receptors,
including structure-function studies that mainly focused on the core functional elements of the
receptor: the LBD and TMD. The mechanisms underlying the translation of agonist binding into

opening of the ion-channel pore will be discussed here.

2.5.1. Mechanism of activation and desensitization

Like in members of the bacterial binding protein (PBP) family, agonist docking at the inter-
lobe cleft of an iIGIUR LBD triggers closure of the clamshell-like structure around the agonist in a
motion analogous to that of a ‘Venus flytrap’ (Quiocho and Ledvina, 1996). As mentioned earlier,
the assembly of AMPAR subunits involves the formation of two dimers, such that each LBD
interacts back-to-back with the LBD of an adjacent subunit. The dimer interface between the two
LBDs maps onto the upper (D1) lobes (Figure 3A), and is created by a network of hydrophobic
contacts, hydrogen bonds and salt bridges. Clamshell closure following agonist binding is thought
induce separation of the lower (D2) lobes, which are free to move, while the D1-D1 interfaces
remain intact. The motion of the lower lobes is then transduced in the opening of the channel gate
via a ‘scissors-like’, outward motion of the S2-M3 peptide linkers between the LBD and TMD
(Figure 6), (Mayer, 2006). Hypothetically, deactivation would occur following agonist unbinding,
triggering the reverse pathway and bringing the receptor back to a ligand-free, closed (though non-
desensitized) state (Sun et al., 2002).

With a prolonged exposure to extracellular agonists, the receptor moves from an open state
to an agonist-bound, non-conductive state in a process called desensitization. It is hypothesized
that desensitization involves structural rearrangement of the LBD dimer interfaces. Specifically, a
sustained agonist residency within the binding cleft decreases the stability of the dimer interface
between the D1 lobes of adjacent subunits. The D1 lobes would rotate away from each other,
relieving the strain imposed on the S2-M3 linkers between the LBD and TMD and closing the
upper gate of the channel (Figure 6), (Mayer, 2006). According to Sun et al. (2002), the structural

changes in the LBD of a desensitizing receptor prevent further transmission of a conformational
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shift from agonist domain closure to opening of the transmembrane channel via the inter-domain
linkers. Desensitization therefore involves a physical decoupling between agonist binding and

receptor gating.

Desensitized

Figure 6: Gating dynamics of the TMD and LBD in an iGIuR subunit dimer
Cartoon representation of the structural changes in the LBD and TMD while moving from the resting (apo) to the
open and desensitized states (Mayer, 2006)

Following agonist unbinding, desensitized receptors require time to fully recover and
respond to new agonist applications. Recovery from desensitization is a longer process than
recovery from deactivation, possibly because the desensitized state resides at a lower energy level
(higher stability) (Armstrong et al., 2006)

2.5.2. Role of the LBD dimer interface in desensitization

Evidence from structure-function studies support the idea that the stability of the LBD
dimer interface plays a key role in the mechanism of desensitization. In fact, enhancing the strength
of association between dimerization partners at the D1-D1 interface can be achieved through single
point mutations enhancing the affinity between LBD domain partners or by exposing the LBD to
positive allosteric modulators (i.e. cyclothiazide) that similarly bind and stabilize the dimer
interface. In both cases, stabilizing the dimer interface effectively blocks the desensitizing

phenotype of wild-type GluA2 homomers (Jin et al., 2005; Sun et al., 2002).

A set of experiments conducted in our lab demonstrated that a network of electrostatic

interactions stabilizing the LBD dimers plays a critical role in regulating iGIuR gating properties.
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In KARs, a dipole interaction established by binding of a cation (with a counter anion) at an
electronegative pocket buried within D1-D1 dimer interfaces is required for receptor activation.
This dipole interaction would be essential to minimally stabilize the open conformation of agonist-
bound receptors, making cations and anions co-activators of kainate receptors (Wong et al., 2006;
Wong et al., 2007). In other words, even in the presence of agonists, an ion-free dimer interface
collapses and brings the receptor into an agonist-bound, inactive (or desensitized) state before the
channel gate has any time to open. AMPA receptors do not share such requirement of external ions
to gate, since a positively charged residue (Lys759 in GluA2) extends in the vicinity of the
corresponding electronegative pocket where it acts as a tethered cation (Bowie, 2002).
Nevertheless, lithium ions were modeled at the same site in a high-resolution X-ray crystal
structure of the GIuA2 LBD (Assaf et al., 2013), meaning that, being the smallest monovalent
cation, lithium could access the “KAR cation site’’ in GluA2 and interfere with receptor gating. In
fact, GluA2 homomers exposed to high extracellular concentrations of lithium display a nearly
non-decaying response. The same study showed that disrupting the electrostatic network
stabilizing the apex of the LBD dimer interface profoundly increases the rate of desensitization,
which can be reversed to a non-decaying phenotype by the “adhesive” effect of cyclothiazide
binding between two LBD partners (Dawe et al., 2016). The role of the LBD dimer interfaces in
regulating the time course of AMPA receptor activity is further highlighted by changes in
desensitization kinetics resulting from alternative splicing at the flip/flop cassette (Sommer et al.,
1990) and RNA editing at the R/G site (Lomeli et al., 1994), both of these editing events mapping
at D1-D1 contact points.

2.5.3. Structural basis of AMPA receptor subconductance states and agonist efficacy

As we saw, each receptor subunit has its own gating core structure, with a functional LBD
directly linked to the pore via the S2-M3 linker. We can therefore conceptualize how binding of
agonist in the LBD cleft of an individual subunit could induce partial opening of the channel, and
how activation of additional subunits could further increase the extent of channel opening,
resulting in multiple measurable conductance levels (Mayer, 2006). The fact that saturating
concentrations of different agonists do not all promote the same conductance states (Jin et al.,
2003) is an additional layer of complexity, since it implies that properties of the ligand itself can
influence the conductance state of the channel regardless of the number of subunits engaged. How
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the nature of the agonist determines its efficacy in terms of transducing LBD cleft closure into the
opening of the channel gate is a currently puzzling question. It has been proposed that agonist
efficacy is associated with the degree of LBD cleft closure promoted by agonist binding, which
was supported by a series of structure-function studies and molecular dynamic analysis of AMPAR
LBD (Ahmed et al., 2011; Armstrong and Gouaux, 2000; Jin et al., 2003; Lau and Roux, 2011).
Notably, the neurotoxin kainate acts as a partial agonist in AMPARs by inducing submaximal and
nearly non-desensitizing currents at saturating concentrations (Figure 7) (Patneau and Mayer,
1991). Kainate was found to favor lower conductance states (Swanson et al., 1997) while inducing
a smaller degree of cleft closure (~12°) than full agonists like glutamate (~20°) (Figure 7, lower
panel) (Armstrong and Gouaux, 2000; Jin et al., 2003). An interesting relationship has also been
observed between the degree of LBD cleft closure and the extent of desensitization with a
prolonged exposure to various agonists. In fact, a larger cleft closure would increase the “tension”
at the LBD dimer interface, thus possibly priming the onset of desensitization (Traynelis et al.,
2010) which would explain why kainate-induced responses show little desensitization (Figure 7,

upper panel).

Kainate partial agonist Glutamate full agonist

Figure 7: Relationship between LBD domain
closure and macroscopic responses.

Lower panel: isolated LBD domain structures
and degree of cleft closure associated with the
binding of kainate (left, PDB: 1FTK and 1FW0)
and glutamate (right, PDB: 1FTJ).

Upper panel: Typical macroscopic current
responses of AMPARs to kainate (left) and
glutamate (right). The lower degree of cleft
closure associated with kainate binding reduces
both the extent of activation (lowers the
macroscopic peak current amplitude) and
desensitization (Madden, 2002)
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2.5.4. Determinants of macroscopic decay

Desensitization involves a reduction in the size of any response in the sustained presence
of a stimulus. For macroscopic responses generated by iGIuRs, desensitization is described as the
reduction in the peak current amplitude of the ensemble response with a sustained agonist
application (Traynelis et al., 2010). In a typical recording, the response progressively decreases
over the time, to finally plateau at a residual and steady current amplitude that may persist until
the end of the agonist application period, as we can see in the two trace examples provided in
Figure 7 (Madden, 2002). The desensitization kinetics of a macroscopic response can be described
using exponential decay parameters and quantified with decay time constants (tr). The mean
amplitude of the residual (or steady-state) response relatively to the size of the initial peak response
before desensitization is also be used to describe the macroscopic equilibrium response. The size
of the relative equilibrium could given us an idea on the “extent” of macroscopic desensitization
(Sun et al., 2002). We should however keep in mind that, at the microscopic level, the mechanism
underlying the shift of individual receptors from a fully activated to a lower equilibrium state is
not fully elucidated and may involve structural changes that are independent from those governing

the process of desensitization.

It should be mentioned that macroscopic desensitization combines a large number of
microscopic events in which individual channels are closing and re-opening at asynchronous times,
with different frequencies (P,) and at many possible conductance levels (i) (Traynelis and
Jaramillo, 1998). When studying the behavior of an individual GluA2 homomer in a heterologous
system (e.g. HEK 293 cells), we see a burst of openings near the onset of the agonist application
(Figure 8 B,C), each “burst” likely resulting from the sequential activation of individual subunits
and the rapid transition across multiple conductance states. The probability of activation of
individual channels (Po) is high at the beginning and progressively decreases until the end of the
agonist application (Zhang et al., 2008) which explains the exponentially decaying nature of
ensemble responses (Figure 8 A).

31



A B C

gwtamate (10 mM) quisqualate (1 mM) giutamate (10 mM) quisqualate (1 mM)
A b Avkindthndhe e ety ¥ " aa 5
e A lanahade g 2 o e
,"' | | |
2pA ( '
40ms
L P VL ¢ po e
’ m‘ o r A !
. } '
2pA ) ‘
V | 10 ms j - ,,w e~ W‘n\m

Figure 8: microscopic events underlying ensemble responses

A. Example of macroscopic responses from GIuA2 receptors in outside-out patches, combining 100-150 applications
of 10 mM glutamate (red) and 1 mM quisqualate (black) (near-saturating concentrations), each application lasting 220
ms and recorded at a holding potential of -100 mV. B,C. Typical inward currents generated by single channels in
response to the same concentrations of glutamate (B) and quisqualate (C). We may notice in an initial “burst” of
microscopic activity at the onset of the agonist application in B and C, which corresponds to the peak amplitudes seen
in at the beginning of macroscopic responses in A. The amplitude of macroscopic currents then exponentially decays
as the rate of single opening events decreases over time (Zhang et al., 2008)

We can easily conceptualize how complex combinations of microscopic events determine the
time course of receptor activity and apparent properties of macroscopic responses. Some important
microscopic determinants include the rate at which individual channels are initially opening,
closing and potentially re-opening, as well as the number of channels undergoing these state
transitions and their individual conductance levels. For example, Daniels et al. (2013) proposed a
model where the decaying response of kainate receptors with a sustained agonist application is
partly explained by receptors leaving the main open state and fully desensitizing, while others
relax to a lower unitary conductance state. This implies that, at least in KARs, the macroscopic
peak current seen at the onset of the agonist application is mechanistically distinct from the steady-
state current seen with a sustained agonist exposure. While the peak response involves receptors
primarily accessing their high and main conductance state, the equilibrium response is mediated
by receptors entering a lower and longer-lived conductance level. Using single-channel analysis
and covalent cross-linking mutations at the LBD dimer interface, the authors also showed that not
only the stability of the LBD dimer interface modulates the rate of response decay, it also
influences the receptor’s ability to access and remain in these lower conductance levels. The
physical events specifically allowing a receptor to access one state or the other and how this
translates to other iGIuR subtypes are still unclear. This model could however explain, for

example, how equilibrium responses in kainate receptors can be modulated by concanavalin-A
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independently from peak responses (Bowie et al., 2003). Additionally, it highlights the concept
that macroscopic response decay should be treated as a complex combination of microscopic
events, including receptors exiting their main activated state and others re-opening to various

possible sub-conductance states.

2.5.5. Distinction between macroscopic deactivation and desensitization

AMPARSs typically take somewhere between 1 ms (GIuA2Q flop) and 5-10 ms (GIuA2Q
flip) to fully desensitize following an initial agonist application (Koike et al., 2000; Priel et al.,
2005; Robert et al., 2005). Since desensitization is favored by the prolonged interaction of an
agonist in the LBD cleft, the probability that a receptor moves from the main open state to a
desensitized state increases over time. Macroscopic decay obtained from a very fast agonist
application (e.g. 1 ms on GIuA2 flip) may therefore fail to accurately picture the behavior of
desensitizing channels, because the majority of receptors do not have time to do so by the end of
such a brief period. With brief “deactivating” pulses, macroscopic Kinetics better reflect channel
inactivation caused by agonist unbinding (deactivation), which can vary based on agonist affinity.
In physiological systems, uniquantal synaptic release of glutamate triggers post-synaptic iGIUR
activity that follows more closely recombinant responses to rapid deactivating pulses (1 ms) than
desensitizing pulses (250 ms) (Taschenberger et al., 1995). Despite the minimal desensitization
observable in such rapid pulses, we should not underestimate the impact of desensitization in
physiological systems. Many desensitization events are thought to occur after apparent agonist
removal, which is why it cannot be directly measured when taking each response individually
(Raman and Trussell, 1995). The accumulation of desensitized receptors becomes however
apparent with repeated pulses of agonists: when delivered at frequencies above 100 Hz, subsequent

responses display a progressively decreasing peak amplitude (Carbone and Plested, 2016)

2.5.6. Key kinetic parameters in AMPA receptors

AMPA receptors are characterized by fast gating Kinetics as they undergo state transitions
within a 10 ms time-scale (Baranovic et al., 2016), contrasting with the slow gating properties of
NMDA receptors, which can take beyond a millisecond to activate and thousands of milliseconds
to deactivate (Traynelis et al., 2010). Reference values for some of the key kinetic parameters used
to describe the behavior of AMPA receptors have been reported across the literature and are listed
in table 1.
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The “rise time” is the time required for the size of a signal to increase from one specified
value to another, which was chosen here as the 20-80% current change window during the
activation phase of GIuA2 ensemble responses. Rate constants (t) of exponential current decay
are reported as measures of deactivation and desensitization kinetics, and the ratio of mean steady-
state amplitude (SS, measured near the end of a long agonist application) to the size of the initial

peak current amplitude is used as an estimate of the amplitude of the macroscopic equilibrium

response.
EC50 Rise time 7—des. 7 - deact. t—recov. | SS/Peak ratio
(HM) (ms) (ms) (ms) (ms) 0
GluA2iQ 1390° 0.5° 5-10%2 0.3-0.8%* 12— 25145 1412
GluA20Q | 1140 - 13805° 0.3° 15 0.54° 31° 1

Table 1 Reported kinetic parameters of glutamate-mediated macroscopic responses in recombinant
GluA2 homomers. All values were obtained from macroscopic recordings of GluA2 homomers, (non-Q/R
edited; alternatively spliced into both flip (GIuA2iQ) and flop (GIuA20Q) isoforms recombinantly
expressed in heterologous systems (i.e. HEK 293 cells) and exposed to near-saturating concentrations of L-
glutamate. Short (1 ms) and prolonged (hundreds of ms) pulses of glutamate were used for measurement
of deactivation and desensitization kinetics, respectively (*Robert et al., 2005; ?Priel et al., 2005; 3Sun et
al., 2002; “Carbone & Plested, 2012; 5Koike et al., 2000; ®Pei et al., 2009).

As we can see in table 1, AMPA receptor activation occurs within a single millisecond.
Desensitization is also rapid and profound, yet remains a slower process than receptor deactivation,
consistent with the low apparent affinity of GluA2 LBD for full agonists. In fact, dose-response
curves measured from AMPA receptor peak responses show that saturation requires glutamate
concentrations above 100 mM, with an EC50 ranging between 1 and 1.5 mM (Koike et al., 2000;
Pei et al., 2009). We may notice that recovery from desensitization occurs within a longer time

scale than any other gating process.
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3. Overview of transmembrane auxiliary subunits of AMPARS

In the mammalian brain, AMPARS operate at synapses as part of large macromolecular
complexes comprising multiple protein constituents (Schwenk et al., 2009). The initial idea of an
association between native AMPARSs and accessory proteins progressively arose with the recurrent
observation of a mismatch between AMPA receptor-mediated responses measured in recombinant
systems (Mosbacher et al., 1994) and those described at synapses, the latter being generally
characterized as slower and more robust (Colquhoun et al., 1992; Manabe and Nicoll, 1994).The
failure to reconstitute properties of synaptic responses in heterologous systems was attributed to
the association of native AMPARSs with transmembrane auxiliary subunits, so-called based on their
ability to interact directly, stably and specifically with pore-forming subunits in vivo, while
modulating the functional properties and/or biogenesis of the channels (Jackson and Nicoll, 2011).
Efforts are currently made to understand how accessory proteins interact with iGIUR subunits to
achieve these functional interactions and ultimately impact synaptic transmission. For AMPARSs,
some of the main auxiliary subunits identified so far are listed in Figure 9; recent findings regarding
the specific role of transmembrane AMPAR regulatory proteins (TARPS), as well as the more
recently discovered family of protein cornichon homologs (CNIHs), will be addressed in the

present section.
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Figure 9: General topology of an AMPAR subunit and its auxiliary subunits.

Representation of the GIuA subunit (left) and important interacting auxiliary subunits, namely, TARP, CNIH2/3,
CKAMP44 and SynDIG1. Major structural differences between TARPs and CNIHs are shown: TARP is a tetra-
spanning protein with intracellular N- and C-terminal domains and two extracellular loops, while CNIH contains 3
transmembrane domains, an intracellular and extracellular N- and C- terminus, respectively, and only a single
extracellular loop. (Adapted from Jackson et al., 2011)

35



3.1. Transmembrane AMPA receptor regulatory proteins (TARPS)

3.1.1. Discovery and classification of TARPs

The first auxiliary subunit found to associate with a LGIC was discovered from a
spontaneous mutation underlying the pathological phenotypes of stargazer mutant mice, including
dyskinesia, ataxia, absence seizures and a characteristic head-tossing, or seemingly “star-gazing”
behavior (Letts et al., 1997; Noebels et al., 1990). Once isolated, the disrupted gene product was
named Y2 (stargazin) after its high sequence and topological homology to y1 (Letts et al., 1998), a
then-known subunit of voltage-gated calcium channels expressed in skeletal muscles (Jay et al.,
1990). The first striking evidence of an association between y2 and AMPARs was that despite
normal cerebellar GIuA mRNA levels, stargazer mice displayed a near-complete loss of AMPAR-
mediated responses at cerebellar mossy fiber-granule cell synapses, which could be restored by
transfection of full-length recombinant stargazin (Chen et al., 2000). The role of stargazin in
AMPAR biogenesis was subsequently clarified through a series of findings highlighting its ability
to promote receptor export from the endoplasmic reticulum (ER) (Tomita et al., 2003;
Vandenberghe et al., 2005) to selectively enhance cell surface trafficking of GIuA subunits (Chen
et al., 2003; Yamazaki et al., 2004) and to mediate anchoring of AMPAR at synapses through a
direct interaction with PDZ- domain-containing scaffolding proteins (Chen et al., 2000; Schnell et
al., 2002). Stargazin was found to be part of an extensive family of eight y subunits initially
classified based on their sequence homology, with y2, 3, 4 and 8 forming one main group, and y5
and y7, as well as y1 and y6 forming two additional sub-groups (Burgess et al., 1999; Burgess et
al., 2001). This original classification matched functional properties of gamma subunits uncovered
thereafter: subunits grouped with y2 can also restore AMPAR-mediated currents in stargazer
through their ability to enhance AMPAR trafficking, in addition to positively modulate functional
properties of the receptors (Ben-Yaacov et al., 2017; Chen et al., 2003; Tomita et al., 2003). On
the other hand, y5 and y7 have limited and variable modulatory roles on AMPAR biogenesis and
function, while y1 and y6 make no functional association with AMPARSs. The first (y2, 3, 4, 8) and
second (y5 and y7) groups were thus recognized as primary (type-I) and secondary (type-II)
transmembrane AMPAR regulatory proteins (TARPS), respectively (Jackson and Nicoll, 2011). It
should be noted that all eight y isoforms are also known auxiliary subunits of voltage-gated calcium

channels. This role is exclusive in the case of y1 and y6, both primarily expressed in skeletal

36



muscles, while AMPARs and calcium channels share the remaining subunits (y2-5 and y7-8) as

accessory proteins in neuronal tissues (Kang and Campbell, 2003).

3.1.2. TARP-mediated modulation of AMPA receptor function

TARPs were initially known for their role as chaperone proteins, aiding trafficking and
subcellular localization of AMPARs. Their co-expression with GIuA subunits in heterologous
systems was then found to induce alterations in properties of agonist-evoked AMPAR responses,
suggesting an additional role in the functional modulation of surface receptors (Priel et al., 2005;
Yamazaki et al., 2004). Type-1 TARPs positively regulate AMPAR-mediated responses to agonists
by slowing the time course of both macroscopic deactivation and desensitization, increasing the
amplitude of the equilibrium response, hasting recovery from desensitization and inducing a
leftward shift in the glutamate dose-response curve (Priel et al., 2005; Tomita et al., 2005; Turetsky
et al., 2005; Yamazaki et al., 2004). In terms of decay kinetic modulation, all four Type-1 TARP
subunits were found to increase the weighted time constant of deactivation and desensitization,
while increasing the relative amplitude of the slow component in both cases, making the decay
kinetics slower and clearly bi-exponential (Cho et al., 2007). Type-l TARPs also enhance
additional pharmacological properties of AMPARSs, including the relative efficacy of the partial
agonist kainite and the apparent affinity of the positive allosteric modulator cyclothiazide, in
addition to convert the competitive antagonists quinoxaline derivatives (i.e. CNQX and DNQX)
into weak partial agonists (Menuz et al., 2007; Tomita et al., 2005; Turetsky et al., 2005). An
interesting phenomenon called “re-sensitization” was also observed in AMPARSs associated with
v4, 7, and 8, where prolonged agonist applications caused receptor desensitization followed by a
progressive increase in the equilibrium current (Kato et al., 2010; Kato et al., 2008; Kato et al.,
2007). To explain this phenomenon, it was proposed that auxiliary subunits allow recovery from

desensitization to take place while the ligand-binding cleft remains occupied.

TARP-mediated positive regulation translates at the microscopic level. Importantly, type-
| TARPs were found to increase single-channel conductance, open probability and open burst
duration of individual channels (Tomita et al., 2005). The mechanism by which TARPs increase
AMPAR conductance appears to vary based on the auxiliary subunit isoforms involved. For
example, while y4 enhance the size of all conductance levels rather evenly (Shelley et al., 2012),

v2 seems to preferentially increase access frequency to higher sub-conductance states (Tomita et
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al., 2005). It has also been proposed that association with TARPs promotes a distinct gating
behavior in AMPARSs called modal gating, allowing receptors to switch between a high- and low-
opening probability gating mode on the timescale of seconds (Zhang et al., 2014). This would lead
to two distinct populations of receptors responding to extracellular agonist applications by
activating one gating mode or the other at any point in time, potentially explaining the bi-
exponential nature of deactivating and desensitization ensemble responses of AMPARSs when in

co-expressed with TARPs.

Another non-neglectable effect of type-1 TARPs on AMPAR function is their ability to
modulate the extent of channel block by polyamines. In addition to display an enhanced mean
conductance and calcium permeability, the pore of AMPARS lacking the edited form of GIuA2(R)
subunits is more readily accessible and obstructed by intracellular polyamines, a group of
endogenous molecules containing two or more positively charged primary amino groups.
Polyamine-block of CP-AMPARS becomes increasingly important as the cell membrane becomes
depolarized, resulting in inwardly rectifying current-voltage (I-V) relationships (Bowie and
Mayer, 1995; McBain and Dingledine, 1993). Not only auxiliary subunits like TARPs enhance
AMPAR single-channel conductance, they also partially relieve the voltage-dependent block of
CP-AMPARs by decreasing the apparent affinity of intracellular polyamines for the pore, in
addition to enhance the receptor sensitivity to extracellular block by philantotoxin analogs
(Jackson and Nicoll, 2011; Soto et al., 2007). A summary of relevant TARP-mediated effects on
AMPAR function and pharmacology is presented in Figure 10.
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Figure 10: Modulation of AMPAR functional properties by type-1 TARPs.

Some of the main modulatory effects of TARPs on AMPAR function are presented here by comparing the behavior
of AMPARSs without (black) and with (red) the presence of type-l TARPs (red). Type-l TARPs slow deactivation and
desensitization kinetics of the receptors and may induce re-sensitization with a prolonged agonist exposure. In terms
of pharmacological parameters, type-I TARPs enhance the apparent affinity of glutamate, increase kainite efficacy,
converts CNQX from an antagonist to a partial agonist and reduce the affinity of intracellular polyamines for the pore.
Their effects on single-channel properties include an increase in mean channel conductance and opening frequency.
(Adapted from Jackson et al., 2011)

3.1.3. Stoichiometry and interaction sites of AMPAR/TARP complexes

Biochemical analyses (Hastie et al., 2013; Kim et al., 2010) and recent cryo-EM studies
(Twomey et al., 2016; Zhao et al., 2016) suggest a variable stoichiometry of AMPAR/TARP
complexes, where 1 to 4 auxiliary subunits may associate with each individual AMPAR tetramer.
This highlights a possibility that the expression level of auxiliary subunits is critical for
determining their stoichiometry and the extent of their influence on AMPAR-mediated synaptic
transmission. All members of the TARP family share the same general topology (Figure 11C),
with 4 membrane-spanning helices (TM1-4), one intracellular CTD and one extracellular head
domain sitting above the TMD. The extracellular domain comprises polypeptide segments
extending from the transmembrane helices, including B-sheets (f1-5) and two large extracellular
loops (B4-TM2 and TM3-B5) (Twomey et al., 2016). Each TARP subunit sits beside the TMD of
an AMPAR and has its extracellular head domain located underneath the LBD of the receptor
(Figure 11B) (Nakagawa et al., 2005). Distinct interaction sites involving multiple domains of
AMPAR and TARP subunits are thought to account for both their physical and functional

association. To begin with, cryo-EM images revealed that transmembrane helices form major
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interaction interfaces, with the M1 and M4 segments of GIUA subunit interacting with TM3 and
TM4 of TARPs (Twomey et al., 2016; Zhao et al., 2016). Co-immunoprecipitation experiments
where segments of GIuA2 subunits were swapped for those of the TARP-insensitive GluK2
subunits also demonstrated that the integrity of M1 and M3 in AMPAR subunits is required for
their full physical association with TARPs. The same investigators suggested that a low homology
level between most of these interaction sites in AMPARs and corresponding residues in KARs

could account for the receptor subtype-specificity of TARP modulation (Ben-Yaacov et al., 2017).

So far, cryo-EM images did not resolve a direct interaction between the extracellular domain
of TARPs and AMPARs due to a limited electron density at the level of the extracellular loops
(Gregeretal., 2017), but the existence of such interaction and its role in receptor gating modulation
is heavily supported by functional and biochemical evidences. In fact, peptide array experiments
revealed discrete interaction sites between the head domain of y2 and both the NTD and LBD of
GIuA2 subunits (Cais et al., 2014). Among GIuA2 extracellular regions, the LBD would be the
primary mediator of TARP-dependent modulation of gating Kinetics, since this modulation is
retained in receptors lacking their NTD (Cais et al., 2014; Tomita et al., 2007). In TARPs, the first
extracellular loop of y2 (B4-TM2) was found to be required for modulation of receptor
desensitization (Tomita et al., 2005). Despite the limitations of the latest cryo-EM images, the
structure of Twomey et al. (2016) highlights the proximity of this extracellular loop to the lower
(D2) lobe of the LBD and to the S1-M1 (TMD-LBD) linker of GIuA2 subunits (Figure 11A).
Electrostatic interactions are likely to occur between patches of negatively and positively charged
residues on these same regions in y2 and GluA2, respectively. Since desensitization kinetics are
strongly influenced by the stability of the LBD dimer interface, we may hypothesize that the
extracellular loop of y2 interacts with the LBD in a way that alters this stability. Interestingly, a
general compression of the extracellular domain has been recently observed in activated AMPARS
(Twomey et al., 2016), which could reasonably enhance these functional AMPAR-TARP
interactions. According to MacLean et al. (2014), association with TARP itself would promote a
compressed conformation, which would in turn favor the closed conformation of the LBD binding
cleft regardless of the presence of agonists. This could promote access to higher conductance states
and delay the onset of deactivation and desensitization, possibly accounting for the slowing of
AMPAR Kkinetics by type-1 TARPs, the greater efficacy of full and partial agonists and larger
equilibrium responses. It should be mentioned that despite the possibility of 4 TARPs associating
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with the channel core, the relative position of their head domain suggests that they can only interact
with the two pore-proximal (B/D) subunits at the level of the LBD (Figure 11A). This implies that
the stoichiometry of AMPAR/TARP physical and functional interactions may differ between the
TMD and the extracellular domains (Twomey et al., 2016).

TMD

Figure 11: Cryo-electron microscopy images of GluA2 in complex with stargazin (y2).

A, B. Structure of a full-length GluA2 homomer (antagonist (ZK200775)-bound) where each of the two proximal
subunits (B/D) is associated with a STZ molecule. Each pore-forming and auxiliary subunit is illustrated with a
distinct colour. C. Rainbow-coloured homology model of STZ with the C-terminal domain (C-term),
transmembrane domains (TM1-4) and extracellular loops identified. D. Detailed view of the positively charged
residues in the S1-M1 linker and lower LBD lobe in GIuUA2 (red), likely interacting with negatively charged
residues of the p4-TM2 loop in STZ (purple). Charged residues are shown as sticks. (Twomey et al., 2016)

Among the proposed electrostatic interaction sites between the extracellular domains of
TARPs and AMPARs, functional experiments recently conducted in our lab demonstrated that a
positively charged “lysine-glycine-lysine” (KGK) motif located in the lower LBD lobe of all four
GIuA subunit isoforms plays a critical role in TARP modulation of AMPAR gating kinetics (Dawe
et al., 2016). Using the available cryo-EM image of the AMPAR/TARP complex (Nakagawa et
al., 2005), the KGK motif was identified based on its outwardly-facing orientation in the D2 lobe
of the two membrane-proximal subunits, making it an ideal site for interactions with negatively

charged residues in the B4-TM2 extracellular loop of TARPs (Figure 12A). Sequence alignment
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of AMPAR and KAR LBDs revealed that the TARP-insensitive GluK1-3 subunits contain a single,
negatively charged aspartic acid residue at the corresponding site (Figure 12B). Dawe et al. (2016)
found that GluA subunits made “KAR-like” by substitution of their KGK motif to a single aspartic
acid (called the “3D” mutants) were almost completely resistant to desensitization and deactivation
kinetic modulation by TARPs (Figure 12C-E). This effect was not mediated by the physical
disruption of AMPAR/TARP complexes, since 3D mutants retained their full sensitivity to TARP
modulation of kainate efficacy and voltage-dependent block by polyamines. Together, these
findings highlight the presence of a functionally important electrostatic interaction site between
the extracellular domain of TARP (y2) and the lower lobe of the AMPAR LBD. This interaction
would play a specific role in modulating the time-course of receptor activity, independently from

other functional interactions occurring along the receptor complex.
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Figure 12: The single “KGK (718-720) -to-D”, or “3D” mutation of the GluA2 LBD nearly abolishes
v2-dependent modulation of current decay kinetics.

A. Isolated LBD dimer (PDB: 1FTJ) with the KGK motif, extending out of the D2 lobe, highlighted in the
square. On the right is the same original motif in GIuA2 (grey) together with the corresponding D residue in
GluK2 (yellow). B. Sequence alignment of GluA1-4 subunits and TARP-insensitive GluK1-3, showing that
the KGK motif is conserved among all AMPAR subunits, and that GluK LBDs have a single D residue at the
corresponding site. The ‘3D’ mutation is shown, resulting from swapping of the corresponding motifs between
GIuA2 and GluK2 LBDs. C-E. Comparison of the effects of y2 on deactivation (C), desensitization (D) and
relative equilibrium (E) when fused to wild-type GIuA2 (blue) vs 3D mutants (black). (Dawe et al., 2016)
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The mechanisms underlying the ability of auxiliary subunits to relieve polyamine block
in CP-AMPARs and increase channel conductance are thought to be related to direct or indirect
changes in the ion permeation pathway. In terms of polyamine-block modulation, these changes
would lead to a reduction in the affinity of polyamines a pore-lining binding site (Soto et al., 2007),
which could either hinder the ability of polyamines to access the pore, or on the contrary, facilitate
polyamine permeation. The latter alternative has been supported in a recent study, showing that
the auxiliary proteins Netol and Neto2 alleviate intracellular polyamine block of KARs by
enhancing the outward flux of polyamines (Brown et al., 2016). Many lines of evidence point
towards a specific role of the C-tail of auxiliary proteins in the alleviation of polyamine block. In
fact, truncation of a membrane-proximal portion of the C-tail in y2 reduces its ability to modulate
AMPAR sensitivity to polyamines, without affecting gating kinetic modulation (Soto et al., 2014).
Similarly, positively charged residues in the C-tail of Netol and Neto2 were reported as key
players in the alleviation of polyamine block in GIuK2 homomers (Fisher and Mott, 2012). On the
other hand, it has been suggested that the TARP-mediated increase in channel conductance
involves a structural rearrangement of the pore near the Q/R site, and substituting a negatively
charged residue in this region reduces the ability of y2 to increase channel conductance without
affecting polyamine block modulation (Soto et al., 2014). As mentioned earlier, additional contact
points between the extracellular domains of AMPAR and stargazin are thought to induce a more
extensive closure of the LBD cleft, which could not only account for the effect of TARPs on
AMPAR inactivation kinetics, but could also translates into a greater efficacy of full and partial

agonists such as kainate (MacLean et al., 2014).

3.2. Protein Cornichon Homologs (CNIHSs)

3.2.1. A dual role as cargo proteins and AMPAR auxiliary subunits

The genetic locus cornichon (cni) was originally identified through a screen for mutations
causing phenotypic impairments in Drosophila oocytes (Ashburner et al., 1990). The gene product
was later identified as a cargo protein recruiting Gurken, a TGF-a growth factor, into COPII-coated
vesicles. This process was found to be required for export of the growth factor from the
endoplasmic reticulum and essential for adequate polarization of the oocyte during mid-oogenesis
in Drosophila (Bokel et al., 2006; Roth et al., 1995). In yeast and chick embryos, cni homologs
were identified, similarly serving as cargo proteins for the export of growth factors from the
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endoplasmic reticulum, with an additional role in nerve connectivity in the chick cranial sensory
ganglia (Hoshino et al., 2007; Powers and Barlowe, 1998). Four mammalian cni homologs
(CNIH1-4) were then identified and found to associate with immature proteins of the EGF-a and
TGF-a families in the endoplasmic reticulum, to regulate their transport, processing and secretion

(Castro et al., 2007).

Aside from their obvious role in the secretory pathway of growth factors, CNIH2 and
CNIH3 were soon identified as auxiliary proteins of AMPAR subunits by affinity purification of
anti-GluA1l and GIuA2 antibodies, as well as mass spectrometry analysis of their binding partners
complexes (Schwenk et al., 2009). In the same study, CNIH2 and CNIH3 were copurified with
virtually all subunits from whole rat brains. Using immunohistochemistry, a widespread
expression of both cni homologs was detected in multiple brain regions and various cell types,
including neurons and glial cells. Similar to TARPs, a strong body of evidence supports the role
of human/mammalian cni homologs in forward trafficking of AMPARSs. In both recombinant and
native systems, CNIH2 and CNIH3 were found to enhance surface expression of GIuA subunits
and to consistently increase AMPAR-mediated currents and EPSCs (Boudkkazi et al., 2014,
Harmel et al., 2012; Herring et al., 2013; Schwenk et al., 2009). CNIHs would do so by assisting
ER export of GIuA subunits in a process involving the modulation of GIuA glycosylation patterns.
This process would allow CNIHs to break from their ancestral ER-to-Golgi secretory cycle and
become surface transmembrane auxiliary subunits (Harmel et al., 2012)

Once in association with surface receptors, CNIHs have evolved the ability to modulate
channel function similarly to other reported auxiliary subunits. In recombinant systems, results
from whole-cell and outside-out recording experiments showed that CNIH2 and CNHI3 both slow
the time course of macroscopic deactivation and desensitization, and increase the steady-state
response of AMPARs composed of various subunits. The slowing effect of CNIH2/3 on AMPAR
deactivation and desensitization kinetics appears to be even larger than that of TARPs (Coombs et
al., 2012; Schwenk et al., 2009; Shanks et al., 2014; Shi et al., 2010). These modulatory properties
translate in native systems: overexpression of CNIH3 in oligodendrocyte precursor cells, where
they CNIHs are abundantly expressed along with CP-AMPARS, slow desensitization and increase
the weighted mean single-cannel conductance of AMPAR-mediated currents (Coombs et al.,
2012). Furthermore, Boudkkazi et al., (2014) found a significant contribution of CNIH2 to the
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slow decaying properties of AMPAR EPSCs of hilar neurons in the rat dentate gyrus. At the
microscopic level, non-stationary noise analysis and single-channel experiments revealed that both
CNIH2 and CNIH3 increase the unitary conductance and mean opening time of CP-AMPARs,
with little effect on CI-AMPARs. Like TARPs, CNIHs do not appear to modulate the opening
probability of individual channels. CNIH2 and CNIH3 were shown to reduce inward rectification
of CP-AMPARs by decreasing the affinity of polyamines for the pore and alleviating channel
block to a more-or-less similar extent as TARPs, in addition to increase the relative calcium
permeability. Unlike TARPs however, the effect of CNIHs on kainate efficacy and on the action
of CNQX is negligible (Coombs et al., 2012; Shi et al., 2010). This suggests that, despite sharing
phenotypically similar effects on AMPAR Kinetics and inward rectification, TARPs and CNIHs
could differ in the nature of their interaction with GIuA subunits and/or in the structural

mechanisms underlying their ability to modulate channel function.

3.2.2. Interaction sites between AMPARs and CNIHs

CNIH1-4 all share the same general architecture. Their basic topology comprises an
intracellular amino-terminal domain, 3 transmembrane domains, one extra- and one intracellular
loop and an extracellular C-terminal domain (Roth et al., 1995). A major barrier in the elucidation
of AMPAR-CNIH interaction sites is the lack of a high-resolution structure of the protein complex.
Nevertheless, cryo-EM data reveals that both TARPs and CNIHSs share a similar position relatively
to AMPARs, with auxiliary subunits localizing just underneath the LBD and contributing to the
transmembrane density (Nakagawa et al., 2005; Shanks et al., 2014). Because of their
phenotypically similar modulatory effects on AMPAR inactivation kinetics, TARPs and CNIHs
could be thought to have a common ability to interfere with the stability of the LBD dimer
interface, and/or with the coupling between LBD cleft closure and channel gating (Dawe et al.,
2016; MacLean et al., 2014; Sun et al., 2002). In the case of TARPs, the integrity of the KGK site
on the lower LBD lobe is necessary for the kinetic modulation of AMPARS, but it is unknown
whether CNIHs share a similar interaction site (Dawe et al., 2016). As mentioned earlier, subtle
differences in the functional interaction of CNIHS vs TARPs with AMPARS, such as contrasting
effects on kainate, CNQX and polyamine pharmacology, suggest that their interaction sites on
GIuA subunits may differ. Functional experiments also demonstrated that CNIH2/3 can modulate
the kinetics of GIuA1 homomers already saturated with four TARP subunits, highlighting the
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likelihood of distinct bindings sites (Shi et al., 2010). An additional evidence is that while TARPs
most likely interact with positively charged residues on AMPAR LBDs, the opposite may be true
for CNIHs. In fact, all CNIH1-4 subunits can co-assemble with GIuA subunits in vitro (Shanks et
al., 2014), but only CNIH2 and CNIH3 significantly slow AMPAR inactivation kinetics (Coombs
et al., 2012; Kato et al., 2010; Schwenk et al., 2009; Shi et al., 2010). Interestingly, it was also
noticed that recombinant co-expression of GluA2 with y2 and CNIH3, but not CNIH1, induces a
cytotoxicity preventable by addition of the antagonist NBQX in the cell medium. This cytotoxicity
would result from an increase in surface expression and charge transfer of individual receptors in
response to glutamate present in the extracellular environment (Shanks et al., 2014). The common
feature of CNIH2 and CNIH3 is a unique sequence in their extracellular loop, which is absent in
CNIH1 and CNIH4 and carries a large relative number of positively charged residues (Figure 8).
Results from peptide array experiments demonstrate that the GIuA LBD mainly interacts with the
extracellular loop of CNIH3, primarily at the level of this unique, positively charged sequence
(Shanks et al., 2014). The same investigators found that deletions in the last half of the CNIH2/3-
specific region result in a significant reduction in both the physical and modulatory interaction of
CNIHs with AMPARs. When a 3-residue-long, positively charged region of this segment is
mutated to neutral alanine residues (LRN64AAA mutation), CNIH2 and CNIH3 fully retain their
ability to physically interact with the receptor complex, but lose their modulatory potential on
AMPAR kinetics. These results indicate that a positively charged region in the extracellular loop
of CNIH2 and CNIH3 could account for the proteins’ ability to influence gating properties of the
receptor complex, by physically interacting with the LBD of GIuA subunits. This functional
interaction would be structurally distinct from other interactions allowing the physical co-assembly
of CNIHs with AMPARSs. In fact, two transmembrane-proximal segments conserved among all
CNIH1-4 subunits were found to be necessary for the physical interaction with GIuA subunits.
While those results provide relevant information about functionally important segments of the

CNIH protein, distinct interaction sites on the receptor complex remains to be elucidated.
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Figure 13:

Left. Cartoon representation of the topological architecture of an AMPAR and CNIH3 subunits together in the lipid
bilayer. Right. Sequence alignment of the extracellular loop (between TM1 and TM2) of CNIH1-4, with the
CNIH2/3-specific segment highlighted. Notice the elevated relative number of positively charged residues (arginine
and lysine) in this region. (Adapted from Shanks et al., 2014)

3.3. Physiological relevance of type-1 TARPs and CNIH2/3 interactions with AMPARS

Widespread expression patterns of CNIH2/3 and type-1 TARPs have been described across
various brain regions and cell types, highlighting their ubiquitous nature. Type-l TARPS
expression seems to be isoform-specific, with a preferential occurrence of y2 in the cerebellum, y3
in the cerebral cortex and y8 in the hippocampus (Tomita et al., 2005). Overall, the relative
abundance of CNIHs in association with AMPARs in the mammalian brain seems lower than that
of TARPs (Schwenk et al., 2009). Using immunoprecipitation of whole-brain extracts in rats,
Schwenk et al. (2009) showed that CNIH2/3 expression occurs particularly in the frontal lobe,
amygdala, hippocampus and cerebellum. No CNIH2/3 expression was detected in cerebellar
granule cells, where y2 modulation of AMPAR-mediated EPSCs seem to dominate. In fact, the
same authors reported that practically all AMPARs associate with either TARP or CNIH in a

mutually exclusive manner.

As previously mentioned, the discovery of y2-depedent AMPAR currents in mossy fibers
and cerebellar granule neurons through stargazer mice was the first evidence of a phenotypically
important role of TARPs in AMPAR surface trafficking and synaptic anchoring (Chenetal., 2000;
Chenetal., 2003; Letts et al., 1998), and these findings have since then continued to be supported
across the literature (Tomita et al., 2005; Yamazaki et al., 2004). A role in forward trafficking of
GIuA subunits was later extended to CNIH2 and CNIH3 (Boudkkazi et al., 2014; Harmel et al.,
2012; Herring et al., 2013; Schwenk et al., 2009). Notably, in CA3-CA1 synapses, Herring et al.
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(2013) showed that CNIH2 and CNIH3 both play arole in GluA1 trafficking, contributing to EPSC

amplitudes and LTP mechanisms.

Because of the important contribution of AMPARs in fast EPSCs in the brain, we can
imagine how slowing AMPAR kinetics could alter the timescale of EPSCs themselves and enhance
cell excitability through temporal summation of synaptic events. In fact, A role of CNIH2 in
slowing EPSC decays in mossy cells and pyramidal neurons of the hippocampus has been reported,
thereby strengthening both excitatory and inhibitory synaptic outputs to granule cells and
interneurons, respectively (Boudkkazi et al., 2014; Herring et al., 2013). Additionally, native
CNIH2-3 co-localized with a significant population of CP-AMPARS were found in rat optic nerve
oligodendrocyte precursor cells (OPCs), and overexpressing CNIH2 and CNIH3 in these glial cells
lead to slower and pharmacologically altered AMPAR currents (Coombs et al., 2012).
Interestingly, AMPAR activity in murine OPCs elicited by active glutamatergic synapses has been
recently found to enhance oligodendrocyte survival, both in the developing and adult brain
(Kougioumtzidou et al., 2017), and to alter proliferation and differentiation of OPCs into mature
oligodendrocytes (Chen et al., 2018). Together, these findings suggest that by interacting with
AMPARSs, CNIHs could regulate hippocampal-dependant behaviours and affect the development

and integrity of important neural circuits, such as visual pathways.

Finally, we could advance that alterations in the permeation pathway of individual ion
channels through their association with auxiliary subunits, including enhancement of unitary
conductance and calcium permeability, as well as alleviation of voltage-dependant block by
polyamines, could potentiate the overall charge transfer across cell membranes in response to
synaptic release of glutamate and further contribute to cell excitability. A larger calcium
permeation may also imply a greater risk of calcium-mediated cytotoxicity in the CNS, as noticed
in vitro by Shanks et al. (2014).
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Thesis aims

AMPARSs reliably and stably associate with auxiliary subunits in native systems, and little
is known about the molecular and structural mechanisms underlying these interactions. The
general purpose of my thesis was to investigate the nature of AMPAR functional interactions with
auxiliary subunits of the type-1 TARP and CNIH families.

More specifically, the first objective was to obtain a comprehensive set of results describing
the modulatory effects of TARPs and CNIHs on wild-type AMPAR Kkinetic parameters and
pharmacological properties, including receptor desensitization and deactivation Kinetics, kainate
efficacy and polyamine-dependent inward rectification. The resulting dataset would then be used
as a baseline for structure-function experiments assessing putative interaction sites in the GluA2
LBD that could play a specific role in modulation of AMPAR decay kinetics. Notably, | set out to
investigate whether the KGK (718-720) motif on the lower (D2) lobe of GIuA subunits, previously
identified by Brent et al. (2016) as a critical site for TARP-dependent modulation of inactivation
kinetics, shared a similar role in CNIHs. Finally, since CNIH isoforms known to modulate
AMPAR Kkinetics share a positively charged sequence in their extracellular loop (Shanks et al.,
2014), the possibility of a functionally relevant electrostatic interaction with negatively charged
residues near the KGK site was also explored.

To ensure that protein expression and behavior occurred in a relatively controlled
environment, AMPARSs and their auxiliary subunits were studied in isolation using HEK293T cells
as a mammalian recombinant system. Given their known ability to modulate AMPAR Kinetics,
their robust expression levels in HEK cells and in the interest of consistency with previous
literature, the auxiliary subunits CNIH3 and the prototypical type-I TARP y2 were chosen for my
experiments. For pore-forming subunits, | chose GIuA2 based on its ubiquitous expression in the
mammalian brain and the availability of high-resolution crystal structures, which facilitates
structure-function analyses (Greger et al., 2002; Sobolevsky et al., 2009; Wenthold et al., 1996).

The same general approach has been used for all experiments, starting with the recombinant
expression of pore-forming and auxiliary subunits in HEK cells, either in their native or mutated
form following site-directed mutagenesis. The outside-out patch-clamp technique was then used
to record ensemble electrophysiological responses evoked by surface receptors transiently exposed

to extracellular agonist solutions. External solutions were applied using a fast perfusion system,
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providing a clean solution exchange and precisely timed agonist applications, in attempt to mimic

the millisecond time-scale of AMPAR activity in native systems.
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PART II:
METHODOLOGY
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1. Plasmid generation and site-directed mutagenesis

All proteins were generated from cDNA constructs in mammalian expression plasmids,
including pRK5, pRK7 and pCMV-SPORT®, each containing an open reading frame (ORF) for
the corresponding gene of interest. For our experiments, we used wild-type expression plasmids
containing cDNA for GIuA2 subunits (rat GRIA2 gene), as well as CNIH3 (human CNIH3 gene)
and y2 (mouse CACNG?2 gene) auxiliary subunits. GluA2 cDNA contained exons encoding the
flip (GIuA2i) receptor isoform and carried the glutamine (unedited) and glycine (edited) codons at
the Q/R and R/G sites, respectively. Enhanced Green Fluorescent Protein (eGFP) was also

generated for co-expression with auxiliary and pore-forming subunits.

Site-directed mutagenesis (SDM) was used to introduce targeted changes in DNA sequences,
generating the various mutant subunits used in our experiments to study structure-function
relationships. Whole plasmid SDM was selected over other mutagenesis techniques for its simple
procedure and high efficiency. The general approach is based on the Quikchange protocol
originally described in 1996 (Braman et al., 1996). Briefly, the whole plasmid SDM technique
involves the synthesis of a pair of forward and reverse oligonucleotide primers carrying a desired
codon change, with DNA stretches complementary to the template DNA flanking either side of
the mutation. Both mutagenic primers are allowed to hybridize with a methylated template plasmid
and are extended along the entire length of the template by DNA polymerase until the 5 end of
the initial primer is reached. Pyrococcus furiosus (Pfu) Ultra DNA polymerase (Stratagene) was
used due to its lack of strand-displacing activity, as required by SDM techniques, and its low error
introduction rate (Cline et al., 1996). After primer extension, newly synthesized plasmids have
incorporated the mutated primers and contain a nick: a strand break resulting from the inability of
DNA polymerase to create a phosphodiesterbond between the 3° end of the new DNA stretch and
the 5” end of the primer. The resulting DNA mixture is subjected to a restriction digest reaction
using the Dpnl restriction endonuclease (New England Biolabs) which can only cleave DNA at
Dam methylated recognition sites. This allows the selective degradation of methylated parental
templates while preserving the new, unmethylated mutagenic plasmids. Finally, the isolated
plasmids are transformed in host DH5a Competent E. coli. The bacteria replicate the cDNA while
using their own DNA repair machinery to remove the nicks, leading to double-stranded,
methylated and circular plasmids.
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The Single-Primer Reactions IN Parallel (SPRINP) technique (Edelheit et al., 2009) was used
as a whole-plasmid SDM protocol variant to generate the point mutations and deletions used in
our experiments. The main advantage of SPRINP is that it is initiated by the extension of the
forward and reverse mutagenic primers in two parallel, isolated reactions. This prevents the
possibility of complementary primers annealing to each other rather than the template DNA itself,
thereby increasing the success rate of each mutagenesis reaction (Edelheit et al., 2009). After
multiple rounds of individual primer extension, the two DNA mixtures are combined and
denatured, leading to a combination of single-stranded, circular parental templates and linear
mutagenic plasmids. The products are re-hybridized as double-stranded DNA in an annealing
phase, the parental DNA is selectively digested by Dpnl and the remaining mutagenic plasmids
are transformed in E. coli. The QIAprep Spin Miniprep kit (Qiagen) was used to isolate the
plasmids from E. coli colonies. To confirm that the isolated clones successfully incorporated the
desired mutations, a restriction digest was done, with cleavage at unique, silent restriction sites
included in the mutagenic primer sequences. The digestion products were analyzed by agarose gel
electrophoresis, and the isolated plasmids were subjected to automated sequencing (McGill
University and Genome Quebec Innovation Center, Montreal) for additional validation. Bacterial
cultures transformed with either mutated or wild-type cDNA clones were inoculated using the

QIAfilter maxiprep kit (Qiagen), to generate large amounts of the cDNA of interest.

While all mutated receptors carrying point mutations and short deletions were generated
using the two-step, whole plasmid mutagenesis procedure described above, fusion proteins such
as GluA2/y2 were produced by large-insert SDM (Geiser et al., 2001) in the context of experiments
previously performed in our lab (Dawe et al., 2016). The use of AMPA receptor subunits fused in
tandem with auxiliary proteins confers an optimal control over the stoichiometry of auxiliary
subunits decorating each receptor tetramer. Both AMPAR/y2 and AMPAR/CNIH3 fusion proteins
were generated for this reason, but electrophysiological recordings revealed detectable membrane
currents only in cells transfected with y2 fusions, suggesting a potential failure of AMPAR/CNIH3
surface expression. That being said, only AMPAR/y2 fusion proteins could be used in our

experiments.
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2. Cell culture and transfection

Human embryonic kidney cells (HEK293T/17) (ATCC, Manassas, VA, USA) expressing
the SV40 large T-antigen were used for all electrophysiological experiments. The cells were
maintained at 37°C and 5% CO in Minimal Essential Medium (MEM) (Sigma-Aldrich, MO,
USA). MEM was enriched with 1.9 mM GlutaMAX®, providing the L-alanine-L-glutamine
dipeptide as a stable substitute for L-glutamine, and supplemented with 10 % Fetal Bovine Serum
(Invitrogen, Carlsbad, CA, USA). Passages were done biweekly (every 3-4 days) to maintain a
maximal confluency of 70-80%. In the process, the cells were washed with phosphate-buffered
saline (Sigma Aldrich, St-Louis, MO, USA) and exposed to trypsin-EDTA (0.25%) (Gibco) to
relieve their membrane adhesion from the flask. The reaction was quenched by the addition of
culture medium after 2 min of incubation with trypsin, after which the cells were sedimented (1100
RPM for 2 min), re-suspended in fresh medium and plated at a low density (1.5 - 2.0 x 10* cells
ml?) in 35 mm plastic dishes (Fischer Scientific). All dishes were pre-coated with 100 pg ml?
poly-D-lysine (PDL) at least 1 hour prior to plating. PDL acts as a nonspecific attachment factor,

thereby enhancing cells surface adhesion to the plastic dishes.

HEK cells were subjected to a transient calcium phosphate transfection 20 to 28 hours after
plating. In short, the technique involves the combination of a BES-buffered saline solution
containing phosphate ions, with a calcium chloride solution containing the cDNA constructs to be
transfected. The solutions are mixed for 1-2 min, allowing the plasmids to be incorporated into
positively charged precipitates that can interact with negatively charged moieties at cell surfaces.
The solution mixture is added dropwise to plated cell monolayers, which are then incubated for 8-
16 hours at 37°C in 5% CO. The remaining precipitates are then washed away from the medium
with a phosphate-buffered saline (PBS) containing divalent cations (Ca?* and Mg?*) and the
transfected cells are placed back into incubation conditions before experimental use. The pH of
the BES solution and the time of incubation with the CaCl, solution are two critical determinants
of precipitate quality and of the probability of a successful transfection. To identify the optimal
transfection conditions, a “mock” transfection was done beforehand in dishes solely containing
culture medium, where precipitates generated at various pH conditions (6.9 — 7.05) and incubation
times (1-2 min) were compared. For our experiments, cDNA encoding either wild-type or mutant
GIluA2i(Q) subunits were co-expressed with enhanced green fluorescent protein (eGFP) to

facilitate the identification of successfully transfected cells during electrophysiological
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experiments. When receptor subunits were additionally co-transfected with auxiliary subunits
(CNIH3 or y2), a cDNA molar ratio of 2:1 was used for GluA2:CNIH3 and GluA2:y2. Since both
TARPs and CNIH proteins enhance cell surface expression of AMPARSs and increase charge
transfer across individual channels (Schwenk et al., 2009; Shanks et al., 2014; Tomita et al., 2005),
their co-expression with AMPARs could induce activity-dependent cytotoxicity, likely due to a
larger baseline activity level in response to the glutamic acid present in culture medium. This can
lead to the selective survival of cells expressing a lower relative amount of auxiliary proteins and
bias experimental results. To minimize excitotoxicity, HEK cells co-transfected with AMPARS
and auxiliary proteins were incubated with 30 puM of the quinoxaline derivative 6,7-
dinitroquinoxaline-2,3-dione (DNQX) or 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX), both
acting as effective AMPAR antagonists.

3. Electrophysiology

3.1. electrophysiological solutions

Electrophysiological experiments required the preparation of a set of solutions that all
attempt to reproduce the physiological environment of mammalian cells, while creating optimal
experimental conditions. A bathing solution, in which cells were immersed for approximately 1
hour during each experiment, was prepared from a concentrated (20X) stock solution containing
150 mM NaCl, 3 mM KClI and 10 mM HEPES as a buffering agent. The 20X stock solution was
stored at 4 °C and diluted on the day of each experiment to achieve final concentrations of 7.5 mM
NaCl, 0.5 mM HEPES and 0.15 mM KCI. 1 mM of MgCl> and CaCl, were also added to the diluted
solution. For macroscopic recordings, excised patches of cell membrane were exposed to external
solutions flowing through a perfusion system. The control (agonist-lacking) external solution
contained 150 mM NaCl, 5 mM HEPES, 0.1 mM MgCl, and 0.1 mM CacCl, and was stored at
room temperature in the dark to prevent HEPES phototoxicity (Lepe-Zuniga et al., 1987).
Inclusion of divalent cations (Mg?* and Ca?*) in the external solution helps the formation of a
stable seal between membrane phospholipids and the tip of glass electrodes (Coronado, 1985). It
should be mentioned that previous work conducted in our lab demonstrated that increasing
concentrations of external divalent ions cause a decrease in current amplitudes and increase the
rate of current decay in kainate receptors. However, these effects are minimal at divalent ion

concentrations of 0.1 mM compared to higher concentrations(Wong et al., 2007). Concentrated
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stocks of kainate (KA) and L-glutamate (L-Glu) solutions were made by dissolving 100 mM L-
glutamic acid monosodium salt hydrate and 10 mM kainate in external solution. The two agonist-
containing solutions were stored in 1 ml aliquots at -20°C, then thawed as needed and diluted to
10 mM L-Glu and 1 mM KA on the day of each experiment. The latter concentrations were used
in a consistent manner across all experimental conditions. The choice of a 10 mM concentration
for L-Glu was mainly based on a desire of consistency with previous work published in the field.
This concentration was also shown to induce near-maximal responses in GIuA2i(Q) AMPARs
(Traynelis et al., 2010). Similarly, responses generated by the partial agonist kainate (KA) plateau
with 1 mM KA (Holm et al., 2005). Note however that the glutamate concentration released
through individual synaptic events tends to be highly variable, as previously shown in postsynaptic
AMPARSs of hippocampal cells (Liu et al., 1999).

Glass micropipettes used during patch-clamping experiments were filled with an internal
solution, physically continuous with the cytosolic environment in whole-cell configuration. The
internal solution was made of 115 mM NaCl, 10 mM NaF, 1 mM MgCl», 0.5 mM CaCl,, 10 mM
Na,ATP and 5 mM NasBAPTA (Invitrogen, Burlington, ON, Canada). It is worth mentioning that
BAPTA acts as a calcium-specific chelator, buffering any sudden increase in intracellular calcium
levels that could potentially arise during electrophysiological experiments. Furthermore, the
addition of Na,ATP allows chelation of endogenous intracellular polyamines, which could
otherwise block AMPAR-mediated membrane currents at depolarized membrane potentials (> -
50mV) (Bowie and Mayer, 1995; Watanabe et al., 1991). For polyamine-permeation experiments,
30 UM spermine was added (from a concentrated stock solution) to an ATP-lacking internal
solution. This concentration is within the range of free intracellular spermine concentrations
typically found in mammalian cells (Bowie and Mayer, 1995). Both ATP-lacking and ATP-
containing internal solutions were stored in 1 ml aliquots at -20 °C and thawed on ice on the day
of each experiment. The pH of all electrophysiological solutions was adjusted to 7.3-7.4 with
NaOH and HCI, and 2 % phenol red (1 ml phenol red/500 ml solution) was added to the external
and bathing solutions in order to roughly monitor pH changes over time. The osmolality of the
internal and external solutions was raised with inert sucrose, at matching values ranging between
290 and 300 mOsm.
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3.2. Macroscopic electrophysiological recordings

The outside-out patch-clamping technique was used to obtain AMPAR-mediated
macroscopic responses. The technique involves the excision of outside-patches from cell
membranes, allowing the extracellular face of membrane-spanning proteins to be freely exposed
in the bathing environment. This technique is convenient to obtain current responses from
receptors having an extracellular activation domain and to study receptor behaviors when exposed
to various external conditions and pharmacological ligands. In the voltage-clamp configuration, a
feedback system detects variations in membrane potentials caused by the transient activation of
ion channels in the patch, using the set holding potential as a reference. The appropriate amount
of current required to “clamp” the membrane potential at the desired holding command is then
injected (Molleman, 2003). Finally, the size of the injected current is amplified and digitized for

computational analysis.

The procedure requires the use of an inverted microscope, in which the light source and
objectives are located above and bellow the cell preparation, respectively, providing enough space
for the manipulation of a micropipette in between. The microscope itself stands on an antivibration
table and is surrounded by a Faraday cage to shield undesirable electromagnetic fields away from
the preparation. The cells stand in a perfusion bath system, where a bathing solution is slowly and
continuously delivered by gravity while being drained from the surface by a vacuum system. This
allows fresh medium to be continuously replenished and prevents the buildup of exogenous
material delivered in the bath during experiments. External solutions are held above the
preparation and allowed to flow in the bath through a hand-made flow pipe. For our experiments,
the flow pipe was made from a borosilicate theta glass rod, allowing the simultaneous delivery of
a control (drug-free) and agonist-containing external solution from two separate exits naturally
generated by the septum of the glass. This perfusion system was directly connected to a piezo-
electric stack, which can trigger ultra-rapid (millisecond time-scale) lateral motions translated in

the flow pipe.

The patch excision technique requires the use of a glass micropipette filled with internal
solution and connected to a mouthpiece, allowing the controlled application of negative or positive
pressure at the opening of the micropipette. Using a fine manipulator, the pipette is first positioned
just above a selected cell. A high-resistance (G€2-scale) is then generated between the micropipette
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and the cell membrane (cell-attached configuration), and further negative pressure allows
perforation of the membrane (whole-cell configuration), at which point the internal solution
becomes continuous with the cytoplasm. As schematized in Figure 14 (left) the micropipette is
finally pulled upward to dissociate a piece of membrane, which folds back onto itself to create a
continuous patch of phospholipids interacting with the glass of the micropipette tip. In typical
experimental settings, the excised patch is placed in the flow of the control solution, and is then
transiently exposed to an agonist-containing solution in a precisely timed manner by activation of
the piezo-electric stack.

Two electrodes are required for an amplifier to monitor resulting changes in membrane
potentials. A silver-chloride wire placed within the solution-filled micropipette itself serves as the
electrode facing the cytosolic side of the membrane (the term “microelectrode” is sometimes
employed when referring to the combination of the micropipette and the conductive wire). On the
other hand, a ground electrode is submerged in bathing solution and maintained separate from the
main cell bath. Both electrodes form solid-liquid junction potentials, and are connected to each
other via a salt bridge to form a closed electrical circuit. A representation of the resulting circuit
formed by the microelectrode, the patch, the ground electrode and the probe (amplifier) is
illustrated in Figure 14 (right). The resistance generated by the membrane (Rpatch) is the resistance
imposed on ion fluxes; this resistance decreases with the activation of transmembrane ion
channels. Rpatch is held series with the resistance generated by the opening of the glass micropipette
(Rpipette), which depends on the size and shape of the tip. Both resistances are in parallel with a leak
resistance (Rieak), reflecting the quality of the seal between the patch and the pipette, and being
ideally maximized (megaohm (MQ)-scale resistance) during patch excision to avoid current
leakages in the bath. In an outside-out patch configuration, Rpatch is significantly greater than
Rpipette- Since both electrodes face either side of the patch, the potential difference detected by the
probe essentially corresponds to the voltage drop generated by Rpawch - that is, the membrane
potential (Vm). The latter is monitored by the differential amplifier, which calculates its distance
from the desired holding potential (Vhoid), as previously mentioned (Molleman, 2003).
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Figure 14: The outside-out patch clamp configuration

Left. Schematic representation of the excision of an outside-out path from a whole-cell configuration. Right.
Equivalent circuit created by an outside-out patch attached to a microelectrode, where Rpatcn is the resistance of the
patch membrane, Rieax is the resistance of the seal between the patch and the pipette, Rpipette iS the resistance determined
by the shape and size of the opening of the pipette, and Cpipette IS the capacitance generated by the non-conductive glass
walls of the pipette. The microelectrode is bathed in internal solution (light blue) and faces the cytosolic side of the
patch, whereas the bath (ground) electrode is submerged in bathing solution and faces the extracellular side of the
patch. Both figures were adapted from Areles Molleman (2003).

For our experiments, electrophysiological recordings were done on outside-out patches
excised from HEK cells transfected 24-48 hours earlier with GluA2 subunits (wild-type or
mutated), with or without auxiliary subunits, as well as eGFP to help the identification of
successfully transfected cells (Figure 15, left). The chosen time of experiment highly depended on
the nature of the transfection. For example, AMPARs co-expressed with auxiliary proteins
typically had an enhanced surface expression and would be used for experiments closer to 24 hours
post-transfection, to avoid excessively large current responses and minimize cell toxicity. Patches
were excised using thick-walled borosilicate glass micropipettes (King Precision Glass, Inc), made
by pulling of the theta glass rods with a micropipette puller. The resulting pipettes were then fire-
polished to generate high resistance tips (3-6 MQ), as required for patch excision, and were coated
with dental wax to reduce electrical noise and soften the sharp edges that could otherwise damage
cell membranes. As previously mentioned, control and agonist (10 mM L-Glu or 1 mM KA)-

containing external solutions were delivered over excised patches through a flow pipe. The pulse
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motions of the flow pipe was controlled by a piezo-electric stack (Physik Instrumente, Auburn,
MA, USA) (Figure 15, right).

100um

Figure 15
Outside-out patches were excised for macroscopic electrophysiological recordings from HEK 293T

cells co-expressing iGIuR subunits (wt or mutated GluA2, w/ or w/o auxiliary subunits, and eGPP (left).
A flow pipe was used to deliver rapid (1 or 250 ms) agonist pulses over excised patches (right).

Pulse durations of either 1 or 250 ms were selected to study receptor deactivation and
desensitization, respectively. Both the holding potential and inter-pulse intervals varied based on
the type of experiment conducted. The protocol used to study basic kinetic properties of agonist-
evoked responses (Figure 16A and B) involved a holding potential of -100 mV, to minimize the
impact of polyamine block on channel kinetics. An interpulse-interval of 3 ms was used, allowing
enough time for full receptor recovery from desensitization. For polyamine-permeation
experiments, a voltage-step protocol was used (Figure 16C), where the same interpulse-interval
was maintained but patches were held at a range of holding potentials (-100 to +100 mV) to
measure current-voltage and conductance-voltage relationships. When studying recovery from
desensitization (Figure 16D), a holding potential of -100 mV was maintained while the time
interval within a pair of successive pulses was progressively increased from 5 to 750 ms. The time
interval separating each paired-pulse remained 3 ms. At the end of each experiment, the quality of
the exchange between the control and agonist-containing external solution was assessed by
measuring the liquid junction potential (10-90% rise time = 250-350 ps) generated by the ionic
concentration difference between the two solutions. All electrical signals were transferred to an
Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA), filtered at 10 kHz and
digitized at 25 kHz. A series resistance compensation of 95% was applied for all recordings, to
compensate for voltage drops across sources of resistance in series with the membrane capacitance
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(e.0. Rpipette). Data was acquired via the pClamp10 software (Molecular Devices, Sunnyvale, CA,
USA) and tabulated in Excel (Microsoft Corp.). Patch-clamp recordings with an overly slow rise
time (e.g. > 1 ms) or an excessively small peak current amplitude relatively to the baseline noise
were excluded from the dataset selected for analysis. For example, patches with peak responses
bellow ~500 pA at a holding potential of -100 mV could rarely generate useable recovery and
voltage-step recordings due to inadequate signal-to-noise ratios. For 1 ms pulses, the quality of the
junction potential was a critical inclusion criterion: the solution exchange in-and-out of the agonist-
containing solution could not occur within a timeframe greater than 1 ms. Such quality standard
was rather difficult to achieve, explaining the smaller sample sizes for 1 ms recordings. The signal-
to-noise ratio and the quality of junction potentials are related to experimental conditions such as
cell membrane integrity, protein expression levels and patch-to-pipette seal quality. These criteria
are independent of the kinetic parameters analyzed for my experiments and are thus not expected

to bias the results.

A - Desensitization B - Deactivation C - Voltage-steps

10 mM L-Glu
= 10 MM L-GIU v +100 mV

100 ms 10 ms

25 ms

-100 mvV

D - Recovery from desensitization

Figure 16: Example traces illustrating four electrophysiological protocols
All macroscopic recordings (A-D) were obtained from outside-out patches containing wild-type
GluA2-type AMPARS.
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3.3. Analysis of electrophysiological data

Kinetic properties of macroscopic AMPAR-mediated responses were analyzed using the
pClamp10 software (Molecular Devices). For each patch, kinetic parameters were studied on an
average trace, combining multiple sweeps obtained from the same protocol. The pClamp software
was used to measure estimates of the rise time (ms), peak and average equilibrium amplitudes
(pA). Current decay kinetics were fitted using the Chebyshev method on a standard equation

exponential decay:
f@O) = XL Aixe it C (2.1)

where f(t) is the change in current over time, A is the current amplitude area under the curve, C is
current offset at t = 0, t is the exponential time constant and the exponent n specifies the number
of terms. The value of T was extracted for each recording as a comparative measure of decay
kinetics. The latter is inversely proportional to the decay rate, and can be seen as the time required
for the current amplitude to reach 1/e of its initial peak value. In most cases, current decay was
fitted using a second-order equation (n = 2), generating two time constants. Both values were
reported (trast and Tsiow), and a weighted constant (tw) was calculated by multiplying each t with its
relative amplitude contribution, as followed:

Afast Astow (22)

Ty = Trast ¥ =+ Toow *
w fas (Afast"'Aslow) stow (Afast+Aslow)

where Arast and Asiow are the amplitude contributions to tast and tsiow, respectively. The choice of a
first- or second-order equation was based on the quality of the resulting fits (correlation coefficient
closest to 1). For patches containing AMPARs without auxiliary proteins, the relative contribution
of the slow component was sometimes too small for the software to discriminate an accurate
measure of tsiow. On the other hand, virtually all auxiliary protein-containing patches generated

recordings that were best fitted with a second-order equation.

Polyamine-permeation experiments involved a voltage-step protocol in which peak-current
amplitudes were measured at holding membrane potentials ranging between -100 and +100 mV.
For each potential, the agonist (L-Glu)-evoked membrane conductance was calculated based on

the Ohm’s law principle, relating conductance (G), potential difference (V) and current (I) as G =

62



I/V. The reversal potential (Vrev) was measured for each recording and subtracted from the holding

potential (V), generating the following equation for membrane conductance:

1
G= (V—Vrep) 23)

Relationships between conductance and voltage (G-V) were plotted and fitted using Origin7
(OriginLab, Northampton, MA, USA) with the equation:

G = —Cmax (2.4)

[Spm]
I VRV

where Gmax is the maximal conductance and [Spm] is the spermine concentration in the internal
solution (fixed at 30 uM for all experiments) (Bowie et al., 1998). The polyamine dissociation

constant (Kq) was defined by the equation:
Ki=gx*e"/h+ LxeV/k (2.5)

where V is the holding potential and g, L, h, and k, are terms for binding, unbinding and permeation,
respectively (extensively described in Bowie et al. (1998). Notably, h and k relate to voltage
dependencies of the onset (binding) and relief (unbinding) of polyamine block, respectively. Kg
values were calculated and reported at 0 mV, at which equation 2.5 is simplified to:

K;(0mV) =g+ L (2.6)

As mentioned earlier, receptor recovery from desensitization was studied using a two-pulse
protocol, where the time interval between an initial and second (test) pulse was progressively
increased. The recovery ratio at each time interval was defined as the fraction of the peak amplitude
of the test pulse to that of the initial pulse, such that a ratio of 1 reflected complete recovery.
Recovery ratios were plotted over time and fitted using Origin7 with the following Hodgkin-

Huxley equation:
R(t) = Ny + (1= Np) = (1 — e Krecrtyn 2.7)

Here, R(t) is the recovery ratio at any time interval t, No is the recovery ratio at t=0 (calculated as
the mean equilibrium current amplitude measured at the end of the initial pulse, relatively to the
peak amplitude of that same pulse) and krec is the rate of recovery. The exponent n defines the
order of the exponential recovery equation, which functionally reflects the number of kinetic
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processes by which recovery takes place over time. In the case of wild-type AMPA receptors,
recovery models were observed to deviate from a single-order process where the four subunits
interact in a concerted manner to mediate recovery (Bowie and Lange, 2002). Instead, an exponent
of n = 2 was found to be more suited for the fitting of recovery kinetics (Robert et al., 2005) and
was used here as a fixed value for all conditions. A time constant of recovery (trec) Was computed

as the inverse of the recovery rate:

Trec = 1/krec (28)

and used as the reported measure of recovery to be compared across experimental conditions. All
analyzed values were tabulated in Microsoft Excel (Microsoft corp.), where arithmetic means,

sample standard deviations and standard errors were calculated.

4. Statistical methods

Statistical analyses were performed using a custom program kindly provided by Dr. Joseph
Rochford. All data sets were subjected to normality tests before any pairwise comparison analysis.
The Student’s T-test and Mann-Whitney U-test was used for normally and abnormally distributed
data, respectively. A Bonferroni correction was applied in cases of multiple pairwise comparisons.
Results are expressed as means +/- standard error of the mean (S.E.M.), n being the number of
patches for each given condition. An alpha level of 0.05 was chosen for minimal significance, and
statistical results are identified as p < 0.05 (*) and p < 0.01 (**). Effect sizes were estimated in
some instances to evaluate the magnitude of a change from one condition to the other. Results
from F-tests for equality of variances indicated that Glass’s delta (A) was an adequate measure of

effect size for the present dataset.
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PART III:
RESULTS
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1. Both y2 and CNIH3 slow the time course of AMPAR desensitization and enhance the
equilibrium response

To obtain detailed comparative data on the effect of CNIHs vs TARPs on AMPAR
desensitization, patches of membrane expressing GluA2 homomers (flip, unedited), both alone and
in combination with CNIH3 or y2 subunits, were excised from HEK cells and exposed to long
pulses (250ms) of an extracellular, full agonist (L-Glu) solution in the outside-out patch-clamp
configuration (figure 17A). For each experiment, the fast (tfast) and slow (tsiow) COMponents of
exponential current decay were measured from an average trace together with their relative
contribution (At and Asiow, respectively) to obtain weighted average (tw). The mean size of the
steady-state current was measured from the equilibrium response near the end of each agonist pulse

and converted into a percent of the peak current amplitude to obtain a relative equilibrium current

(leq).

As expected, GIuA2 homomers desensitized rapidly, with a weighted time constant of 8.5
+ 0.4 ms (n = 20), which is consistent with previously reported values measured in similar
conditions (Robert et al., 2005; Priel et al., 2005). Desensitization kinetics were dominated by the
fast component of exponential decay, Tsiow CONtributing to only 2% of the desensitizing traces on
average (2.3 £ 1.4 %, n = 20). As shown in figure 17 (A-C) the presence of both CNIH3 and y2
auxiliary subunits slowed the process of desensitization, primarily by increasing the relative
contribution of the slow component (figure 17D), making desensitized responses markedly bi-
exponential. This slowing effect was more prominent in the presence of CNIH3 (tw = 44.0 + 4.0
ms, n = 31; Asiow =49.0 £ 3.2 %, n=31) than y2 (tw = 18.8 £ 1.3 ms, n = 23; Asiow=29.3 + 4.9 %,
n = 23). In fact, despite both auxiliary subunits generating a significantly larger weighted time-
constant of desensitization compared to GIuA2 receptors alone, the effect size (Glass’s delta (A)
of auxiliary proteins was much larger in the case of CNIH3-associated receptors (A = 22.7)
compared to y2-associated receptors (A = 6.6). Furthermore, co-expression with CNIH3 raised the
absolute mean time constants of both the slow and fast components of decay kinetics (tfast = 8.2 +
0.4 ms, n =20 and Tslow = 48.0 £ 5.4 ms, n = 13 for GluA2 alone; tfst = 17.8 + 1.0 ms, n = 31 and
Tslow = 70.6 £ 5.9 ms, n = 31 for GIuA2 + CNIH3), while the effect of y2 on these same parameters

was more subtle (tfast= 12.0 £ 0.7, n = 22 and tsilow = 52.3 £ 10.9 ms, n = 21).
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In the absence of auxiliary subunits, GIuA2 homomers decayed rapidly to reach a small
relative equilibrium response (lrer = 1.4 = 0.2 %, n = 20). Both CNIH3 and y2 increased the
amplitude of the equilibrium response of GIuA2 (figure 17, right axis), but this time the effect of
v2 on the steady-state (lre1 = 22.2 £ 1.9 %, n = 23, A = 28.0) was slightly greater than that of CNIH3
(15.2 £ 2.4 %, n = 31, A = 18.6). Average traces in panel A illustrate this finding. As we can see,
the steady-state is achieved more rapidly and to a greater amplitude in the presence of y2 than
CNIH3.
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Figure 17: Effect of CNIH3 and y2 on the time-course of GIUA2 receptor desensitization and equilibrium

A. Typical electrophysiological recordings from GluA2 homomers, alone and in the presence of either y2 or CNIH3.
Responses were evoked by agonist applications (10 mM L-Glu) of 250 ms in duration and recorded in the outside-out
patch-clamp configuration (Hp = -100 mV), allowing the study of receptor desensitization kinetics and equilibrium.
Uppermost traces are the junction potentials, recorded with an open patch pipette to monitor the quality of solution
exchange. B. Average electrophysiological responses in A were scaled to the same peak to easily visualize differences
in desensitization kinetics. C. Mean weighted time constants of exponential current decay (tw, left axis) and mean
relative equilibrium responses (leq, right axis) extracted from the same electrophysiological recordings obtained in the
conditions described in A. D. Mean values for the slow (tsiow) and fast (trast) cCOmponents of exponential current decay,
with the relative (%) contribution of the slow component shown in the upper graph. For C and D, error bars are
standard errors; ns = non-significant, *p < 0.05, **p < 0.01 (Mann-Whitney U Test with Bonferroni correction). All
comparisons were made against receptors without auxiliary subunits (GIuA2).
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2.  Only CNIH3 subunits have a significant impact on GluA2 deactivation Kinetics

To study the modulatory effect of auxiliary subunits on GIuA2 deactivation kinetics, we
exposed the recombinant receptors to shorter (1-ms) agonist pulses (Figure 18A-D). Consistently
with previous studies (Carbone and Plested, 2012; Sun et al., 2002), GIuA2 deactivation was
characterized by a weighted time constant of exponential decay bellow 1 ms (0.7 £ 0.1 ms, n = 5)
and a negligible contribution of the slow component (1.3 £ 0.7 %, n = 5), making deactivation
kinetics mostly defined by a single exponential. Co-expression with CNIH3 auxiliary subunits
greatly increased the value of the weighted time constant (8.3 = 1. 9 ms, n=7; Figure 18C), making
current decay more than 10-times slower (A = 63.1). This effect seemed primarily attributed to an
increase in the relative contribution of the slow component, raised to nearly 40 % (Asiow= 39.4 £
9.3 %, n = 7; Figure 18D). On the other hand, the effect of y2 on the time-course of GIuA2
deactivation kinetics remained significant but was more subtle, raising the weighted time constant
(1.9 £ 0.2 ms; n=9; Figure 18C) by a factor 2.7 (A = 10.3) and elevating Asiowto only 10.2 + 1.3
% (n=9; Figure 18D). The diverging effects of the two auxiliary subunits are highlighted in Figure
18B, where deactivating traces have been scaled to the same peak response.
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Figure 18: Effect of CNIH3 and y2 on the time-course of GIUA2 receptor deactivation

A. Typical electrophysiological responses GluA2, GluA242 and GluA2+CNIH3 evoked by short (1 ms) agonist
applications (10 mM L-Glu, Hp = -100 mV) to study deactivation Kkinetics. Uppermost traces are the junction
potentials, which had to be closely monitored to obtain valid results on deactivation kinetics. B. The same traces as in
panel A were scaled to a common peak response to easily visualize differences in decay Kinetics. C. Mean weighted
time constants of exponential current decay (tw). D. Mean values for the slow (tsiow) and fast (trst) components of
exponential current decay, with the relative (%) contribution of the slow component shown in the upper graph. For C
and D, error bars are standard errors; ns = non-significant, *p < 0.05, **p < 0.01 (Mann-Whitney U Test with
Bonferroni correction). All comparisons were made against receptors without auxiliary subunits (GluA2).

3. Only y2 subunits increase the relative efficacy of kainate

It was previously shown that the efficacy of kainate, normally acting as a weak partial
agonist of AMPARSs, increases in the presence of type-1 TARPs (Tomita et al., 2005; Turetsky et
al., 2005), while CNIH2/3 subunits only have a modest effect on kainate pharmacology (Coombs
et al., 2012; Shi et al.,, 2010). Similar results were successfully reproduced in the present
experiments (Figure 19). Without auxiliary subunits, long (250 ms) extracellular applications of a
saturating kainate concentration yielded a non-desensitizing response of low current amplitude
relatively to the peak current amplitude evoked by full agonist (L-Glu) applications in the same

receptor population (KA/L-Glu of GIuA2 = 0.4 £ 0.2 %, n = 5). The relative efficacy of kainate
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increased to more than 50% in the presence of y2 (52.4 = 4.4 %, n = 9), but remained statistically
unchanged when GIluA2 subunits were co-expressed with CNIH3 (1.5 £ 0.6 %, n =5, p = 0.06).
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Figure 19: Modulation of kainate efficacy by CNIH3 and y2

A. Typical electrophysiological responses GluA2, GluA242 and GluA2+CNIH3 evoked by long (250 ms) applications
of near-saturating concentration of full agonist (10 mM L-Glu, gray trace), and saturating concentrations of the partial
agonist kainate (1 mM KA, red trace) in the outside-out patch-clamp configuration (Hp =-100 mV), Uppermost traces
are the junction potentials. B. Mean relative KA efficacies, calculated as the ratio of the mean response amplitude
evoked by extracellular KA to the peak response amplitude evoked by L-Glu in the same patch. Error bars are standard
errors; For C and D, error bars are standard errors; ns = non-significant, **p < 0.01 (Mann-Whitney U Test with
Bonferroni correction). Comparisons were made against receptors without auxiliary subunits (GIuA2).

4. CNIH3 and y2 share a common ability to alleviate channel block by intracellular
polyamines

A voltage-step protocol was used to obtain electrophysiological responses from GIuAz2,
GluA242 and GluA2+CNIH3 evoked by 250 ms pulses of extracellular agonist, at holding
potentials ranging from -100 to +100 mV (Figure 20A). A fixed concentration of spermine was
included in the intracellular solution to allow quantification of the alleviating effect of auxiliary
subunits on voltage-dependant channel block by intracellular polyamines. The resulting current-
voltage (IV) plots averaged for all three experimental conditions are summarized in Figure 20B.
As we can see, Y2 and CNIH3 similarly linearized the I-V plots, reducing polyamine-dependent
inward rectification at positive potentials. Consistently, the rectification index, chosen as the ratio
between the current amplitude at a holding potential of +40 mV and the one at -60 mV (l+4omv /1-
somv), was greater in the presence of y2 (36.5+ 1.7, n="7) and CNIH3 (24.4 + 1.2, n= 14) compared

to GIuA2 subunits expressed alone (8.3 £ 0.7, n = 9). The alleviating effect of both subunits on
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inward rectification can be visualized when 1-V plots are converted into conductance — voltage (G-
V) plots (Figure 20D), which allows to obtain values of mean polyamine dissociation constants at
0 mV (Kb, omv). The dissociation constant of GluA2 (10.6 + 1.4 uM, n = 9) increased by more than
4 times in the presence of y2 (Kp, omv = 44.5 + 6.4 uM, n = 7) and 2.5 times when co-expressed
with CNIH3 (Kp, omv = 26.7 £ 1.65, n = 14), highlighting the possibility that auxiliary subunits
relieve intracellular block of the permeation pathway by decreasing the affinity of the AMPAR
pore for polyamines.
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Figure 20: CNIH3 and y2 both alleviate voltage-dependent block of the GIUA2 pore by intracellular
polyamines

A. Typical electrophysiological responses of GluA2, GluA242 and GluA2 + CNIH3 evoked by long (250 ms) agonist
applications (10 mM L-Glu), recorded in the outside-out patch-clamp configuration while applying a voltage-step
protocol (Hp = -100 to +100 mV, AV = 10 mV) with fixed interpulse-intervals. 30 uM spermine was added in the
intracellular solution to measure effects on inward-rectification. B, D. Average current-voltage (I-V) (B) and
conductance-voltage (G-V) (D) plots obtained from experiments described in A. C. Graphical representation of mean
dissociation constants of polyamines at Hp = 0 mV (Kp, omv, left axis) and rectification indices (l+40mv/I-somv) in all
three experimental conditions. Error bars are standard errors; ns = non-significant, *p < 0.05, **p < 0.01 (Mann-

Whitney U Test with Bonferroni correction). All comparisons were made against receptors without auxiliary subunits
(GluA2).
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5. The KGK (718-720)- to-D mutation has no impact on CNIH3-dependent modulation of
receptor desensitization

The KGK (718-720) motif, located in the lower (D2) lobe of all AMPAR subunit isoforms,
was identified by Dawe et al. (2016) as a critical site for the ability of type-1 TARPs to functionally
interact with GIuA subunits and modulate the time-course of receptor activity. An important step
towards understanding structure-function relationships in AMPAR interactions with CNIHs was
to verify whether the same motif also plays a role in the ability of CNIHs to modulate AMPAR
gating. To do so, | used the same mutated version of GIuA2 subunits conceived by Dawe and his
colleagues, in which the positively charged “KGK (718-720)” motif is replaced by a single aspartic
acid (“3D” mutant). The main results are summarized in Figure 21 (A-D). Like wild-type GIuA2
receptors, 3D mutants exposed to long pulses of extracellular agonists displayed rapid
desensitization kinetics (tw = 6.4 £ 0.2 ms, n = 18), dominated by the fast component of exponential
decay (Asiow = 2.6 £ 0.9 % n = 18), and a small equilibrium response (1.2 £ 0.2 %, n = 18). As
expected, the 3D mutation reduced the ability of y2 to slow the time-course of receptor
desensitization (tw (3D42) = 11.5+ 0. 9 ms, n = 25) and to enhance the relative equilibrium current
amplitude (Irel 3D42) = 4.4 £0. 9 %, n = 25) compared with wild-type GIuA2 homomers. When
co-expressed with CNIH3 however, 3D mutants fully retained the wild-type sensitivity to CNIH
modulation, causing a 6-fold increase in the weighted time constant of desensitization (tw = 39. 9
+ 2.7 ms, n = 25), increasing the relative contribution of the slow component to nearly 50 % (Asiow
=46.0 £ 4.7 %, n = 25) and the equilibrium current to 13.4 £ 1.4 % (n = 26). These results indicate
that the KGK motif on the lower lobe of the GluA2-LBD is specifically involved in y2-modulation
of AMPAR Kkinetics, while CNIH function is independent from this site. It should be noted that 3D
mutants alone had a weighted time constant of desensitization slightly but significantly smaller
than wild-type receptors expressed alone (p < 0.01). Despite this, y2-associated 3D receptors had
a 1.8-fold increase (A = 5.0) in tw, compared to a 2.2-fold increase (A = 6.6) in y2-associated WT

receptors.
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Figure 21: The KGK (718-720)-to-D mutation on GluA2 LBD (3D mutant) specifically hinders the ability of
v2 to slow receptor desensitization Kinetics, but leaves the effects of CNIH3 intact

A. Electrophysiological recordings from the 3D mutant homomers, 3D#42 and 3D+CNIH3. Responses were evoked
by long pulses of extracellular agonist (250 ms, 10 mM L-Glu, Hp = -100 mV); uppermost traces are the junction
potentials. B. Responses scaled to the same peak to visually compare desensitization Kinetics in the three conditions.
C. Mean weighted time constants of exponential decay of desensitizing receptors (tw) and mean relative equilibrium
responses (leg), from responses obtained in the same conditions as described in A. D. Mean values of slow (tsi0w) and
fast (trast) components of exponential decay. The mean relative (%) contribution of the slow component is shown in
the upper graph. Error bars are standard errors. For C and D, error bars are standard errors; ns = non-significant, *p <
0.05, **p < 0.01 (Mann-Whitney U Test with Bonferroni correction). All comparisons were made against receptors
without auxiliary subunits (3D).

6. The KGK (718-720)-to-D mutation has no impact on CNIH3 modulation of receptor

deactivation

To test whether the functional specificity of the KGK site also applied to y2-dependent
modulation of deactivation kinetics, the same experimental protocol was done using short (1 ms)
pulses of extracellular agonist (Figure 22). Once again, the 3D mutation nearly abolished the subtle
effect of y2 on receptor deactivation (tw of 3D42 = 0.8 + 0.1 ms, n = 6). On the other hand, co-
expression of 3D mutants with CNIH3 subunits lead to a 13-fold increase in the weighted time
constant of deactivation kinetics (tw = 7.0 £ 0.1 ms, n = 8) compared to 3D homomers expressed

alone, and increased the relative contribution of the slow component to more than 45% (45.2 £ 8.7
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%, n = 8). Altogether, those results suggest that mutating the KGK site only impacts deactivation
and desensitization kinetics of y2, having no noticeable effect on CNIH3 modulation. The mutation
itself did not have any effect on the deactivation kinetics of the unassociated receptors: there was
no significant difference between weighted time constants of deactivation in 3D vs WT receptors
(p > 0.05).

GluA2 3D - Deactivation

3D y2 +CNIH3
A 10 mM L-Glu B = =0
s s Y,
] 1 A 1y2
5ms
+CNIH3
2ms
C D
12 = 0r ne
E 15 " 45%
10 310 B 2/0
* % B 5 .
e 8 'I' = | _3|
E T 0
6
l-’3 5r *
4 » 4} T
E st T
2F * E 2 ns
n=4 n=6 l:’_ 1= =4 n=6
Nr— — o ; |-
3D Iy2 +CNIH3 3D Iy2 +CNIH3

Figure 22: The KGK (718-720)-to-D mutation has no effect on CNIH3 modulation of AMPAR deactivation
kinetics

A. Responses from 3D, 3D42 and 3D+CNIH3 evoked by short (1 ms) agonist applications (10 mM L-Glu, Hp = -100
mV); uppermost traces are the junction potentials. B. Same traces as in panel A, scaled to a common peak response to
compare deactivation kinetics. C. Mean weighted time constants of exponential current decay (tw). D. Mean values
for the slow (tsiow) and fast (trast) COMponents of exponential current decay, with the relative (%) contribution of the
slow component shown in the upper graph. For C and D, error bars are standard errors; ns = non-significant, *p <
0.05, **p < 0.01 (Mann-Whitney U Test with Bonferroni correction). All comparisons were made against receptors
without auxiliary subunits (3D).
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7. Receptors carrying the KGK (718-720)-to-D mutation retain their full sensitivity to y2

modulation in terms of kainate efficacy

To exclude the possibility that the reduced ability of y2 to modulate 3D receptor kinetics
was a consequence of impaired subunit expression, impaired trafficking or reduced binding of
protein complexes, other non-kinetic properties of 3D mutants known to remain sensitive to y2
modulation (Dawe et al., 2016) were tested, starting with the relative efficacy of kainate (KA/L-
Glu). As we can see in Figure 23, the relative efficacy of the partial agonist was 1.4 + 0.9 % (n =
3) in 3D mutants expressed alone, and increased to 37.1 + 4.7 % (n = 10, ~26-fold increase) in the
presence of y2. This time, co-expression of 3D mutants with CNIH3 subunits created a very subtle
(~3-fold) but significant increase in kainate efficacy (4.1 £ 0.5 %, n = 9).
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Figure 23: y2 modulation of kainate efficacy is unaffected by the KGK (718-720)-to-D mutation

A. Typical electrophysiological responses of 3D mutant receptors, 3D42 and 3D+CNIH3 evoked by long (250 ms)
applications of near-saturating concentration of full agonist (10 mM L-Glu, gray trace), and saturating concentrations
of the partial agonist kainate (1 mM KA, red trace) in the outside-out patch-clamp configuration (Hp = -100 mV).
Uppermost traces are the junction potentials. B. Mean relative KA efficacies in the three experimental conditions,
studied as a ratio of the peak response amplitude evoked by L-Glu in the same patch. Error bars are standard errors;
ns = non-significant, *p < 0.05, **p < 0.01 (Mann-Whitney U Test with Bonferroni correction). All comparisons were
made against receptors without auxiliary subunits (3D).
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8. Both y2 and CNIH3 subunits still alleviate channel block by intracellular polyamines in
receptors carrying the KGK (718-720)-to-D mutation

The voltage-step protocol described in section 4 was used to test the sensitivity of 3D mutants
in terms of polyamine-block alleviation by y2 and CNIH3. As we can see in Figure 24, channel
pores of 3D mutants were effectively blocked by polyamines when a fixed concentration was
added to the internal solution, leading to an obvious inward rectification (Figure 24B) and a
downward shift in the relative conductance (Figure 24D) at positive potentials. Both the
rectification indices (l+40 mv/l-s0 mv) and polyamine dissociation constants (Kp, omv) of 3D mutants
were increased in the presence of y2 and CNIH3 (Figure 24C). These results, combined with the
findings on kainate efficacy, provide a convincing evidence that the attenuated ability of y2 to
modulate AMPAR 3D kinetics is not caused by an impaired association between pore-forming and

auxiliary subunits.
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Figure 24: CNIH3 and 72 both alleviate voltage-dependent polyamine block of the 3D receptor pore

A. Responses from 3D mutants, 3D42 and 3D+CNIH3 evoked by long (250 ms) applications of extracellular agonist
(10 mM L-Glu), recorded using a voltage-step protocol with holding potentials ranging from -100 to +100 mV (AV =
10 mV). A fixed concentration of 30 uM spermine was added in the intracellular solution to assess channel block. B,
D. Average current-voltage (I-V) (B) and conductance-voltage (G-V) (D) plots obtained from experiments described
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in A. C. Graphical representation of mean dissociation constants of polyamines at 0 mV (Kp, omv) and rectification
indices (l+4omv /I-somv). Error bars are standard errors; ns = non-significant, *p < 0.05, **p < 0.01 (Mann-Whitney

U Test with Bonferroni correction). All comparisons are made against receptors expressed without auxiliary subunits
(3D)

9. The E665K mutation in the GluA2 LBD impairs both y2- and CNIH3- dependent
modulation of desensitization kinetics

Since the KGK (718-720) motif did not appear functionally relevant for the modulation of
desensitization kinetics by CNIH3, we screened for other potential interaction sites in neighboring
residues. As previously mentioned, out of the four CNIH subunit isoforms, only CNIH2 and
CNIH3 can modulate AMPAR inactivation kinetics (Coombs et al., 2012; Kato et al., 2010;
Schwenk et al., 2009; Shi et al., 2010). Given that a positively charged sequence is commonly and
uniquely shared by CNIH2 and CNIH3 in their extracellular loop, we hypothesized that the
modulatory potential of both auxiliary subunits was mediated through interaction(s) with
negatively charged site(s) on the GIuA structure. We turned our attention towards a negatively
charged residue (E665) in the vicinity of the KGK motif, also extending out of the lower (D2) lobe
of GIuA2 (figure 25). In the TARP- and CNIH- insensitive kainate receptors, a positively charged
lysine residue sits at the corresponding site. Using site-directed mutagenesis, we therefore
performed a glutamate-to-lysine mutation at the 665 position of GIuA2, to then test the

responsiveness of “E665K mutants” to functional modulation by auxiliary subunits.

GluA2 5 Figure 15: Crystal structure of the
LBD E665 KGK lower (D2) lobe of a GIuA2 pore-
\ forming subunit (orange) in complex
-\ E665 0° : >

with a TARP vy2 auxiliary subunit
Q'*
I
TARP

(fuchsia) (PDB: 5KBU). This view
%\Q v2

highlights the positively charged KGK
Figure 26 summarizes the results of desensitization experiments in GIuA2 AMPARs

(718-720) motif and the neighbouring,
negatively charged E665 site, where the
KGK-to-D (3D) and E665K mutations
were performed, respectively

carrying the E665K mutation. Like 3D mutants, GluA2 E665K receptors were fully functional and
displayed slightly accelerated desensitization kinetics (tw = 6.7 = 1.3 ms, n = 20; Asiow= 2.6 £ 1.2,
n = 20) compared to wild-type receptors. Once again, the value of tw was significantly smaller in

E665K mutants alone compared to wild-type receptors (p < 0.01). Nevertheless, the E665K
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mutation did attenuate the ability of y2 to slow the time-course of desensitization compared with
wild-type receptors. In fact, co-expression of y2 with E665K mutants gave rise to a new weighted
time constant of desensitization of 10.8 £ 0. 9 ms (n = 23) and a relative contribution of the slow
component of 15.2 + 3.3 % (n = 23). Despite co-expression of y2 still causing a significantly larger
Twrelatively to receptors expressed alone, y2-associated E665K receptors were only subjected to a
1.6-fold increase (A = 3.2) in tw, compared to a 2.2-fold increase (A = 6.6) in y2-associated WT
receptors. Similarly, the relative equilibrium current amplitude underwent a more subtle increase
to 5.2 £ 0.7 % (n = 23) with y2 subunits (7.3-fold increase, A = 12.4) compared to y2-associated
wild-type receptors (15.4- fold increase, A = 28.0). Unlike 3D mutants however, E665K mutants
were markedly less sensitive to CNIH3 modulation of desensitization kinetics. While CNIH3 had
a large slowing effect on wild-type GluA2 exponential decay, causing a 5.0-fold increase in tw (A
= 22.7) and 20-fold increase in Asiow, these same desensitization parameters were only modestly
affected by CNIH3 in the case of E665K mutants (tw = 15.3 £ 1.7 ms, n = 31; Asiow=13.3+ 2.5
%, n = 31). This time, co-expression of E665K mutants with CNIH3 only caused a 2.2-fold
increase in tw (A = 5.9) relatively to receptors expressed alone. Similarly, the relative equilibrium
current was only raised to 2.1 + 0.4 % (n = 31).
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Figure 26: GluA2 E665K mutants are less sensitive to both y2 and CNIH3 modulation of desensitization
kinetics

A. Responses from E665K mutant receptors, E665K+y2 and E665K+CNIH3, evoked by long (250 ms) extracellular
agonist pulses (10 mM L-Glu, Hp =-100 mV); uppermost traces are the junction potentials. B. Same traces as in panel
A, scaled to a common peak response to compare desensitization kinetics. C. Mean weighted time constants of
exponential current decay (tw) and relative equilibrium current (leg). D. Mean values for the slow (Tsiow) and fast (Trast)
components of exponential current decay, with the relative (%) contribution of the slow component shown in the upper
graph. For C and D, error bars are standard errors; ns = non-significant, *p < 0.05, **p < 0.01 (Mann-Whitney U Test
with Bonferroni correction). Comparisons are made against receptors expressed without auxiliary subunits (E665K)

10. The E665K mutation hinders the slowing effect of CNIH3 on the time-course of GIUA2
deactivation

To test whether the E665K mutation also affected the ability of CNIH3 to slow receptor
deactivation, the same experimental protocol was used with short (1 ms), deactivating pulses of L-
glutamate (Figure 27). GluA2 E665K homomers deactivated rapidly (tw = 0.6 £ 0.1 ms, n = 4),
following mono-exponential decay kinetics (Asiow = 0.6 = 0.3 %, n = 4). The weighted time
constant of deactivation was not significantly different from that of wild-type receptors (p > 0.05),
and co-expression with CNIH3 caused milder shift (tw = 2.9 £ 0.8 ms, n = 6, 5-fold increase, A =

25.2) compared with wild-type receptors (12-fold increase, A = 63.1), which is consistent with the
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behavior of E665K mutants in terms of desensitization kinetic modulation by CNIH3. It is worth
mentioning that co-expression of GluA2 E665K with y2 had no significant effect on any of the
deactivation kinetic parameters (tw of E665K+y2 = 0.6 £ 0.1 ms, n = 7; Aslow = 1.2 £ 0.3 %, n =
7), meaning that the E665K mutation also abolished the subtle slowing effects of y2 subunits on
wild-type GIuA2 deactivation.
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Figure 27: The KGK (718-720)-to-D mutation has no effect on CNIH3 modulation of AMPAR deactivation
kinetics

A. Responses from 3D, 3D42 and 3D+CNIH3 evoked by short (1 ms) agonist applications (10 mM L-Glu, Hp =-100
mV); uppermost traces are junction potentials. B. Same traces as panel A, scaled to a common peak response to
compare deactivation kinetics. C. Mean weighted time constants of exponential current decay (tw). D. Mean values
for the slow (tsiow) and fast (trast) cOmponents of exponential current decay, with the relative (%) contributions of the
slow component shown in the upper graph. For C and D, error bars are standard errors; ns = non-significant, *p < 0.05
(Mann-Whitney U Test with Bonferroni correction).
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11. y2 can still enhance kainate efficacy in GluA2 E665K mutant receptors

Figure 28 summarizes results of relative kainate efficacies tested on GluA2 E665K mutants
with and without auxiliary subunits. The findings are similar to those found in 3D mutants: the
relative efficacy of kainate shifted from 0.4 + 0.3 % (n = 3) of the peak response to L-Glu in GIuA2
E665K expressed alone, to 24.3 + 4.2 % (n = 8, 60-fold increase) when co-expressed with y2,
while being practically unchanged in the presence of CNIH3 (0.1 £ 0.1 %, n = 3).
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Figure 28: y2 modulation of kainate efficacy is unaffected by the E665K mutation

A. Typical electrophysiological responses in GluA2 E665K mutant receptors, 3D42 and 3D+CNIH3 evoked by long
(250 ms) applications of near-saturating concentration of full agonist (10 mM L-Glu, gray trace), and saturating
concentrations of the partial agonist kainate (1 mM KA, red trace) in the outside-out patch-clamp configuration (Hp
= -100 mV), Uppermost traces are the junction potentials. B. Mean relative KA efficacies for the three experimental
conditions, studied as a ratio of the peak response amplitude evoked by L-Glu in the same patch. Error bars are standard
errors; ns = non-significant, *p < 0.05 (Mann-Whitney U Test with Bonferroni correction).

12. Both y2 and CNIH3 retain their ability to alleviate channel block by intracellular
polyamines in GIuA2 E665K mutants

When a fixed concentration of spermine was added in the intracellular solution and 1-V
relationships were obtained using a voltage-step protocol (Figure 29A-B), the distinctive inwardly
rectifying behavior of wild-type GIuA2 also applied to GIuA2 E665K receptors (l+40 mv/l-60 mv =
9.5+ 1.4 %, n=29). The I-V relationship of E665K mutants was linearized by co-expressed with
both y2 (l+40 mv/l-e0 mv=40.0 £ 3.2, n = 14) and CNIH3 (l+20 mv/l-s0 mv=22.4 + 2.5 %) (Figure 29C,
right axis). Like in wild-type GIuA2 receptors, this linearization was slightly more prominent with

v2 than CNIH3 subunits. Values of polyamine dissociation constants (Kp, omv) Were calculated
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from G-V relationships (Figure 29D), and followed a similar pattern, increasing from 9.0 + 0.8
uM (n =9) in GIuA2 E665K subunits alone, to 40.0 = 3.2 uM (n = 14) in the presence of y2 and
t0 22.4 £ 2.5 uM (n = 17) when co-expressed with CNIH3 (Figure 29C, left axis). Those results
indicate that the E665K mutatation does not impair the receptor sensitivity to auxiliary subunit
modulation of pharmacological properties such as kainate efficacy and polyamine-block. We can
therefore be confident that neither subunit expression, surface trafficking nor association was
impaired by the mutation and that the E665 site has a specific functional role in regulating the

time-course of receptor activity by auxiliary subunits.
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Figure 29: CNIH3 and y2 both alleviate voltage-dependent polyamine block of the GluA2 E665K receptor
pore

A. Responses from E665K mutants, E665K42 and E665K+CNIH3 evoked by long (250 ms) applications of
extracellular agonist (10 mM L-Glu) recorded using a voltage-step protocol with holding potentials ranging from -100
to +100 mV (AV = 10 mV). A fixed concentration of 30 uM spermine was added in the intracellular solution to assess
channel block. B, D. Average current-voltage (I-V) (B) and conductance-voltage (G-V) (D) plots obtained from
experiments described in A. C. Graphical representation of mean dissociation constants of polyamines at 0 mV (Kp,
omv) and rectification indices (l+4omv/I-6omv). Error bars are standard errors; **p < 0.01 (Mann-Whitney U Test with
Bonferroni correction). All comparisons were made against receptors without auxiliary subunits (E665K).

82



13. Results from a series of mutations at the E665 position

Given that the positively charge KGK (718-720) site on the GIuA2 LBD is known to play
a critical role in AMPAR-TARP functional association, it was surprising to find that mutating a
negatively charged residue (E665K) in a neighboring region hindered TARP function. One
hypothetical explanation was that the newly added, positively charged lysine residue attracted the
negative charges of y2 extracellular domain, displacing y2 from its functionally critical interaction
with the KGK (718-720) motif. To explore this hypothesis, I tested the behavior of y2 and CNIH3
co-expressed with GIuA2 subunits carrying residues with a polar and a hydrophobic side-chain at
the 665 position (E665Q and E665A, respectively). If this hypothesis was correct, the E665Q and
E665A mutations might still impair CNIH3 function, while at least partially restore the effects of
v2 on decay kinetics by allowing its proper interaction with the KGK motif, given that the steric
hindrance of those side-chains was not a concern. Figure 30 summarizes the results for the
modulation of desensitization kinetics of GluA2 E665K, E665Q and E665A by auxiliary subunits.
The results did not match my expectation, since compared to E665K mutants, E665Q and E665A
mutants co-expressed with y2 subunits did not cause any significant increase in desensitization
time constants and equilibrium currents. On the other hand, significantly slower desensitization
kinetics were seen in both GluA2 E665Q+CNIH3 (tw = 23.7 £ 3.4 ms, n = 1) and E665A+CNIH3
(tw =49.0 £ 5.3 ms, n = 11) compared to GIuA2 E665K + CNIH3 (tw = 15.3 + 1.7 ms, n=31) and
to the same receptors expressed alone (tw (E665Q) = 6.7 + 0.3 ms, n=13; tw (E665A) =8.2+£0.3
ms, n = 16). The relative equilibrium currents of the E665Q and E665A mutants co-expressed with
CNIH3 (respectively: Ire1 = 5.1+ 1.2%, n =17 and 19.3 + 3.1 %, n = 11) were also largely increased
compared to E665K + CNIH3 (lel = 2.1+ 0.4 %, n = 31) and to the E665Q and E665A mutants
expressed without auxiliary subunits (lrel (E665Q) = 1.3 £ 0.6 ms, n=13; lrel (E665A) = 0.7 £ 0.1

ms, n = 16).
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Figure 30: auxiliary subunit modulation of desensitization kinetics in three GIuA2 E665 mutant receptors.

A. Typical responses from GIuA2 E665K, E665Q and E665A mutants, alone or co-expressed with y2 (green) or
CNIH3 (blue), to long pulses of agonists (250 ms, 10 mM L-Glu). For each mutant receptor, responses in the three
conditions were scaled to the same peak amplitude. B. Graphical representation of the weighted time constants of
desensitization kinetics (tw, left axis) and relative equilibrium current amplitude (leq, right axis) for the three mutated
receptors. Error bars are standard errors; ns = non-significant, **p < 0.01 (Unpaired 2-tailed Student’s T-test with
Bonferroni correction or Mann-Whitney U Test with Bonferroni correction).
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14. Truncation of the second half of the CNIH2/3 specific extracellular region impairs all
modulatory effects of CNIH3 on GIuA2 kinetics and pharmacology

The effect of truncating a portion of the CNIH2/3-specific extracellular site was tested to
further explore the hypothesis that positively charged residues in this region interact with the
GIluA2 LBD. Among all mutations performed by Shanks et al. (2014) in the CNIH2/3-specific
region, deletions of 7 residues (E58 to L64) in the second half of this extracellular loop was the
most efficient in attenuating both the physical association of CNIH3 with GIuA2 LBD and,
consequently, its ability to modulate AMPAR desensitization kinetics. Since this truncation did
not fully abolish the functional effects of CNIH3 on GIuA2 activity, we assumed that other residues
could be in play. We therefore tested the effect of deleting 2 additional, positively charged residues
(R65 and K66) in the CNIH2/3-specific site, resulting in an overall deletion of nine amino-acids
(E58 to K66). Figure 31 summarizes the results for the effect of co-expressing wild-type GIuA2
subunits with CNIH3A(58-66) on desensitization kinetics and equilibrium current (A-B), as well
as channel block by intracellular polyamines (C-E). The weighted time constant of exponential
decay and relative equilibrium current of GIuA2 co-expressed with CNIH3A(58-66) (tw = 12.5 +
0.9 ms, n=12; leqg = 3.3 £ 0.6 %, n = 12) were greatly reduced compared with those of GluA2
expressed alone (tw = 8.5+ 0.4 ms, n = 20; legg = 1.4 £ 0.2, n = 20). The effect of this mutation on
desensitization kinetics seemed more profound than that of the 7-residue-long deletion reported by
Shanks and his colleagues (tw = 20.0 + 1.4 ms, n = 6). Interestingly, the mutation also had a major
impact on polyamine block modulation (Kp = 14.0 £ 2.2 uM, n = 10; l+aomv/l-somv =125+ 2.1 %,
n = 10). The drastic effects of the A(58-66) deletion on both desensitization kinetics and polyamine
block indicate that the mutation was likely impairing the physical association between auxiliary
and pore-forming subunits, rather than having a specific effect on functional modulation of the
gating machinery.
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Figure 31: CNIH3A(58-66) has a reduced ability to modulate both desensitization kinetics and channel block
by polyamines in GIuA2

A. Typical electrophysiological responses from GIuA2 co-expressed with the CNIH3A(58-66) mutant (orange),
compared with GluA2 expressed alone (black) and co-expressed with wild-type CNIH3 subunits (light blue).
Responses were evoked by long (250 ms) applications of extracellular agonist (10 mM L-Glu) at a holding potential
of -100 mV. The three traces were scaled to the same peak amplitude to visualize differences in desensitization
kinetics. The upper black trace is the junction potential B. Mean weighted time constants of exponential current decay
(tw) and relative equilibrium current (leq) for the three conditions described in A C. Average conductance-voltage (G-
V) plots obtained from voltage-step experiments (Vholoia= -100mV to +100mV; AV = 10 mV; intracellular spermine
concentration = 30 uM). D. Graphical representation of mean dissociation constants of polyamines at 0 mV (Kop, omv)
and rectification indices (l+40mv/I-somv); Error bars are standard errors; ns = non-significant, *p < 0.05, **p < 0.01
(Mann-Whitney U Test with Bonferroni correction). All comparisons were made against receptors without auxiliary
subunits (GluA2).

15. Two polar regions in the vicinity of the KGK and E665 sites found with no functional
relevance in the modulation of GluA2 desensitization kinetics by y2 and CNIH3

We investigated whether additional sites in the vicinity of the E665 and KGK (718-720) sites
played a specific role in desensitization kinetic modulation of GluA2 by CNIH3. Two additional
mutations were tested, namely the E669R site and KSK-to-GTN (530 — 532) mutations. Despite
performing a single experiment for both mutants (n = 1), the results were obviously inconclusive:
both E669R and KSK-to-GTN (530-532) mutants remained fully sensitive to CNIH3 modulation
(tw = 55.4 ms and 28.3, respectively).
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16. Both the 3D and E665K mutations impair the ability of y2 to accelerate GIUA2 recovery
from desensitization

I finally evaluated the ability of y2 and CNIH3 to modulate AMPAR recovery from
desensitization in wild-type and mutated receptors. The time constant of recovery of wild-type
GluA2 homomers (trecov = 14.7 £ 0.7 ms, n = 5) is within the range of values reported across the
literature and obtained in similar conditions (Carbone and Plested, 2012; Robert et al., 2005). As
previously observed, recovery occurs over a longer timescale than the desensitization process (Tdes
=8.5+ 0.3 ms, n = 20). Type-1 TARPs are known for their ability to hasten recovery of AMPAR
from desensitization (Priel et al., 2005). Accordingly, fusion of GluA2 with y2 caused a subtle
acceleration in recovery (trecov = 12.8 £ 1.0 ms, n = 7). Interestingly, CNIH3 had the opposite effect
of mildly slowing the recovery of wild-type GIuA2 (trecov = 22.2 £ 1.7 ms, n = 8), which has not
been previously highlighted in the literature. The slowing effect of CNIH3 was retained when co-
expressed with GluA2 3D (trecov=25.0 = 1.3 ms, n = 10, p = 0.0009) and GluA2 E665K (Trecov =
27.1 + 2.4 ms, n = 11) compared with the same receptors expressed without any auxiliary subunits
(trecov (GIUA2 3D) = 16.4 £+ 1.2 ms, n = 6); Trecov (GIUA2 E665K) = 18.9 + 1.3, n = 9). On the other
hand, y2 lost its ability to accelerate recovery when co-expressed with both mutants, as it failed to
decrease the recovery time constant of GluA2 3D and GluA2 E665K mutants (trecov (GIUA2 3D/y2)
=22+ 3.0 ms, n = 15; Trecov (GIUA2 E665K+y2) = 21.9 + 4 12) compared with the same receptors

expressed alone.
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Figure 32: Recovery from desensitization for
wild-type and mutant GIuA2 receptors, with
and without auxiliary subunits. Recovery plots
were obtained using a paired-pulse protocol, in
which an initial conditioning application of 10
mM L-Glu was applied for 250 ms to allow full
desensitization, followed by a test pulse generated
at time intervals increasing from 5 to 750 ms.
Each data point is the averaged relative current
amplitude for any given interpulse interval. The
same experimental protocol was used for
GIluA2iQ (WT), GIuA2iQ 3D and GIuA2iQ
E665K receptors, with and without auxiliary
subunits. Mean recovery time constants (t) were
obtained by fitting recovery plots with the
Hodgkin-Huxley equation. Error bars are standard
errors and recovery time constants are expressed
as means + standard errors.
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Discussion

1. Quantifying the ability of auxiliary subunits to modulate AMPAR kinetics and

pharmacology

Among the collection of auxiliary subunits now known to reliably and stably interact with
AMPARSs in the brain, type-1 TARPs (y2, 3, 4, 8), CNIH2 and CNIH3 have been well characterized
for their ability to modulate functional properties of the receptors in both physiological and
recombinant systems. While the physiological relevance of these auxiliary subunits in the nervous
system is established, the exact nature of their interactions with AMPARs and how they translate
into alterations in receptor function is unclear. A first and important step towards a better
understanding of the structure-function relationship in CNIH- and TARP-associated AMPARS was
to obtain a global picture of the modulatory effects of auxiliary subunits on receptor responses in

a controlled recombinant environment.

With long (250 ms) pulses of full agonists, both CNIH3 and y2 raised the amplitude of the
equilibrium response and slowed the time-course of GIuUA2 macroscopic desensitization. As
previously reported, the effect of CNIH3 on desensitization kinetics was more prominent than that
of y2 (Coombs et al., 2012; Schwenk et al., 2009; Shanks et al., 2014; Shi et al., 2010). The present
work shows that, in addition to induce a stronger increase in the relative contribution of the slow
component of exponential decay, co-expression of GIuA2 with CNIH3 raises the absolute value
of both the fast and the slow components themselves, which did not apply to y2. On the other hand,
modulation of the steady-state was stronger in the presence of y2, causing the residual current to
equilibrate more rapidly and to a greater relative amplitude than CNIH3. Both auxiliary subunits
slowed the process of deactivation in receptors exposed to short (1 ms) pulses of full agonists,
consistent with previous literature (Cho et al., 2007; Coombs et al., 2012; Kato et al., 2010;
Schwenk et al., 2009; Shi et al., 2010). My experiments highlight a markedly larger effect of
CNIH3 on deactivation kinetics, greatly increasing the relative contribution of the slow component

of decay (30-fold increase) compared to y2 (8-fold increase).

As mentioned earlier, macroscopic desensitization should be seen as a complex
combination of microscopic events, where receptors exit their main open state and possibly re-
open to lower, longer-lived sub-conductance levels, giving rise to a steady macroscopic

equilibrium current (Daniels et al., 2013). The marked increase in equilibrium currents seen in y2-
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associated GluA2 receptors implies that y2 somehow potentializes these post-desensitization sub-
conductance states, consistent with results from single-channel experiments showing that y2
preferentially increases access frequency to higher sub-conductance states (Tomita et al., 2005). It
could be hypothesized that while CNIH3 greatly delays the onset of receptor desensitization
(receptors leaving from their main, agonist-bound activated state), its ability to re-stabilize

receptors in high sub-conductance equilibrium states could be more limited than y2.

The fact CNIH3 has such a distinct impact on the slow component of deactivation kinetics
also raises new questions. Once again, deactivation protocols mainly capture an inactivation
process where channels move back into a non-conducting state, a mechanism which is primarily
facilitated by agonist unbinding (Hinard et al., 2016). That being said, we may hypothesize that
increasing the affinity of the LBD for any agonist could substantially delay the onset of
deactivation, leading to slower decay kinetics at the macroscopic level. Interestingly, it has been
reported that y2 causes a leftward shift in dose-response curves obtained by measuring peak current
amplitudes at various concentrations of L-glutamate (Priel et al., 2005; Tomita et al., 2005;
Turetsky et al., 2005; Yamazaki et al., 2004). Peak current amplitudes reflect agonist potency,
which depends on both the agonist’s ability to bind the receptor in its inactive state (affinity) and
to activate the gating process (efficacy) (Stephenson, 1956). The leftward-shift in dose-response
curves elicited by y2 could therefore be partly explained by an increase in the affinity of the LBD
for L-glutamate, which could in turn explain the slightly slower deactivation kinetics observed in
the presence of y2. A similar increase in L-glutamate potency has been described in GIuA2
receptors co-expressed with CNIH2 subunits, but the resulting shift in the EC50 did not appear
greater than that of GIuA2 co-expressed with y2, and dose-response curves for GIuA2 with CNIH3
were not measured (Coombs et al., 2012). The mechanism underlying the distinct impact of CNIH3
on the slow component of deactivation kinetics could also result from an interference purely at the
level of the gating process, without necessarily affecting agonist affinity. In fact, the interaction of
auxiliary subunits with the receptor core could somehow slow the sequence of events responsible
for the closing of the receptor gate, this interference being potentially amplified by CNIH3
relatively to y2. If this interfering effect of CNIH3 is real, another question is whether the same
mechanism accounts for its distinctive ability to modulate the decay components of desensitization

kinetics.
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At saturating concentrations, the partial agonist kainate generated submaximal and non-
desensitizing currents in wild-type GIuA2 homomers. Co-expression of GIuA2 with y2 raised the
relative efficacy of kainate by over 50%, while CNIH3 had a negligible effect. These results
replicate established findings regarding the sensitivity of kainate pharmacology to modulation by
type-1 TARPs (Tomita et al., 2005; Turetsky et al., 2005) and CNIHs (Coombs et al., 2012; Shi et
al., 2010). For AMPARs, it is hypothesized that efficacy depends on the ability of an agonist to
bring the receptor into a given conductance state at saturating concentrations (Jin et al., 2003),
which would depend on the degree of LBD cleft closure induced by binding of this same agonist
(Ahmed et al., 2011; Armstrong and Gouaux, 2000; Jin et al., 2003; Lau and Roux, 2011). In fact,
it has been proposed that kainate generates lower conductance states by inducing a smaller degree
of LBD cleft closure compared to full agonists (Armstrong and Gouaux, 2000; Jin et al., 2003;
Swanson et al., 1997). By interacting with the extracellular domain of AMPAR, TARPs induce
additional LBD closure, which is thought to account for its ability to increase full and partial
agonist efficacy while promoting access to high conductance and/or opening-probability (Popen)
states (MacLean et al., 2014). The distinct effect of TARPs on agonist efficacy therefore suggests
a unique interaction with the LBD which may not be shared by CNIHs.

Finally, I was able to experimentally reproduce the shared ability of CNIHs and TARPs to
alleviate voltage-dependent block of CP-AMPARs by intracellular polyamines, which had already
been described across the literature (Shi et al., 2010; Soto et al., 2007). Changes in rectification
indices (l+a0mv/1-6omv) and in the apparent affinity of polyamines for the pore (Kp, o mv) indicated
that this alleviating effect was slightly more important for y2. Structural alterations in the ion-
permeation pathway have been proposed to explain the inwardly-rectifying properties of y2-
associated receptors, including a reduction in the affinity of polyamines for pore-lining residues
and/or enhancement of the outward flux of polyamines across the pore, with a possible
involvement of the C-tail of y2. These changes would occur independently from y2’s ability to
increase AMPAR unitary conductance and slow receptor desensitization kinetics (Brown et al.,
2016; Fisher and Mott, 2012; Soto et al., 2014). The relatively milder effect of CNIHs on CP-
AMPARSs inwardly rectifying properties compared to y2 was previously reported for both CNIH2
and CNIH3 (Coombs et al., 2012; Soto et al., 2007). It has been suggested that CNIHs and TARPs
operate in a similar way to alleviate polyamine block, but the possibility of distinct mechanisms
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should not be excluded. In fact, the hypothesized contribution of the long, intracellular C-tail of
TARPs would unlikely apply to CNIH2-3, which carry a short extracellular C-tail. It may be
interesting to eventually study the effect of auxiliary subunits on the hydrophobic environment
surrounding the receptor pore. In fact, TARPs and CNIHs could both reduce the interactions
between pore residues and surrounding lipids near critical points of the permeation pathway, such
as at the level of the Q/R site.

Overall, subtle discrepancies in how CNIH3 and y2 affect GluA2 inward rectification,
desensitization, recovery from desensitization and deactivation kinetics highlight the likelihood of

distinct underlying structural mechanisms and interaction sites with the receptor core.

2. Mutagenesis experiments on the AMPAR LBD reveal distinct sites for functional
interaction with TARPs and CNIHs

The second part of my work focused on elucidating interaction sites on the AMPAR
structure specifically involved in functional modulation by CNIH3 and y2. A special attention was
given to the LBD, being the starting point of the gating cascade in all iGIuR subtypes. In TARPS,
evidence from structure-function studies support the presence of an interaction between negatively
charged residues in the first extracellular loop of type-I TAPRs (f4-TM2) and the LBD,
particularly at the level of the lower (D2) lobe and the S1-M1 linker between the LBD and TMD
of GIuA2 subunits (Cais et al., 2014; Tomita et al., 2005; Tomita et al., 2007; Twomey et al.,
2016). Precisely, previous work in our lab revealed a specific role of a positively charged ‘KGK’
motif, extending outside of the plane of the D2 lobe in all GluA1-4 isoforms, in y2-mediated
modulation of macroscopic deactivation, desensitization and equilibrium of GluA2 homomers
(Dawe et al., 2016). To build on this work, I investigated whether the KGK motif also played a
role in CNIH2-3 modulation of AMPAR decay kinetics and equilibrium. To do so, | used the same
mutant receptors designed by Dawe and his colleagues, in which the KGK (718-720) motif of
GIuAZ2 subunits had been replaced by a single, negatively charged aspartic acid residue, mimicking
the corresponding site in TARP-insensitive GluK1-3 subunits. | was able to reproduce the nearly
abolishing effects of this ‘3D mutation” on y2-modulation of inactivation (deactivation and
desensitization) kinetics and equilibrium. On the other hand, co-expression of the same mutant
receptors had no impact on CNIH3-mediated modulation of receptor function, leaving the
weighted time constants of desensitization and deactivation, both the fast and slow components of
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decay, the relative contribution of the slow component and the equilibrium response amplitude all
unchanged relatively to wild-type GIuA2 co-expressed with CNIH3. These results therefore
highlight a novel idea about the specific role of the KGK motif in y2-mediated modulation of
inactivation kinetics and equilibrium, a functional interaction which seemingly do not apply in
CNIHs. Once again, the differential effects of CNIHs and TARPs on AMPAR Kkinetic properties
and pharmacology mentioned earlier, coupled with previous work showing that CNIH2-3 can
modulate kinetics in AMPARSs already saturated with TARP subunits (Shi et al., 2010), all support
this idea of TARPs and CNIHSs having distinct interaction sites.

The next obvious step was to look for CNIH-specific interaction sites in GIuA2 subunits.
Based on cryo-EM data, TARPs and CNIHs both contribute to the transmembrane density and
occupy a broadly similar position underneath the lower (D2) lobe of the LBD (Nakagawa et al.,
2005; Shanks et al., 2014). Since the only CNIH isoforms capable of modulating AMPAR Kinetics
(CNIH2-3) share a unique sequence carrying multiple positively charged residues on their
extracellular loop, we focused on negatively charged residues in the vicinity of the KGK motif as
potential interaction sites. To our surprise, we found that a glutamate-to-lysine point mutation
(E665K) on the D2 lobe of the GIuA2 LBD attenuated both CNIH2- and y2-modulation of all the
parameters of deactivation and desensitization kinetics as well as the equilibrium response. If
positively charge residues in CNIH2-3 were responsible for functionally relevant electrostatic
interactions with AMPARSs, it made sense that introducing a new positively charged residue in its
putative interaction site would hinder this same interaction. New questions were raised however
by the fact that the same mutation also affected y2-modulation, which supposedly involves
negatively charged residues on the extracellular loop of the auxiliary protein. The hypothesis that
introducing a positive charge in the vicinity of the KGK motif attracted and displaced y2 subunits
from their functionally important interaction site was rejected by the fact that introduction of polar
(E665Q) and hydrophobic (E665A) residues at the same site failed to restore y2 modulation.
Clearly, the replacement of a glutamic acid by a positively charged lysine residue at the 665
position triggers structural disturbances that impair CNIH functional interactions with the LBD.
For y2, it seems as if any alteration at the E665 site (positively charged, polar or hydrophobic
residue) is sufficient to generate such disturbances. Two other mutations in the vicinity of the KGK

motif and the E665 sites were attempted in hope to uncover additional interaction sites for CNIH3
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and y2 (KSK-to-GTN (530-532) and E669R mutations. None of these mutations altered receptor

kinetic modulation by either auxiliary subunits.

In addition to induce slower desensitization kinetics, the association of AMPARs with
type-1 TARPs has been associated with a faster time-course of recovery form desensitization (Priel
et al., 2005). Accordingly, my results show that GluA2/y2 chimeric receptors exhibit slightly
smaller recovery time constants than GIuA2 alone. y2 failed to hasten recovery of both GluA2 3D
and E665K mutants, indicating that the E665 site and the and KGK motif both play a role in y2-
dependent regulation of the desensitization process itself and the speed at which receptors exit
their desensitized state. | also show that CNIH3 slow the time-course of recovery, therefore having
an opposite effect to that of y2. In fact, CNIH3 significantly increased the mean recovery time
constant of wild-type GIuA2 receptors, and this effect seemed to be retained in GIuA2 3D and
E665K mutants. We can therefore hypothesize that while the E665 site and the KGK motif share
a role in hasting recovery from desensitization of GIuA2 by y2, the decelerating effect of CNIH3
on recovery is likely mediated by interactions localized at distinct and independent sites. The fact
that CNIH3 slows recovery kinetics is a novel finding that should be tested for reproducibility in

other experimental settings.

The ability of CNIH3 and y2 to modulate other (non-kinetic) pharmacological properties
of mutated receptors has also been studied. As already shown by Dawe et al (2016), receptors
carrying the 3D mutation at the KGK site retained their sensitivity to y2 modulation both in terms
of kainate efficacy and voltage-dependant block by intracellular polyamines. Similarly,
enhancement of kainate efficacy by y2 and alleviation of polyamine block by both y2 and CNIH3
remained intact in E665K mutants. These results show that the loss of CNIH- and TARP-
dependant modulation of AMPAR mutants cannot be the result of an impaired physical association
between pore-forming and auxiliary subunits. Interestingly, the fact that y2 has dissociable effects
on agonist efficacy and decay kinetics excludes the previously suggested hypothesis that y2
induction of a larger LBD cleft closure, supposedly responsible for its ability to enhance agonist
efficacy, is the same mechanism underlying the slower decay kinetics associated with y2
(MacLean et al., 2014). Dawe et al. (2016) proposed that this slower kinetics could rather be the
result of type-I TARPs delaying structural changes associated with receptor desensitization,
including the rotational movement of the D2 lobes and subsequent weakening of the D1-D1
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interface. The same authors showed that both CNIH3 and y2 can partially restore receptor activity
when a set of electrostatic interactions critical for the stability of the D1-D1 dimer interface are
disrupted. We can therefore hypothesize that both auxiliary subunits delay desensitization by
enhancing this stability. The distinctly prominent effect of CNIH3 on the deactivation process
however, which has not been linked to a collapse in the LBD dimer interface, suggests that its

functional interaction with pore-forming subunits has additional layers of complexity.

Limitations and future directions

One of the main limitations of my experiments includes the lack of control over the
stoichiometry of CNIH3 proteins associated with AMPARs, due to a failure to generate fusion
proteins with GIuA2 subunits. Realistically, the number of auxiliary subunits associated with each
tetramer could influence the extent of receptor functional modulation. In my experiments, this
would have created a significant source of variability across responses elicited by various receptor
constructs co-expressed with CNIH3. Since no such difference was noticeable compared with the
response variability in GluA2/y2 tandem constructs, I speculate that an efficient co-expression of
CNIH constructs permitted a rather stable stoichiometry across my experiments. The issue of
stoichiometry raises another question that should be investigated in future experiments. In fact,
when GluA2/y2 tandem subunits associate to form functional receptors, we may assume a 1:1 ratio
between pore-forming and auxiliary subunits. However, we should keep in mind that the number
of subunits contributing to functional modulation of each tetramer may be variable. To this day,
the stoichiometry of auxiliary subunits physically and functionally interacting with iGIuRs in
physiological and recombinant systems is unknown. Another important limitation was the fact that
the chosen electrophysiological settings only allowed for the study of macroscopic responses,
which forced me to make indirect speculations about biophysical events occurring in individual
receptors. The use of single-channel recordings to study the effect of auxiliary subunits in
AMPARs would be a relevant addition to this work. For example, it could allow us to explore how
changes in opening probabilities and unitary conductance states account for the substantial impact
of CNIHSs on the time-course of desensitization and deactivation Kinetics versus the preferential
effect of TARPs on the equilibrium state. Notably, it could be relevant to investigate if the
enhancing effect of y2 on access frequency to higher sub-conductance states, proposed by Tomita

et al. (2005), could explain its effect on macroscopic equilibrium, and how this relationship
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translates to other type-1 TARPs and CNIH2-3. To better understand the impact of auxiliary
subunits on deactivation kinetics and determine whether true agonist affinity is an important
player, | suggest realizing proper ligand-binding assays to obtain dissociation constants of agonists
interacting with LBDs in the presence of TARPs and CNIHs. The apparent affinity obtained from
electrophysiology experiments and commonly used to describe iGIuR interactions with agonists is
rather a measure of potency, which depends on both agonist binding and receptor gating. Potency
therefore provides very indirect information regarding actual changes in the strength of association
between agonists and the LBD binding cleft.

Mutagenesis experiments should be pursued to uncover functional interaction sites
between AMPARs and auxiliary proteins. Exploring the vicinity of the E665 position and the KGK
(718-720) motif could eventually reveal sites that have a specific role in CNIH-dependant
modulation of AMPARs, analogous to the relationship between the KGK motif and y2 function.
The same approach may be used to further investigate interaction sites across auxiliary protein
structures themselves. As for the KGK motif and the E665 site in GIuA2, future experiments could
attempt to determine whether they influence functional interactions with other AMPAR auxiliary
proteins (CKAMP44 and SynDIG1) and investigate equivalent sites in other GIuA subunits
(GluA1,3,4) and non-AMPAR subtypes. Furthermore, since the two mutations were made to
replicate the amino-acids found at corresponding sites in KARs, a valid question is whether these
same sites are responsible for the lack of sensitivity of KARs in terms of functional modulation by
TARPs and CNIHs. Dawe et al (2016) showed that incorporating the KGK motif in GIluK2 was
insufficient to confer any degree of TARP modulation. It could be interesting to test whether
replacement of a lysine residue by a glutamic acid at the site corresponding to the 665 position in
GIluA2 would similarly fail to induce TARP and/or CNIH modulation of KARs. Finally,
elucidation of high-resolution crystal structures of AMPARS in association with auxiliary subunits
will certainly ease the discovery process for functional interaction sites between pore-forming and

auxiliary subunits.

Conclusion
The recent discovery of strong associations between pore-forming and auxiliary subunits
in the CNS has challenged traditional approaches for structure-function studies of AMPARS. In

order to truly understand their roles in the mammalian physiology, a need to redefine AMPAR
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behavior as part of protein complexes with auxiliary subunits is imposed. In this thesis, | present
preliminary results that could advance our understanding of functional interactions between
AMPARSs, CNIHs and TARPs. Findings from my control experiments support the fact that despite
their phenotypically similar effects on AMPAR kinetics, y2 and CNIH3 modulate individual
kinetic parameters differently. Notably, I highlighted a preferential effect of CNIH3 on exponential
decay components and on deactivation Kinetics, versus a more prominent potentiation of
equilibrium responses by y2. My results also suggest that contrary to y2, CNIH3 slows recovery
from desensitization. In the second part of my experiments, | show that the KGK motif, critical for
the full modulation of AMPAR decay kinetics by y2, is also involved in y2-dependant modulation
of recovery from desensitization and forms no functional interaction with CNIH3. By additional
exploration of the lower (D2) lobe of GIuA2 LBD, a glutamic acid (E665) in the vicinity of the
KGK motif was then found as an interaction site shared by both y2 and CNIH3 for the functional
modulation of decay kinetics and equilibrium responses. Both the E665 site and the KGK motif
demonstrate functional specificity, as they are involved in modulation of AMPAR decay Kinetics
by auxiliary subunits independently of other properties of the permeation pathway affected by
TARPs and CNIHSs, such as voltage-dependent block by intracellular polyamines. These findings
highlight the role of the LBD in auxiliary protein modulation of iGIuR Kinetics, which should
continue to be explored to uncover additional interaction mechanisms. Given that the occurrence
of auxiliary subunits in the brain displays a considerable degree of specificity in terms of
anatomical regions, circuits and receptor subtypes, advancing our understanding about their
interactions with iGIuRs may lead us towards more specific pharmacological targeting of

glutamatergic transmission.
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