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“We are the local embodiment of a Cosmos grown to selfawareness. We have begun to 

contemplate our origins: starstuff pondering the stars; organized assemblages of ten billion 

billion billion atoms considering the evolution of atoms; tracing the long journey by which, 

here at least, consciousness arose.” 

-Carl Sagan
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ABSTRACT 

AMPA and kainate receptors (AMPARs and KARs) are members of a family of ion 

channel proteins known as the ionotropic glutamate receptors (iGluRs). AMPARs, which are 

ubiquitous throughout the central nervous system (CNS), facilitate the excitation of neurons, 

allowing signals to be transduced across synapses. Meanwhile, KARs have more restricted 

expression, though they serve as modulators of synaptic activity. The unique roles fulfilled by 

AMPARs and KARs are dependent upon the ability of each receptor class to rapidly activate 

(open their channel) in response to the binding of the chemical neurotransmitter glutamate. Also 

important is their fast desensitization, which curtails the prolonged excitation of neurons. 

Accordingly, there has been considerable investigation into the structural basis of iGluR channel 

gating, and in particular the molecular determinants activation and desensitization. Current 

models of AMPAR and KAR gating indicate that the assembly of the extracellular ligand-

binding domain (LBD) in a dimer of dimers arrangement is critical for receptor activation, 

whereas the separation of subunits comprising each dimer underlies desensitization. However, 

the specific, atomic-level interactions contributing to the stability of LBD dimers, and by 

extension iGluR activation, have not been fully explored. 

By employing a combination of outside-out patch-clamp electrophysiology, coupled with 

rapid solution exchange, as well as molecular dynamics simulations, protein crystallization, and 

atomic force microscopy, we explored the contribution of different sites in the LBD to AMPAR 

and KAR gating.  We found that occupancy of a sodium-binding pocket at the apex of the KAR 

LBD is critical to maintain receptors in an activated state, and prevent desensitization, in the 

presence of glutamate. Specifically, the binding of sodium or the introduction of a positively 
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charged cross-dimer tether (by mutagenesis) into the GluK2 pocket sustained activation by 

holding together the upper portion of the LBD dimer.  

 Because of the importance of the LBD apex for KAR function, we asked whether this 

region governs AMPAR gating in a similar manner. In this instance we found that lithium can in 

fact play a similar role at GluA2 AMPARs as sodium had for KARs. Furthermore, the binding of 

lithium stabilized the GluA2 LBD dimer interface by strengthening interactions throughout a 

cross-dimer electrostatic network. When the electrostatic network was disrupted, GluA2 

activation was severely inhibited, but the co-expression of AMPAR auxiliary subunits could 

rescue this deficit through interactions at the distal base of the LBD. As such, we determined that 

the activation of native AMPAR complexes is governed by intra- and inter-protein interactions 

that stabilize the LBD dimer at different positions.  

We also studied how external anions regulate the gating of GluA2 AMPARs, in both a 

structural and functional context. Our experiments revealed that anion species regulates the 

height of GluA2 AMPARs, as well as their rate of desensitization in the presence of glutamate. 

Interestingly, we also identified a novel anion-binding site that was responsible for both of the 

aforementioned effects. Taken together, these findings are consistent with the idea that the 

binding of different anions can generate conformational rearrangements, which in turn dictate 

how AMPARs will later respond to glutamate. 

Overall, three principal conclusions can be derived from my results. First, the apex of the 

LBD dimer interface is conserved as a critical region for AMPAR and KAR activation. Second, 

auxiliary proteins stabilize AMPAR LBD dimers by supporting the base of this domain, acting in 

a complementary manner to interactions across the apical dimer interface. Third and finally, 

conformational changes prior to agonist binding can affect the gating behaviour of AMPARs. 
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RÉSUMÉ 

Les récepteurs AMPA et kaïnate (AMPARs et KARs) sont membres d'une famille de 

protéines de canaux ioniques connus comme les récepteurs ionotropes au glutamate (iGluRs). 

Les AMPARs, étant omniprésents dans le système nerveux central (SNC), facilitent l'excitation 

des neurones, permettant ainsi la transduction de signaux entre les synapses. Par contre, les 

KARs ont une expression plus restreinte et servent de modulateurs de l'activité synaptique. Les 

rôles uniques remplis par les AMPARs et les KARs dépendent de leur capacité à s’activer 

rapidement (ouvrir leur canal) en réponse à la liaison du glutamate, un neurotransmetteur. Leur 

désensibilisation rapide est également importante, car celle-ci limite l'excitation prolongée des 

neurones. Par conséquent, plusieurs groupes étudient la base structurale de l'ouverture des 

canaux iGluRs, en particulier les bases moléculaires responsables de l’activation et la 

désensibilisation des canaux. Les modèles structuraux actuels concernant l’activation des 

AMPARs et des KARs indiquent que l'assemblage des domaines extracellulaires de liaison du 

ligand (LBD) en dimères de dimères est essentiel pour leur activation, alors que la séparation des 

sous-unités faisant partie de chacun des dimères est à la base de leur désensibilisation. 

Cependant, les interactions atomiques spécifiques contribuant à la stabilité des dimères du LBD, 

et par extension, l'activation des iGluRs, n'ont pas été complètement explorées. 

 En combinant la technique d’électrophysiologie patch-clamp, couplée à un échange 

rapide de la solution, avec des simulations par dynamique moléculaire, la cristallisation des 

protéines et la microscopie à force atomique, nous avons exploré la contribution des différents 

sites du LBD dans l’activation des AMPARs et des KARs. Nous avons constaté que l'occupation 

d’une cavité d’interaction du sodium, au sommet du LBD des KARs, est essentielle pour 

maintenir les récepteurs dans un état activé et empêche leur désensibilisation en présence de 



iv 

 

glutamate. Plus précisément, la liaison du sodium ou l'introduction d'une attache intra-dimérique 

chargée positivement (par mutagénèse) dans la cavité d’interaction de GluK2 soutient 

l’activation du canal en maintenant la partie supérieure du dimère LBD ensemble. 

Étant donné l'importance de l'apex du LBD dans la fonction des KARs, nous avons 

postulé que cette région régissait l'activation des AMPARs d'une manière similaire. En effet, 

nous avons trouvé que le lithium peut jouer un rôle chez les AMPARs de type GluA2, similaire à 

celui du sodium chez les KARs. De plus, la liaison du lithium stabilise l'interface du dimère LBD 

de GluA2 en renforçant les interactions électrostatiques à travers un réseau intra-dimérique. 

Lorsque le réseau électrostatique est perturbé, l'activation de GluA2 est largement inhibée, mais 

la co-expression des sous-unités auxiliaires des AMPAR renverse ce déficit par des interactions à 

la base distale du LBD. Par conséquent, l'activation des complexes de AMPARs natifs est régie 

par des interactions intra- et inter-protéinaires qui stabilisent le dimère LBD à différentes 

positions. 

Nous avons également étudié la façon dont les anions externes régulent le comportement 

structural et fonctionnel des récepteurs GluA2. Nos expériences ont montré que les espèces 

d'anions régulent la hauteur de ces récepteurs, ainsi que leur taux de désensibilisation en 

présence du glutamate. De plus, nous avons identifié un nouveau site de liaison des anions qui 

est responsable pour les effets mentionnés ci-dessus. L’ensemble de ces résultats est cohérent 

avec l'idée que la liaison des différents anions peut générer des réarrangements 

conformationnels, qui, à leur tour, dictent la réponse des AMPARs au glutamate. 

Trois conclusions principales peuvent être tirées de mes résultats. Premièrement, le 

sommet de l'interface du dimère LBD est une région conservée et essentielle pour l'activation des 

AMPAR et des KAR. Deuxièmement, les protéines auxiliaires stabilisent les dimères LBD des 
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AMPARs en soutenant la base de ce domaine, agissant de manière complémentaire aux 

interactions intra-dimériques apicales. Enfin, des changements conformationnels précédant la 

liaison de l’agoniste peuvent affecter le comportement fonctionnel des récepteurs AMPA. 
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obscure my studies may have seemed. That being said, I am endebted to my biggest supporter, 
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and T. Green generated and analyzed data in Figures 2.4, S2.4, and S2.5. I helped to conceive the 

project, along with M.R.P. Aurousseau and D. Bowie. Meanwhile, D. Bowie and I drafted the 

manuscript and responded to reviewers, though all authors helped with editing. 

 

Chapter 3: “External anions ‘prime’ the AMPAR response to glutamate” is a manuscript that 

remains to be submitted at the time of my thesis submission. In its present form, the author list 

would read Dawe, G.B., Kadir, F., Venskutonyte, R., Musgaard, M., Aurousseau, M.R.P., 
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D. Bowie and I reviewed the literature and wrote the manuscript, but were helped by discussions 

with M.R.P. Aurousseau and B.A. Daniels.  
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PREFACE 

Before describing the history of ionotropic glutamate receptors (iGluRs) in more detail, I 

would like to quickly provide some general context to my thesis work. The year before I joined 

the Bowie lab, the first intact iGluR structure was published, and it became an unwritten 

requirement that every talk in my field must start with an image of the Y-shaped structure. More 

seriously though, the paper cemented a transition from function to structure. It was becoming 

increasingly rare to see significant, biophysically-oriented papers that did not include structural 

techniques. In other words, experienced electrophysiologists were beginning to integrate the 

interpretation of crystal structures and protein simulations into their work.  

My research is an attempt to bridge structure and function. Specifically, I have sought out 

interactions within the ligand-binding domain (LBD) that dictate the gating behaviour of AMPA 

and kainate receptors (AMPARs and KARs). Prior work in the lab, spearheaded by Drs. David 

Maclean and Adrian Wong, has provided a great template to examine the allosteric regulation of 

iGluRs. In particular, they addressed how external ions affect KAR function. The projects I have 

been involved with ascribed a structural explanation to ionic regulation of kainate receptors, but 

then extended the same line of inquiry into AMPARs, and even explored their auxiliary proteins. 

 Accordingly, this thesis is separated into four parts. PART ONE is a review of the 

lieterature, written largely as a historical narrative, because I think it makes it easier to appreciate 

the landmark observations/discoveries in the glutamate receptor field, knowing how they were 

arrived at. PART TWO contains my experimental results, divided into three, manuscript-based 

chapters. First, Chapter I highlights the structural mechanism by which allosteric ions interact at 

the KAR LBD to regulate gating. Second, Chapter II identifies two discrete sites in the AMPAR 

LBD that coordinate the activation of receptor-auxiliary protein complexes. Third, Chapter III 
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examines a novel anion-binding site in the AMPAR LBD that regulates both the conformation of 

resting receptors and their subsequent gating behaviour. Finally, PART THREE is comprised of 

a discussion and some concluding statements, while PART FOUR is made up of appendices. 

These appendices are taken from other published articles I have been apart of, as well as reprints 

of articles described in the results chapters.   

Ultimately, there is far more that can be written about glutamate receptors beyond what is 

included in this thesis. In an effort to streamline the literature review and discussion text, I have 

attempted to focus on AMPA and kainate receptors (where possible), sometimes omitting related 

ideas about NMDA or delta-type glutamate receptors. Not only does this decision stem from my 

research focus, but also because NMDA and delta receptors are quite different from AMPA and 

kainate receptors, despite belonging to the same protein family. Along the same lines, I have 

tried to avoid going too far into the vast realm of glutamate receptor physiology, limiting 

discussion to some key processes mediated by glutamatergic signaling. Moreover, I have steered 

clear of glutamate receptor regulation in disease states -it is a fascinating and extensively studied 

topic, but quite far removed from the biophysical world. Finally, I would just add that though 

you might wait awhile to see the translational relevance of my thesis, I do believe it to be “good 

science” and hope you are enlightened by the ideas within. 
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1. DISCOVERY AND INITIAL CHARACTERIZATION OF GLUTAMATE RECEPTORS 

1.1 Identifying glutamate as a neurotransmitter 

The study of glutamate receptors was preceded by the study of glutamate. First isolated 

from wheat gluten in 1866, glutamate joined a growing list of amino acids that had come to be 

accepted as the chemical constituents of proteins (Perrett, 2007; Belitz et al., 2009). Apart from 

its presence in metabolic pathways responsible for protein synthesis, other physiological actions 

of glutamate were not anticipated in the early twentieth century. Interest was stoked, however, as 

new analytical techniques enabled more precise quantification of glutamate levels in animal 

tissue, revealing much higher concentrations in the brain versus other organs (Krebs et al., 1949). 

Furthermore, the diffuse application of sodium glutamate onto the cortex of animals -and 

humans- induced convulsions (Hayashi, 1954), suggesting a physiological effect on the nervous 

system. Several years later it was demonstrated that ionophoretic application of L-aspartate and 

L-glutamate could excite neurons (Curtis et al., 1960), yet the authors believed this action to be 

non-specific, and thus inconsistent with a synaptic neurotransmitter.  

By the time glutamate was recognized for its excitatory effects, there were several 

agreed-upon criteria for a chemical to be classified as a neurotransmitter. In brief, the chemical 

must be released into the synaptic cleft upon activation of nerve terminals, producing a response 

in the postsynaptic cell that is mimicked by its exogenous application (McLennan, 1965). 

Whether glutamate adequately met all of these criteria was unclear into the 1970s (Lodge, 2009). 

In support of its role as a neurotransmitter, glutamate concentrations were known to be high 

throughout different subcellular fractions of the neuron (Mangan & Whittaker, 1966), but 

importantly, enough glutamate was present in isolated synaptosomal fractions to produce 

excitatory effects when applied to other cortical neurons (Krnjevic & Whittaker, 1965). 
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However, there was little evidence that neuronal activity elicited glutamate release from 

presynaptic vesicles (Krnjevic, 1974).  

The most pervasive objection to amino acids as neurotransmitters was their lack of 

specificity, as it seemed that every cell type responded to them (McLennan, 1965). Along the 

same lines, it was unclear how glutamate could be removed from extracellular environment to 

regulate its presence in a temporal manner. The demonstration of high affinity glutamate uptake 

into brain tissue (Logan & Snyder, 1971) offered a plausible clearance mechanism, though other 

similar compounds (i.e. aspartate) competed with this uptake (Balcar & Johnston, 1972), 

implying that they too could be candidate neurotransmitters. It is now appreciated that neuronal 

glutamate is derived largely from astrocytic glutamine, as part of the glutamate-glutamine cycle, 

with a less significant role ascribed to presynaptic transporters (Marx et al., 2015). Forty years 

ago, however, it was quite difficult to conceptualize the movement of endogenous glutamate. 

Ultimately, there was no single breakthrough that solidified glutamate as a bona fide 

neurotransmitter, but the idea was gradually accepted following the discovery of selective 

agonists and antagonists that could pick apart its actions at neuronal receptors (Krnjevic, 2010).  

1.2 Early studies of native glutamate receptors 

The concept of a receptive substance, or receptor, through which drugs mediate their 

actions had been proposed by Langley (1905) long before chemical neurotransmission was 

known to occur at the synapse. Therefore, if the excitatory amino acids were acting as 

neurotransmitters, it was natural to assume that one or more receptors classes may exist. The 

observation that various structural analogs of glutamate -notably N-methyl-D-aspartate 

(NMDA), kainate, and quisqualate- excited neurons in a similar manner (Curtis & Watkins, 

1963; Shinozaki & Konishi, 1970; Biscoe et al., 1975) provided a palette of compounds to 
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dissect the pharmacology of glutamatergic activity. Nevertheless, it was not until the discovery 

that magnesium ions (Mg
2+

) acted as an “antagonist” of NMDA-evoked responses (Evans et al., 

1977), and the later development of APV as a higher affinity selective antagonist (Davies & 

Watkins, 1982), that the segregation of glutamate receptors (GluRs) into NMDA and non-

NMDA subfamilies solidified (Lodge, 2009).  

A more thorough dissection and quantification of the different GluR subtypes was 

brought about by several technical advances that were implemented in the 1980s. To begin with, 

improvements in the voltage-clamp technique (i.e. single electrode penetration) facilitated its 

application to central neurons, where researchers could make more precise measurements of 

channel activity, while avoiding the confounds of voltage-dependent gating (Mayer & 

Westbrook, 1987). Interestingly, voltage-clamp experiments clearly demonstrated a voltage 

sensitivity of NMDA responses, marked by increasing conductance at more positive potentials, 

whereas kainate and quisqualate responses were voltage-insensitive (Mayer & Westbrook, 1984). 

This phenomenon was shown to be the consequence of channel block by physiological 

concentrations of extracellular magnesium (Nowak et al., 1984; Mayer et al., 1984). As a result, 

it was appreciated that relief of magnesium block through repetitive stimulation -which would 

increasingly depolarize the neuron- could explain the necessity for NMDA receptor activity in 

some forms of synaptic plasticity, particularly long-term potentiation, or LTP (Collingridge & 

Bliss, 1987). 

In addition to voltage-clamp, the advanced analysis of channel activity linked to GluRs 

also required the delivery of fixed agonist concentration over a precise time interval. Pressure 

ejections from micropipettes could deliver “brief” agonist applications (as short as 10 ms), but 

because of diffusion it was unknown what agonist concentration was achieved at the plasma 
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membrane (Mayer and Westbrook, 1984). Therefore, if either the duration of channel activity is 

sensitive to agonist concentration, or channels desensitize on a fast (i.e. millisecond) timescale, 

one would observe a very biased representation of the glutamate response. As it turns out, faster 

agonist application techniques revealed that this was in fact the case. One such technique was 

“concentration-clamp,” an example of which involved the placement of an isolated neuron into 

pressure-controlled tubing, where the external solution surrounding the cell was constant, and 

could be completely exchanged within 20 ms (Krishtal et al., 1983). An even more impressive, 

“ultra-fast” solution exchange was achieved by using the expansion/contraction in a piezoelectric 

crystal to drive the micrometre-scale movement of a liquid filament, such that excised membrane 

patches placed adjacent to the filament could transition between two solutions in hundreds of 

microseconds (Franke et al., 1987). Nevertheless, whole-cell recordings using the concentration-

clamp technique still provided valuable insights, including the observation that current responses 

to sustained glutamate applications -at negative holding potentials, limiting NMDA receptor 

contribution- could completely desensitize within tens of milliseconds (Kiskin et al., 1986). This 

phenotype was mirrored with quisqualate, but not kainate, which was apparently non-

desensitizing (Kiskin et al., 1986). Not long after, similar responses were elicited by ionophoretic 

agonist application, which revealed that NMDA responses did not undergo the same rapid 

desensitization of other agonists (Trussell et al., 1988). Moreover, because a conditioning pulse 

with glutamate could pre-desensitize a test response to kainate, both studies concluded that 

kainate and quisqualate are likely to act on the same receptor (Kiskin et al., 1986; Trussell et al., 

1988). It was somewhat less clear whether the diverse array of GluR agonists all opened the 

same ion channel. 
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In theory, measurements of single-channel openings recorded in the presence of different 

GluR agonists could have resolved the receptor-channel ambiguity -in the era before GluR genes 

were cloned. Unfortunately, these agonists generally produce multiple conductance levels, and 

though NMDA conductances were typically larger than those of kainate or quisqualate, it 

appeared that they visited the same overall range of conductance levels (Jahr & Stevens 1987; 

Cull-Candy & Usowicz, 1987). It was therefore unclear whether one ion channel complex 

contained distinct binding sites for NMDA and kainate/quisqualate (favoured by Cull-Candy & 

Usowicz, 1987), or whether multiple complexes existed, permitting the possibility that their 

conductance levels might overlap (Jahr & Stevens, 1987). The discovery of MK-801 as a 

selective blocker of open NMDA-gated channels (Huettner & Bean, 1988) effectively ruled out 

the former possibility, as it could be demonstrated that channels opened by kainate and 

quisqualate were distinct. By this time, the hunt for DNA clones encoding a diverse family of 

GluR ion channels was well underway.  

1.3 Cloning and initial characterization of iGluR subunits 

1.3.1 Nomenclature 

 There are eighteen mammalian ionotropic glutamate receptor (iGluR) subunits (Figure 

R1), which are separated into α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, or 

AMPA (GluA1-4), kainate (GluK1-5), and NMDA (GluN1, GluN2A-D, GluN3A-B) selective 

subgroups, as well as an orphan/delta group (GluD1-2), which does not appear to form functional 

ion channels, either alone or co-expressed with other iGluR subunits (Traynelis et al., 2010). The 

current nomenclature was established relatively recently (Collingridge et al., 2009), though 

previously the AMPA receptors (AMPARs) were widely known as GluR1-4, the kainate 

receptors (KARs) as GluR5-7, KA-1, and KA-2, the NMDA receptors (NMDARs) as NR1, 
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NR2A-D, and NR3A-B, and the orphan/delta receptors as δ1-2 (Dingledine et al., 1999). Other, 

often confusing naming conventions were also used, especially in the early 1990s (Lodge, 2009). 

Though, in the interests of conveying a historical narrative, the pre-2009 nomenclature will be 

used throughout the next section.  

 

Figure R1. Nomenclature of ionotropic glutamate receptors (iGluRs).  

(A) Division of subunits in the iGluR subfamilies, with old nomenclature in brackets. (B) Cartoon 

representation of a glutamatergic synapse. Note the glycine binding subunits of the NMDAR, as well as 

the mGluR, which is not an ion channel. Adapted from Kalia et al., 2008.  

 

One additional point that must be mentioned here is the transition that led to quisqualate 

receptors being re-termed AMPARs. At the time AMPA was discovered, it was appreciated that 

the compound might act on different subsets of receptors from kainate (Krogsgaard-Larsen et al., 
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1980). However, multiple other agonists, including quisqualate, yielded similar effects, and there 

was no initial reason to favour AMPA for naming purposes. The problem that arose with 

quisqualate was its high potency (relative to NMDA and kainate) generating inositol phosphate 

(IP) in neuronal preparations (Sladeczek et al., 1985). This function of quisqualate was later 

deemed to be mediated by a distinct class of metabotropic GluRs (mGluRs), since antagonists 

known to prevent glutamate-evoked ion channel activity were ineffective for inhibiting IP 

accumulation (Sugiyama et al., 1989). Even the quinoxalinediones CNQX and DNQX, which 

had recently been shown to selectively antagonize non-NMDA receptor responses, did not act in 

such a manner (Honore et al., 1988). The eventual outcome of these findings was that AMPA 

filled in to describe an emerging class of “ionotropic” receptors, whereas the mGluRs were 

appreciated as a distinct family of G protein-coupled receptors (GPCRs) following their initial 

cloning (Masu et al., 1991).  

1.3.2 AMPA receptors 

The cloning of the first iGluR subunit, rat GluR1, revealed that a single gene was capable 

of encoding a functional ion channel complex (Hollmann et al., 1989). Although four putative 

transmembrane segments were detected, the amino acid sequence of GluR1 diverged 

considerably from previously isolated ligand-gated ion channels (LGICs) in the Cys-loop 

superfamily (Hollmann et al., 1989). Shortly thereafter, other members of an AMPA-selective 

receptor family were cloned, including GluR2-3 from the lab of Stephen Heinemann (Boulter et 

al., 1990) and GluR2-4 from the lab of Peter Seeburg (Keinanen et al., 1990), two groups which 

published frequently in this “cloning era.” The latter group also detected two variants of each 

AMPAR, named flip and flop, which are produced from alternative splicing of mRNA in the 

region prior to that encoding the fourth transmembrane segment (Sommer et al., 1990). Another 
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form of AMPAR regulation appeared to come from a glutamine to arginine substitution near the 

putative channel pore of GluR2, which accounted for its linear current-voltage (I-V) relation -

whereas GluR1, 3, and 4 were strongly inwardly rectifying, unless forming heteromers with 

GluR2 (Figure R2; Verdoorn et al., 1991)- as well as its reduced calcium permeability (Hume et 

al., 1991; Burnashev et al., 1992). The residue found at what is now termed the Q/R site is under 

the control of RNA editing, which occurs in GluR2, but not other AMPAR subunits, and to an 

intermediate extent in KAR subunits (Sommer et al., 1991). 

 
Figure R2. Biophysical properties of AMPARs and NMDARs shape postsynaptic current responses.  

(A) GluA2 AMPARs are uniquely edited at the Q/R site flanking the pore, which prevents channel block 

by intracellular polyamines, giving rise to a linear I-V relation (left). Meanwhile, NMDAR channels are 

blocked by extracellular magnesium ions, which reduce currents at negative membrane potentials, leading 

to an inverted, bell-shaped I-V relation (right). (B) As a result of the properties described above, 

glutamatergic EPCSs are predominantly mediated by AMPARs at negative membrane potentials and 

NMDARs at positive membrane potentials. The NMDAR component of an EPSC can be isolated by 
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comparing the response in magnesium-free solution before and after an antagonist (i.e. CPP) is applied. 

Adapted from Savic et al., 2003; Luscher & Malenka, 2012.  

 

1.3.3 Kainate receptors 

 At the time that members of the AMPAR subfamily were cloned, they were often 

referred to as AMPA/kainate receptors, since AMPA, kainate, and quisqualate -but not NMDA- 

evoked current responses from recombinantly expressed subunits (Keinanen et al., 1990; Boulter 

et al., 1990). Shortly thereafter, the gene encoding a glutamate-responsive subunit known as 

GluR5 was isolated; however it retained only forty percent amino acid sequence homology with 

the AMPARs (Bettler et al., 1990). The cloning and expression of the GluR6 and GluR7 

subunits, which exhibited seventy-five percent amino acid sequence identity with GluR5 

(Egebjerg et al., 1991; Bettler et al., 1992), supported the idea of at least two distinct subfamilies 

of iGluRs. Eventually, several experimental observations justified the separation of GluR5-7 

(now GluK1-3) as kainate-selective receptors. Amongst these observations were GluR6 current 

responses elicited by kainate, but not AMPA (Egebjerg et al., 1991), and the absence of 

detectable AMPA or NMDA binding at GluR6 or GluR7 (Bettler et al., 1992). Furthermore, co-

expression experiments suggested that GluR5-7 subunits did not co-assemble into heteromeric 

complexes with GluR1-4 subunits, based on a lack of emergent properties (Bettler et al., 1990; 

Sommer et al., 1992).  In particular, the co-expression of GluR2(R) did not alleviate the inward 

rectification of GluR5(Q) I-V relations (Sommer et al., 1992), as it would for other, Q/R 

unedited AMPAR subunits.  

 Two “high affinity” KAR subunits were also cloned, and termed KA-1 (Werner et al., 

1991) and KA-2 (Sakimura et al., 1992; Herb et al., 1992). These receptors bound radiolabelled 

[
3
H]kainate with nanomolar affinity, such that Kd = 5 nM and 15 nM for KA-1 and KA-2, 

respectively (Werner et al., 1991; Herb et al., 1992). In contrast, the much lower affinity kainate-
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binding sites on GluR5-7, where Kd = 67 nM, 95 nM, and 77 nM, respectively (Sommer et al., 

1992; Bettler et al., 1992), earned them the designation of low affinity KAR subunits. This 

discrepancy accounted for earlier observations of distinct, low and high affinity kainate-binding 

sites in the rat brain (London and Coyle, 1979). Nevertheless, it was initially unclear whether the 

high affinity kainate subunits should be classified as a unique subfamily or somewhere within the 

pantheon of AMPA/kainate receptors, because their amino acid sequence identity was only 

marginally higher when compared to GluR5-7 (43%) versus GluR1-4 (37%) (Hollmann & 

Heinemann, 1994). The KA-1 and KA-2 subunits did not exhibit agonist-evoked currents when 

expressed alone (Werner et al. 1991; Herb et al., 1992), though the latter could assemble with 

GluR5 or GluR6 to form heteromeric channels with unique properties, such as GluR6/KA-2 

becoming responsive to AMPA (Herb et al., 1992). It was only much later that recombinantly 

expressed KA-2 subunits were shown to be confined within the endoplasmic reticulum, due to 

the presence of multiple retention motifs common to the KA-1 and KA-2 sequences that prevent 

their trafficking to the plasma membrane (Ren et al., 2003; Nasu-Nishimura et al., 2006). 

Consequently, KA-1 and KA-2 (GluK4 and GluK5) are now designated as secondary KAR 

subunits, as they must obligately heteromerize with one or more of the GluK1-3 primary 

subunits to form functional receptor complexes.  

 

2. GATING PROPERTIES OF AMPARs & KARS 

2.1 Overview and theory of LGIC gating 

In order to properly communicate ideas that will arise later within this thesis, some 

terminology relating to the function of ion channels will be formalized here. Many of these terms 

were initially used in regard to voltage-gated ion channels (VGICs) before being applied to 
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ligand-gated ion channels (LGICs), so some mention of the former is warranted. To begin with, 

“gating” describes processes that open and close channels, while “permeation” reflects the 

transport of ions through an open channel (Horn, 1990). For VGICs, the energy required for 

opening the channel pore (activation) is derived from the movement of electrical charge across 

the cell membrane, while for LGICs this energy is supplied by the binding of one or more 

agonist molecules (Andersen & Koeppe, 1992). Through pioneering voltage-clamp experiments 

on the sodium conductance of the squid giant axon, Hodgkin and Huxley noted that a 

depolarizing step rapidly elicited membrane currents, but then gave rise to a more slowly arising 

inactive period, from which recovery was also slow (1952). In other words, the current passing 

through activated sodium channels -as we now know their molecular identity- can be suppressed 

by two distinct processes. The first, repolarization of the membrane, involves the removal of the 

stimulus that initially produced channel gating, and is generally referred to as deactivation. The 

second, inactivation, coincides with prolonged depolarization, and can manifest as a relaxation of 

the current response, or as a reduction in the amplitude of a test response from a depolarized 

membrane. As such, a channel need not open prior to inactivation (French & Horn, 1983).  

Hodgkin and Huxley’s investigations of the sodium current were later paralleled at the 

frog neuromuscular junction by their former collaborator Bernard Katz. Although it was known 

that the release of acetylcholine produced electrical events at this junction, Katz was the first to 

properly dissect the behaviour of acetylcholine receptors, assigning a mechanism that would 

serve as a prototype for future studies of LGICs (Nicholls & Hill, 2003). Notably, through 

ionophoretic application of acetylcholine he showed that following an initial pulse of the 

chemical, subsequent pulses yielded smaller responses (Katz & Thesleff, 1957). Concurrent with 

these experiments he developed kinetic models of acetylcholine receptors, including the idea of a 
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“non-reactive” or desensitized state to account for the attenuated depolarization observed while 

the agonist was present (Del Castillo & Katz, 1957). As a result, desensitization at LGICs can be 

simply described as a “progressive reduction in (elicitable) ionic flux in the prolonged presence 

of agonist” (Keramidas & Lynch, 2013). Though alternatively, at the molecular level, 

desensitization can be defined as a transition into a non-conducting desensitized state, while 

deactivation represents the transition from an open to a closed (though non-desensitized) state 

(Hinard et al., 2016).  

The conceptualization of LGIC gating processes as transitions/reactions between states 

was inspired by earlier work on enzymes, which exist in multiple conformational states that are 

differentially occupied following the binding of a chemical substrate (Andersen & Koeppe, 

1992). In this context, the binding of an agonist does not directly open the channel, but rather 

reduces the energetic barrier for another state transition that corresponds to opening -indeed, in 

exceptionally rare instances LGIC currents have been observed without any agonist present 

(Auerbach, 2015). The separation of binding from gating has in fact been appreciated for some 

time, allowing the response induced by a particular agonist, its potency, to be categorized in 

terms of both affinity and efficacy (Stephenson, 1956). Although definitions vary, one can 

reasonably say that affinity is determined by the initial agonist-binding reaction, whereas 

efficacy is the sum of all other gating transitions (Colquhoun, 1998). Accordingly, partial 

agonists are chemicals compounds that -at saturating concentrations- display reduced efficacy 

compared to some maximally efficacious compound (i.e. glutamate at iGluRs; Jin et al., 2003), 

while competitive antagonists possess no efficacy (Stephenson, 1956). An additional category of 

ligands known as non-competitive antagonists reduce receptor responsiveness by interacting 

somewhere distinct from the agonist-binding site, and are thus said to act in an “allosteric” 
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manner  (Colquhoun, 1998). Over the last fifty years, the terminology used above has provided 

an adequate framework for describing the functional responses of LGICs, though the behaviour 

of individual receptor-channel complexes was a rather abstract matter until the first single 

channels were recorded using the patch-clamp technique (Neher and Sakmann, 1976).   

2.2 Fast gating of AMPARs and KARs 

AMPARs and KARs are said to have fast gating kinetics, particularly in comparison to 

NMDARs, and also GABA receptors at inhibitory synapses, but what exactly is considered fast? 

Generally, AMPAR state transitions occur on a scale of 10 ms or less (Baranovic & Plested, 

2016), and this could be considered a good threshold to divide fast and slow for most gating 

processes. An exception to this rule of thumb is recovery from desensitization, a typically slower 

process, since the desensitized state is thought to be quite energetically stable (Armstrong et al., 

2006). Nevertheless, in an effort to provide a more precise sense of the timescale of AMPAR and 

KAR gating, several examples will be included in the following section from GluA2 (Figure 

R3) and GluK2 receptors. These receptors have been utilized to obtain a great number of 

“precise” measurements, owing to their excellent expression in recombinant systems (i.e. HEK 

293 cells). The cited values below are taken from channels expressed in outside-out patches -

with fast agonist exchange- where the decay of the population response in (near) saturating 

glutamate is fit with an exponential function. In other recording systems (i.e. whole cell) where 

solution exchange times are slower, approaching the scale of the process being observed, less 

accurate measurements are taken (Jonas, 1993). For the other iGluR subunits, values of gating 

time constants can be easily gleaned from comprehensive reviews (e.g Traynelis et al., 2010).    
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Figure R3. Gating and single-channel behaviour of recombinant AMPARs.  
(A) D-R curve constructed by exposing an AMPAR-containing patch to various concentrations of 

glutamate. During a long pulse of glutamate (inset), current decay, reflecting the rate of entry into 

desensitization, can be measured. (B) Likewise, the time course of recovery from desensitization can be 

assessed by measuring the relative amplitude of test pulse responses, given at various time intervals after 

an initial, desensitizing pulse of glutamate. (C) Data from experiments like those shown in panels A and 

B can be used to create kinetic models that describe the rates of receptor transitions between resting (R), 

open (O), and desensitized (D) states with 0-4 bound agonist molecules. (D) Response of a single channel 

to sub-saturating glutamate with CTZ present in the background to attenuate desensitization. All traces in 

this figure come from GluA2 flip, Q/R unedited receptors. Adapted from Koike et al., 2000; Robert & 

Howe, 2003; Robert et al., 2005; Prieto & Wollmuth, 2010. 

 

For the GluA2(Q) flip isoform, time constants of entry into desensitization range between 

5 and 10 ms, while the ratio of the equilibrium current to the peak response -reflecting the extent 

of desensitization- is approximately 1-4% (Robert et al., 2005; Priel et al., 2005). The time 

constant of deactivation is meanwhile much faster at 0.3-0.8 ms (Sun et al., 2002; Carbone & 
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Plested, 2012). A caveat to such values is that biexponential functions can achieve a better fit of 

most current decay data (Robert et al., 2005; Zhang et al., 2006), although single exponential 

functions are adequate in most circumstances for homomeric AMPARs and KARs, where a fast 

component of decay is dominant (>90%).  

The kinetic parameters above result in relatively little detectable GluA2 desensitization 

following a single 1 ms pulse of glutamate, based on the response amplitude of subsequent 

pulses (e.g. Koike et al., 2000). However, it is critical to note that during agonist applications of 

any length, desensitization still occurs at the same rate, but the process can be hidden to some 

extent by occurring from closed states after the apparent removal of the agonist (Raman & 

Trussell, 1995). Therefore, when 1ms glutamate pulses are delivered at high frequencies (i.e. > 

100 Hz) GluA2 desensization is more evident (Rozov et al., 1998; Carbone & Plested, 2016), 

because a fraction of desensitized receptors accumulate without having time to recover from 

their inactive state(s). Recovery itself has a time constant of roughly 20-25 ms (Robert et al., 

2005; Carbone & Plested, 2012).  

Full dose-response (D-R) curves of AMPAR peak responses have seldom been 

attempted, likely owing to the low apparent affinity of receptors for full agonists. From the few 

published results of this protocol on GluA2 receptors, it seems that saturation occurs above 100 

mM, with the EC50 estimated at 1 - 2 mM in glutamate (Koike et al., 2000; Robert et al., 2005). 

This estimate is also consistent with the fast time course of deactivation, which in part reflects 

agonist unbiding. 

GluK2(Q) receptors desensitize over a similar time scale to GluA2 AMPARs, with a 

decay time constant of 5-8 ms, culminating in an equilibrium response that is between 0.3-0.4% 

of the peak current (Heckmann et al., 1996; Bowie et al., 2003). In contrast, the time constant of 
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deactivation is slower at 2.5-3.0 ms (Heckmann et al., 1996; Bowie, 2002), while that of 

recovery from desensitization is about 100-fold slower at roughly 2-3 s (Heckmann et al., 1996; 

Bowie & Lange, 2002). These discrepancies between GluA2 and GluK2 suggest that the KAR 

subunit has a higher apparent affinity for glutamate, and indeed its EC50 value is around 0.5 mM 

(Heckmann et al., 1996; Bowie et al., 2003), somewhat lower than its AMPAR counterpart. An 

explanation for the slower deactivation and recovery behaviour of KARs was recently provided 

by the extensive mutation of several non-conserved residues below the glutamate-binding 

pocket, which could convert each receptor phenotype to the other (Carbone & Plested, 2012).  

2.3 Single-channel properties of AMPARs and KARs 

 Single-channel analysis is an incredible tool that offers insight into the molecular 

mechanisms governing the activity of ion channels. For instance, if an antagonist inhibits the 

response of an ion channel, it could be reducing open probability or channel conductance. To 

know for certain, some knowledge of single-channel behaviour would be required. Typically, 

such knowledge is obtained either by direct inspection of resolvable single-channel records, or 

stationary and non-stationary fluctuation (i.e. noise) analysis (Mortensen & Smart, 2007). The 

latter technique does not require resolution of single channels, because estimates of conductance 

and open probability are derived from the current variance of the entire channel population, 

which is comprised of a variable number of individual channel openings and closures, depending 

on the extent of agonist saturation (Traynelis & Jaramillo, 1998). Before single-channel 

recording became a possibility, it was known that noise analysis could provide information about 

individual neurotransmitter-membrane interactions, or even single-channel conductance 

(Stevens, 1972). However, there are still instances where noise analysis can be useful, including 

when single channels cannot be isolated, or if the conductance is too small to be resolved 
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(Traynelis & Jaramillo, 1998). Some of the single-channel properties of recombinant KAR and 

AMPAR receptors, obtained from noise analysis and direct observation, will be described over 

the next paragraphs. 

 Both AMPAR and KAR (Q/R unedited) subunits possess conductance levels of 

approximately 8, 16, and 24 pS (Swanson et al., 1996; Swanson et al., 1997) that have been 

thought to correlate the number of bound agonist molecules (2, 3, or 4) at the tetrameric receptor 

complex (Rosenmund et al., 1998). When the Q/R site is edited, however, unitary channel 

openings have typically been too small to directly resolve, and noise analysis has estimated 

femtosiemens-range (i.e. 0.2-0.5 pS) weighted conductances for GluK2(R) and GluA2(R) 

receptors (Howe, 1996; Swanson et al., 1997). Many studies have therefore focussed on the 

single-channel behaviour of GluA2(Q) (see Figure R3), given that single channels are 

measureable, and can be linked to structural data, which is most prevalent for that particular 

subunit (Pohlsgaard et al., 2011). In this regard, a comparison of GluA2 single-channel 

behaviour in different AMPAR agonists demonstrated a relationship between agonist efficacy 

and occupancy of higher conductance levels (Jin et al., 2003). More recent examinations of 

GluA2(Q) channels in saturating glutamate have still found low and intermediate 

subconductance levels to be the most prevalent, though they identified a fourth, larger 

conductance level above 30 pS that is rarely visited (Zhang et al., 2008; Prieto & Wollmuth, 

2010). How this open state relates to agonist occupancy is presently unclear, though association 

with auxiliary subunits generally increases the frequency of AMPAR channel openings above 30 

pS (Howe, 2015).    

 Another aspect of single-channel behaviour conserved among non-NMDAR iGluRs is 

their short open periods. Estimates of mean open time for the various subconductance levels of 
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GluA2(Q) and GluK2(Q) range between 0.3 and 0.9 ms in glutamate (Zhang et al., 2008; Zhang 

et al., 2009). Zhang and colleagues also monitored single-channel openings during the onset of 

glutamate application, and found “bursts” of channel activity typically persisted no more than a 

few milliseconds before channels desensitized, after which openings were rarely if ever seen 

again during the same agonist application (Zhang et al., 2008; Zhang et al., 2009). In theory, one 

can also estimate peak open probability from such recordings, if the number of channels in the 

membrane is known. Unfortunately, because of the multiple subconductance levels of AMPARs 

and KARs, as well as the tendency of such channels to open simultaneously in response to 

glutamate, it is very difficult to know the number of active channels. One way around this 

problem is to study channels in non-desensitizing conditions, where open probability is high (i.e. 

~ 1) and it is clear that one channel is active (Rosenmund et al., 1998; Smith & Howe, 2000; 

Prieto & Wollmuth, 2010).  

 

3. PHYSIOLOGICAL IMPORTANCE OF AMPARs & KARS 

3.1 Overview 

 The statement “AMPARs mediate the majority of excitatory transmission in the CNS” is 

often used as a justification for their importance in the introduction of many scientific articles. 

Beyond the fact that there is no excitatory neurotransmitter in the brain comparable to glutamate, 

what lines of evidence support an important role for AMPAR and KAR subunits? Numerous 

neurological disorders are associated with an imbalance of iGluR activity, but notable among 

them is epilepsy, which can manifest as a result of AMPAR/KAR hyperactivity (Bowie, 2008). 

Conversely, the genetic removal of certain AMPAR or KAR subunits can limit basal synaptic 

activity, along with different types of synaptic plasticity associated with learning and memory 
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(Lerma, 2003; Kessels & Malinow, 2009). The next sections will address the expression of 

AMPAR and KAR subunits in the CNS, as well as delve deeper into their physiological 

contributions, using LTP to exemplify AMPAR involvement in synaptic regulation. 

3.2 Spatiotemporal expression of AMPAR and KARs 

With the cloning of the iGluRs in the early 1990s it became possible to use in situ 

hybridization to visualize the expression of their mRNA throughout the brain (e.g. Keinanen et 

al., 1990). These observations were later expanded upon with single-cell polymerase chain 

reaction (PCR) (Geiger et al., 1995) and quantitative mass spectrometry to assess the local or 

regional prevalence of particular subunits (Schwenk et al., 2014). Generally speaking, AMPAR 

mRNA has a widespread distribution that slowly increases from birth to adulthood, though the 

predominant subunits differ from region to region (Hollmann & Heinemann, 1994). At the 

protein level, GluA2 is typically the most prevalent subunit, while GluA4 is the least prevalent, 

except in the cerebellum and brainstem, where it has the highest expression. Meanwhile, GluA1 

and GluA3 have intermediate expression, with the former more common in the hippocampus and 

the latter more common in the cortex (Schwenk et al., 2014). The subcellular distribution of 

AMPARs has been analyzed using receptor-specific antibodies that could localize them to 

somatodendritic sites (Craig et al., 1993), while higher resolution immunogold labeling placed 

them at the postsynaptic density, directly across from presynaptic vesicular release sites (Nusser 

et al., 1994). Estimates of the time individual receptor complexes remain at the plasma 

membrane vary, though an approximation of 24 hours has been suggested, depending on the 

developmental stage of a neuron (Mammen et al., 1997). However, even at the membrane, 

AMPARs exhibit dynamic behaviour, as they can be “trapped” at the synapse in response to 
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activity (Ehlers et al., 2007), or diffuse throughout the postsynaptic density following 

desensitization (Heine et al., 2008). 

In terms of development, the overall expression of each AMPAR subunit exhibits little 

change from birth to adulthood (Schwenk et al., 2014), but this does not preclude changes in 

localization. For instance, “silent” glutamatergic synapses exhibit EPSCs comprised entirely of 

NMDAR-mediated responses, but they also possess a complement of AMPARs that becomes 

electrophysiologically detectable following plasticity-inducing stimulation protocols (Isaac et al., 

1995; Liao et al., 1995). There is also evidence from cultured hippocampal neurons of newborn 

rats that the expression of synaptic AMPARs changes over time, with GluA2 upregulation into 

previously GluA1-dominated synapses (Pickard et al., 2000). 

 When compared to AMPARs, the expression of KAR mRNA is generally more 

constrained and prone to developmental regulation (Hollmann & Heinemann, 1994), though 

GluK5 is a notable exception for its ubiquity (Herb et al., 1992).  Amongst the mRNA for 

primary KARs, all sequences are present to some extent in the cortex, GluK2 and GluK3 occur 

equally in the hippocampus, and in other regions expression is highly localized, usually 

including only one predominant subunit (Wisden & Seeburg, 1993). Assessment of subcellular 

localization using electron microscopy (EM) showed that KARs are found on postsynaptic 

spines, as well as presynaptic terminals (Darstein et al., 2003). 

3.3 AMPARs in neuronal signaling 

Under what conditions are synaptic AMPARs typically activated, and what does their 

activity mean for a neuron? Experiments designed to recreate the phenotype of the 

AMPAR/KAR EPSC on outside-out hippocampal membrane patches -where the concentration 

and duration of agonist application can be precisely controlled- suggested that 1 mM glutamate is 
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present for approximately 1 ms in the synaptic cleft (Colquhoun et al., 1992). A similar result 

was in fact estimated from the displacement of competitive antagonists by glutamate during 

NMDAR-mediated EPSCs (Clements et al., 1992). Because of the rapid clearing of glutamate, 

the excitatory synapse would seem ready to face high-frequency afferent activity, provided that 

receptors are “tuned” to keep pace.  

Not surprisingly, AMPARs have several kinetic properties that impart them with an 

ability to yield fast, repetitive responses. To begin with, the low apparent affinity for glutamate 

amongst recombinant GluA1-4 subunits (EC50 ~ 1-2 mM; Koike et al., 2000; Robert & Howe, 

2003) means that during EPSCs, native AMPARs deactivate within milliseconds (Colquhoun et 

al., 1992), after which they are ready to generate a similar-sized response to the next release of 

neurotransmitter. Moreover, the effect of desensitization to attenuate AMPAR EPSCs is limited, 

because receptors exhibit slow desensitization and fast recovery from desensitization -meaning 

desensitization is short-lived after a 1 ms synaptic glutamate release (Trussell et al., 1993). These 

traits are especially beneficial at synapses like the calyx of Held, which contributes to the 

localization of high-frequency sounds. Within the calyx, AMPARs mediate postsynaptic action 

potential firing that matches afferent fiber stimulation at frequencies up to nearly 1 kHz 

(Taschenberger & von Gersdorff, 2000).  However, the development of action potentials 

following AMPAR activation is not such a trivial occurrence. 

As with EPSCs at negative potentials, unitary EPSPs in hippocampal interneurons display 

a similarly rapid time course, due to the contribution of fast-gating AMPARs (Geiger et al., 

1997). The occurrence of EPSPs is critical for the development of action potentials, either 

through their passive summation in the axon initial segment, or by the generation of dendritic 

spikes, which eventually trigger action potentials upon reaching the axon (Stuart & Spruston, 
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2015). As such, AMPARs allow neurons to detect simultaneous activity at several synapses, 

since fast EPSPs must occur within a strict temporal window to enable their integration (Geiger 

et al., 1997). More recent work has utilized two-photon photo-uncaging of glutamate at discrete 

sites on CA1 pyramidal neurons to quantify the number of synapses that must be stimulated 

within a specific time interval (~20 synapses, < 5 ms) to produce dendritic spikes (Losonczy & 

Magee, 2006). Of course, these values vary between cell types, but AMPARs are usually an 

important factor in the excitability of neurons.  

3.4 KARs in neuronal signaling 

For many years, most native KARs were unable to be studied in isolation. After kainate 

was shown to activate all recombinant AMPAR subunits (i.e. Keinanen et al., 1990), it became 

clear that the KAR receptor population was not pharmacologically separable. Fortunately, the 

discovery that 2,3-benzodiazepine (GYKI) compounds act as non-competitive antagonists, 

selective for AMPARs over KARs (Wilding & Huettner, 1995; Bleakman et al., 1997), paved 

over this roadblock, spurring many researchers to study KAR-mediated synaptic responses. The 

first studies focused on hippocampal CA3 neurons, where the KAR EPSC exhibited a much 

smaller amplitude than its AMPAR-mediated counterpart, as well as a much slower decay rate (τ 

~100 ms) (Castillo et al., 1997; Vignes & Collingridge, 1997). Although decay was about ten-

fold faster in CA1 interneurons (Cossart et al., 2002), KAR-mediated EPSC responses are 

generally slow throughout the CNS (Contractor et al., 2011). 

 The slow phenotype of KARs was particularly puzzling, because of the much faster 

gating behaviour (i.e. deactivation) of recombinant KAR subunits like GluK2 (Heckmann et al., 

1996). Initially, it was speculated that this slow decay was due to perisynaptic localization, 

where receptors would exposed to lower glutamate concentrations on a delayed timescale 

https://en.wikipedia.org/wiki/Benzodiazepine


24 

 

(Jaskolski et al., 2005). However, an alternate explanation that came into favour involved the 

emergent properties of synaptic KAR complexes, namely heteromerization and auxiliary protein 

association, which imparted them with the slow phenotype. It was already known that 

postsynaptic KARs in the hippocampus were likely comprised of both GluK2 and GluK5 

subunits (Darstein et al., 2003), yet heteromeric receptors had been studied under a limited set of 

recombinant conditions, typically featuring a long agonist application (e.g. Swanson et al., 2002). 

When the same subunits were probed under conditions mimicking synaptic glutamate release 

(i.e. 1 mM concentration, 1 ms duration) it was found that deactivation slowed substantially 

(Barberis et al., 2008). Moreover, the KAR-specific auxiliary subunits neuropilin and tolloid-like 

(or NETO) 1 and 2, single-pass transmembrane proteins that associate with native KARs in brain 

tissue, further slow receptor deactivation -including that of GluK2/GluK5 heteromers- when 

expressed recombinantly (Zhang et al., 2009; Straub et al., 2011, a; Straub et al., 2011, b). The 

NETO subunits also slow desensitization (Zhang et al., 2009), which likely contributes to the 

summation of KAR EPSCs at many synapses in response to rapid, repetitive stimulations (Straub 

et al., 2011, b). 
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Figure R4. Physiological roles of KARs in synaptic transmission.  

(A) Cartoon representation of the hippocampal mossy fiber-CA3 synapse, which contains both 

presynaptic and postsynaptic KARs. (B) At this synapse, a small, but slowly decaying KAR-mediated 

component of the EPSC can be isolated following application of the AMPAR-selective antagonist GYKI. 

(C) Bi-directional facilitation and inhibition of ESPC amplitude by the application of low and high 

concentrations of kainate, respectively. (D) The amplitude of LTP is reduced in GluK2 knockout mice, 

indicating a role for the KAR subunit in the process. (E) Illustration of the mechanism by which 

presynaptic KARs act metabotropically to suppress GABA release onto inhibitory synapses. (F) The 

application of glutamate reduces IPSC amplitude at the CA3-CA1 synapse by acting on presynaptic 

KARs, as depicted in the previous panel. Adapted from Lerma, 2003. 
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3.5 KARs as neuromodulators 

Based on the size of their EPSCS, KARs simply cannot compete with AMPARs for the 

championship of basal synaptic transmission. Rather, native KARs seem to excel at modulating 

synaptic activity (Figure R4), working on both sides of the synapse, and signaling through 

ionotropic and metabotropic modes (Lerma & Marques, 2013). Several of these unexpected, 

modulatory roles of synaptic KARs were discovered by the application of kainate in the presence 

of GYKI, removing the possibility that the agonist was acting on AMPARs (Contractor et al., 

2011). For example, at the oft-studied CA3-CA1 synapse, prolonged kainate application (i.e. 

over minutes) had the paradoxical effect of reducing NMDAR-mediated EPSC amplitudes, an 

action that could only seem to be reconciled if the agonist acted presynaptically (Chittajallu et 

al., 1996).  

The nearby (hippocampal) mossy fiber synapse also proved to be a fertile ground to 

observe novel behaviours from presynaptic KARs. At this synapse, an NMDAR-independent 

form of LTP was found to be blocked by the KAR-selective antagonist LY382884 (Bortolotto et 

al., 1999). Meanwhile, a kainate-induced, bi-directional regulation of the NMDAR-mediated 

EPSC amplitude was attributed to presynaptic KARs by measuring presynaptic action potential 

‘volleys’ alongside postsynaptic currents (Schmitz et al., 2000; Schmitz et al., 2001). In part 

because the presynaptic facilitation of EPSCs was occluded by KAR-mediated LTP, this form of 

potentiation was concluded to have a presynaptic origin (Lauri et al., 2001). Schmitz and 

colleagues also argued that the reversible modulation they observed could be achieved with 

synaptically-released glutamate acting on presynaptic KARs (Schmitz et al., 2000), but this 

interpretation has since been questioned. An alternative view is that mGluRs mediate some 
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effects attributed to endogenous glutamate acting on presynaptic KARs, since they also suppress 

glutamate release at the mossy fiber synapse (Kwon & Castillo, 2008).  

Inhibitory neurotransmission and neuronal excitability are also subject to regulation by 

KARs. The earliest reports of this modulation again relied upon CA1 neurons, where it was 

found inhibitory postsynaptic current (IPSC) amplitude decreased following application of 

kainate or the GluK1 selective agonist ATPA (Clarke et al., 1997; Rodriguez-Moreno et al., 

1997). Because kainate application alone did not cause postsynaptic depolarization -and for 

other, more complicated reasons- presynaptic KARs were thought to be the culprits (Clarke et 

al., 1997). In addition, G protein and protein kinase C (PKC) inhibitors prevented the kainate-

mediated change in IPSC behaviour, strongly suggesting a metabotropic mechanism of action 

(Rodriguez-Moreno & Lerma, 1998). Since this observation, other metabotropic actions of 

KARs have been postulated, including the inhibition of a potassium current responsible for 

action potential after-hyperpolarization, an effect that ultimately increases CA1 neuronal firing 

(Melyan et al., 2002).  

3.6 iGluRs in synaptic plasticity 

3.6.1 The case of LTP at the CA3-CA1 synapse 

 Plasticity is a fundamental property of the brain. It allows us to commit new ideas to 

memory, and recall them periodically when useful, or forget them when of no use. How such 

neurological plasticity is manifest at the cellular and molecular level has been studied to a 

considerable extent. Although some details remain unknown, it has become increasingly clear 

that glutamate receptors are integral to many forms of synaptic plasticity, some of which have 

been shown to underlie learning and memory in vivo (Sweatt, 2016). In this regard, the most 

carefully examined plasticity mechanism involves a prolonged potentiation (LTP) of synaptic 
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transmission between hippocampal pyramidal cells projecting from the CA3 to CA1 region 

(Figure R5; Malenka & Bear, 2004). To exemplify the central role of iGluRs in an important 

neurophysiological process, a brief explanation of their contributions to the induction and 

expression of CA3-CA1 LTP will be provided. Since other synapses potentiate via different 

pathways, the details described hereafter refer to the CA3-CA1 synapse, unless otherwise stated.  

  
 
Figure R5. Mechanism of NMDAR-dependent LTP at the CA3-CA1 hippocampal synapse.  

(A) Application of the NMDAR-selective antagonist D-AP5 (or APV) prevents the induction of LTP 

during high-frequency stimulation of the synapse. (B) The conditional knockout of Gria1, the gene 

encoding GluA1, results in severely attenuated LTP expression. (C) Cartoon summary of LTP at the 

CA3-CA1 synapse, including calcium entry through NMDARs leading to CAMKII activation and 

resulting in translocation of TARP-associated AMPARs to the postsynaptic density. Adapted from 

Tomita, 2010; Granger et al., 2013; Volianskis et al., 2015.  

 

3.6.2 LTP induction 

 Hippocampal LTP was first described in anesthetized rabbits, where repetitive high-

frequency stimulation over several seconds induced an increase in the synaptic response (i.e. 

EPSP) that persisted for hours (Bliss & Lomo, 1973). Ten years later, some mechanistic insight 

was gained from the discoveries that LTP could be blocked, either by application of the 

NMDAR-selective antagonist APV (Collingridge et al., 1983), or inclusion of the calcium 
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chelator ethylenediaminetetraacetic acid (EDTA) in the recording pipette (Lynch et al., 1983). 

These observations were clarified after it was demonstrated that NMDAR activation raises 

intracellular calcium concentration (MacDermott et al., 1986). In conjunction with experiments 

showing that the AMPAR/KAR selective antagonist DNQX did not prevent EPSP potentiation 

(Muller et al., 1988), pharmacological evidence had helped create a model wherein NMDARs 

induce LTP and AMPARs mediate its expression. An addition to this model came from studies 

reporting that the inhibition of protein kinases, and specifically calcium/calmodulin-dependent 

protein kinase II (CAMKII), also blocked LTP induction (Malenka et al., 1989; Malinow et al., 

1989). CAMKII was plausible as the first downstream step in NMDAR-dependent LTP, given its 

ability to sense and respond to NMDAR-mediated calcium entry -in fact, CAMKII was later 

found to associate directly with the GluN1 and GluN2B subunits (Leonard et al., 1999). 

Nevertheless, the exact nature of LTP expression downstream of this point became an incredibly 

complicated matter, owing to the identification of multiple kinase targets and AMPAR 

interacting proteins.  

3.6.3 LTP expression 

 Apart from experiments described in the last paragraph, few interventions have been able 

to entirely prevent hippocampal LTP. At the same time, there is expanding list of proteins 

considered to be important for its expression, often stemming from the observation of LTP 

impairment in knockout mice. For example, mice lacking the GluA1 subunit do not exhibit LTP 

at the CA3-CA1 synapse (Zamanillo et al., 1999). In contrast, knocking out GluA2, or both 

GluA2 and GluA3 together results in enhanced potentiation (Jia et al., 1996; Meng et al., 2003). 

This discrepancy has led to the idea that GluA2 and GluA3 may be important for basal synaptic 

transmission, while GluA1 is deployed to strengthen synapses during plasticity, settling into new 
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“slots” made available by some other protein(s) (Kessels & Malinow, 2009). In support of this 

idea, the overexpression of GluA1 in CA1 neurons resulted in greater inward rectification of the 

I-V plot after LTP, consistent with more polyamine-sensitive GluA1 subunits getting into the 

synapse (Hayashi et al., 2000).  

Initially, it was suspected that phosphorylation might be the key driver to get GluA1 into 

newly formed synaptic slots. Corroborating this idea, a mouse possessing two phospho-null 

mutations at known phosphorylated residues in the GluA1 intracellular C-terminus had greatly 

reduced LTP (Lee et al., 2003). However, a more radical intervention involving a conditional 

knockout of the GluA1-3 subunits -rendering the AMPAR-mediated EPSC non-existent- and 

transfection of various iGluR subtypes into cultured neurons determined that the GluA1 C-

terminal domain (CTD) is not required for LTP. For that matter, any one of the AMPAR 

subunits, and even the GluK2 KAR subunit, was shown to be capable of mediating LTP 

expression (Granger et al., 2013). Accordingly, LTP expression does not depend on C-terminal 

interactions unique to GluA1, or absolutely require AMPARs, but there may be preferential 

incorporation of certain subunits under normal conditions (Huganir & Nicoll, 2013).  

AMPAR auxiliary proteins have also been considered as key intermediates in the LTP 

expression pathway (Herring & Nicoll, 2016). The transmembrane AMPAR regulatory proteins 

(TARPs), which constitute the most well studied AMPAR auxiliary protein family (see Jackson 

& Nicoll, 2011), are phosphorylated in the brain, and the viral infection of phospho-null TARP 

mutants abolished LTP in neuronal cultures (Tomita et al., 2005). Furthermore, knocking out the 

most abundant TARP subunit in the hippocampus (γ8) greatly reduced EPSC amplitude and 

almost eliminated LTP at the CA3-CA1 synapse (Rouach et al., 2005). This data fits with an 

earlier interpretation that the PDZ-binding motif of TARPs provides a hook to install AMPAR 
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complexes in the postsynaptic density (Chen et al., 2000). Additional investigation of mice with 

truncated γ8 subunits lacking the PDZ motif revealed an impairment of EPSC amplitude, though 

normal LTP expression (Sumioka et al., 2011), suggesting other TARP-related factors mediate 

plasticity. On the whole, TARPs appear important, but not essential, for LTP expression, though 

the exact mechanism by which they deliver additional AMPARs to the synapse is still 

unresolved. Because of the redundancy provided by six modulatory TARP subunits, with 

multiple subunits occurring together in many brain regions (Jackson & Nicoll, 2011), it has been 

difficult to study their net effect. Combinations of triple TARP gene knockouts -and presumably 

complete TARP elimination- are lethal (Menuz et al., 2009), meaning some aspects of TARP 

physiology may remain hidden without better genetic tools.   

3.6.4 LTP as a correlate of learning and memory 

 Because LTP is traditionally studied in vitro, most findings related to the process cannot 

be explicitly linked to behaviour. Pioneering experiments showed that APV inhibited the ability 

of rodents to learn escape routes from a water-filled chamber (Morris et al., 1986), but the 

previously described blockade of LTP by the NMDAR antagonist (Collingridge et al., 1983) 

could not be causally linked with impaired spatial learning. Rather, it was hoped that the 

involvement of the hippocampus in memory-based navigation (Morris et al., 1982) and the 

extensive plasticity of hippocampal synapses were not coincidental. An excellent investigation 

into the causality of LTP found that completion of a spatial learning task -avoiding foot shocks 

associated with a specific location- resulted in a LTP-like phenotype at the CA3-CA1 synapse, 

while further potentiation was occluded (Whitlock et al., 2006). More recent experiments have 

found that memories can be “inactivated” and “reactivated” by the in vivo optogenetic induction 
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of long-term depression (LTD) and LTP, respectively (Nabavi et al., 2014), confirming a bi-

directional role of plasticity in shaping behaviour.   

 

4. A STRUCTURAL TOUR OF THE GLUTAMATE RECEPTOR 

4.1 Survey of the iGluR domains 

All iGluR subunits are comprised of four structural domains: the extracellular amino-

terminal domain (ATD) and ligand-binding domain (LBD), the transmembrane domain (TMD), 

and an intracellular C-terminal domain (CTD) (Figure R6; Mayer & Armstrong, 2004). The 

sizes of the ATD and LBD are largely conserved, with each containing around 400 and 300 

amino acids, respectively (Mayer, 2011). Likewise, each TMD is comprised of multiple, short 

membrane-spanning segments (TM 1, 3, and 4), as well as the pore loop (TM2), which does not 

cross the entire membrane, but provides the selectivity filter for ion permeation (Huettner, 2015). 

At the end of iGluR proteins, the CTD forms a less organized arrangement (Ryan et al., 2008) 

that varies between 20 and 500 amino acids (Mayer & Armstrong, 2004). When all domains are 

combined to calculate the total length of the longest splice variant of each subunit, AMPARs are 

approximately 900 amino acids, KARs range between 900 to 1000 amino acids, and NMDARs 

are generally much longer (900-1500 amino acids), owing to the extensive variability in the CTD 

of GluN2 subunits (Traynelis et al., 2010). However, an important consideration in the length 

and residue numbering of iGluR subunits is the inclusion of the signal peptide, a hydrophobic 

segment preceding the ATD that directs membrane insertion (Hollmann & Heinemann, 1994). 

Throughout this thesis, the signal peptide is included in residue numbering, but it is common in 

the AMPAR and KAR literature to refer to the length of the “mature” protein, from which the 

signal peptide has been cleaved. 
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 Figure R6. Insights into AMPAR/KAR gating from structures of the isolated LBD.  

(A) Colour-coded representation of each iGluR domain, relative to the length of the protein as a whole 

(top), as well as a cartoon depiction of the overall topology (bottom). (B) Image of the first high-

resolution crystal structure of an iGluR domain, namely the kainate-bound GluA2 LBD. (C) A structural 

model of agonist efficacy, indicating progressively greater closure of the agonist-binding cleft from an 

antagonist (DNQX) to partial agonist (kainate) to full agonist (glutamate). (D) A structural model of 

activation and desensitization. Notably, during activation the D2 lobes swing upward pulling on the 

linkers to the channel pore, while during desensitization the D1-D1 dimer interface comes apart. 

However, it should be noted that desensitization is not thought to occur directly from open states, and that 

multiple kinetic transitions would be expected in between each state (see Robert & Howe, 2003). Adapted 

from Traynelis et al., 2010; Armstrong et al., 1998; Madden, 2002; Kumar & Mayer, 2013. 

 

4.2 Early structural insights 

4.2.1 The topology of iGluRs 

  Concurrent with the initial cloning of an iGluR subunit, four putative TM segments 

were identified from its polypeptide sequence, though the topology and stoichiometry of 

assembled proteins were still highly speculative (Hollmann et al., 1989). Unlike other LGICs 



34 

 

known at the time, the region prior to the initial TMD was extremely long, and contained 

sequences that were homologous with both glutamine-binding proteins (GlnBPs) and 

leucine/isoleucine/valine-binding proteins (LIVBPs), two classes of periplasmic-binding protein 

found in bacteria (Nakanishi et al., 1990). Furthermore, it possessed several consensus sites for 

asparagine, or N-linked glycosylation (Boulter et al., 1990; Keinanen et al., 1990), which 

characteristically occurs on the extracellular face of membrane and secretory proteins (Standley 

& Beaudry, 2000). Together, the evidence for N-terminal ligand binding and glycosylation 

strongly suggested that this end of the protein was extracellular, though some confirmation came 

from deglycosylation assays (Rogers et al., 1991; Blackstone et al., 1992). Soon after, the first 

solid evidence for an intracellular C-terminal came from membrane permeabilization assays, 

which greatly increased antibody labeling at epitopes on the C-terminal end of the AMPAR 

(Craig et al., 1993; Molnar et al., 1994). This result stood in contrast to contemporary models 

that placed both termini on the extracellular side of the mmebrane (summarized in Hollmann & 

Heinemann, 1994). Part of this confusion stemmed from the four identified TM segments, since 

having N and C-termini on different sides of the membrane would be somewhat paradoxical. 

Much of the mystery involving iGluR topology was resolved in 1994, with further 

exploration of N-glycosylation. The identification of a KAR-specific glycosylation site in the 

proposed intracellular loop between TM3 and TM4 suggested that this area was in fact 

extracellular (Roche et al., 1994). Moreover, the mutagenesis of native AMPAR glycosylation 

sites revealed two discontinuous extracellular segments, and led to the (correct) speculation that 

TM2 partially enters the membrane before returning out the same side (Hollmann et al., 1994). 

At the same time, this knowledge was used to generate AMPAR/KAR chimeras to demonstrate 

that the LBD is formed from both extracellular segments, which together define agonist 
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selectivity (Stern-Bach et al., 1994). These segments were named S1 (between the ATD and 

TM1) and S2 (between TM3 and TM4) (Stern-Bach et al., 1994).  

Fortunately, it was possible to construct a soluble LBD from the S1 and S2 segments, 

which were joined by a linker segment (Kuusinen et al., 1995), a manipulation that was later 

used with great success for crystallographic analysis of GluA2 (reviewed in Dawe et al., 2015).  

In the meantime, insights into the tertiary structure of iGluR domains depended on homology 

modeling from atomic structures of periplasmic-binding proteins (Quiocho & Higgins, 1990; 

Kang et al., 1991). Due to the bi-lobed structure of these proteins, it was proposed that the iGluR 

LBD might respond to glutamate by acting like a venus flytrap (Mano et al., 1996).  

4.2.2 The stoichiometry of iGluRs 

The tetrameric subunit arrangement of the first intact AMPAR structure (Sobolevsky et 

al., 2009) could be considered the definitive proof of iGluR stoichiometry. Nevertheless, a great 

deal of indirect evidence had previously settled much of the debate regarding how many subunits 

comprise iGluR complexes. Some of the earliest insights came from NMDARs, where it was 

known that both glutamate and glycine must be bound for activation to occur (Johnson & 

Ascher, 1987; Kleckner & Dingledine, 1988). Using kinetic analysis of current responses, it was 

possible to derive a better fit from models with two -rather than one- binding steps for both 

glutamate and glycine (Benveniste & Mayer, 1991; Clements & Westbrook, 1991). Accordingly, 

it was proposed that NMDARs must have at least four subunits, assuming one subunit contained 

one agonist-binding site (Clements & Westbrook, 1991). The single binding site model was later 

validated, as both GluN1 and GluN2 subunits were shown to be required for functional 

expression of recombinant NMDARs (Monyer et al., 1992), and their respective mutation could 

reduce apparent affinity for glycine and glutamate (Kuryatov et al, 1994; Laube et al., 1997). 
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Subsequently, these mutations were brilliantly employed to demonstrate a tetrameric 

stoichiometry of NMDARs. By co-transfecting cDNA encoding lower affinity GluN1 or GluN2 

mutants with wildtype receptors, a triphasic dose-response curve emerged, indicating zero, one, 

or two mutant subunits were incorporated into the functional complex -and by extrapolation an 

upper limit of two of each subunit would reflect four subunits in total (Laube et al., 1998). This 

stoichiometry has not been challenged, but following the isolation of what are now termed the 

GluN3A and B subunits (Sucher et al., 1995; Chatterton et al., 2002), it has been appreciated that 

NMDARs are not simply composed of two GluN1 and two GluN2 subunits. Rather, they can 

assemble as GluN1/GluN2 di- or triheteromers (i.e. GluN1, GluN2A, and GluN2B) (Hatton & 

Paoletti, 2005; Tovar et al., 2013), as well as GluN1/GluN3 receptors, which are responsive to 

glycine, and not glutamate (Chatterton et al., 2002). There is also some biochemical evidence 

that GluN3 subunits can incorporate into the same complex as GluN2, forming 

GluN1/GluN2/GluN3 triheteromers (Perez-Otano et al., 2001). Whether such triheteromers form 

functional channels remains to be conclusively demonstrated, since co-transfected subunits can 

also form two diheteromeric (N1/2, or N1/3) receptor populations.  

At the same time as the NMDAR studies mentioned above, other experiments on 

homomeric AMPARs helped the field reach a consensus on tetrameric stoichiometry. For 

example, the addition of crosslinking reagents to brain tissue allowed AMPAR complexes to be 

isolated at molecular weights of up to four times that of the single subunit (Wu et al., 1996). 

Alternatively, the responsiveness of wild-type and mutant -with altered quisqualate sensitivity- 

GluA1 receptors, co-expressed at various ratios, was best fit with a four binding site model 

(Mano & Teichberg, 1998). These studies were then largely overshadowed by work from a non-

desensitizing, chimeric GluA3/GluK2 receptor, from which the single-channel conductance was 
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found to increase incrementally as antagonists were replaced by agonist molecules at each 

binding site. The rate of appearance of the three subconductance levels for the chimeric channel 

was used to argue in favour of a tetrameric complex (Rosenmund et al., 1998). It was thus 

proposed that one agonist molecule is unable to open the AMPAR channel, whereas two, three, 

and four bound molecules corresponded to the low, medium, and high subconductance levels 

(Rosenmund et al., 1998). A concern with this interpretation -not appreciated until later- is that 

native and recombinant (e.g. GluA2) AMPARs possesses up to four subconductance levels, 

which can occur at both saturating and sub-saturating agonist concentrations (Smith & Howe, 

2000; Zhang et al., 2008; Prieto et al., 2010), implying that other factors apart from agonist 

occupancy may dictate conductance level.    

4.3 The ligand-binding domain (LBD) 

4.3.1 Atomic structure of the LBD and agonist efficacy 

The first high resolution structure of an iGluR domain was achieved in 1998, when the 

kainate-bound GluA2 flop LBD was crystallized using an S1-S2 linked construct (Figure R6; 

Armstrong et al., 1998). In a sense, this structure brought the study of iGluRs out of the dark, and 

was the first of many key contributions made by the lab of Eric Gouaux to the field. Consistent 

with earlier homology modeling, the LBD was determined to be “kidney-shaped,” containing 

upper and lower domain 1 (D1) and domain 2 (D2) lobes that both form contacts with the agonist 

molecule (Armstrong et al., 1998). Moreover, comparison with the glutamine-bound GlnBP 

structure (Sun et al., 1998) suggested that the wide-open GluA2 agonist-binding cleft was 

capable of much more extensive closure between D1 and D2. Consistent with this prediction, a 

follow-up investigation of the GluA2 LBD found that -relative to the apo state- the binding of 

full agonists AMPA and glutamate induced a further 20° closure of the agonist-binding cleft, 
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based on the angle between the D1 and D2 domains. Meanwhile, the partial agonist kainate and 

the competitive antagonist CNQX only induced 12° and 5° of additional cleft closure, 

respectively (Armstrong & Gouaux, 2000). This spectrum of cleft closure led to a structural 

model of agonist efficacy, whereby more efficacious agonists could induce greater closure, 

which in turn facilitated gating of the channel pore (Figure R6; Armstrong & Gouaux, 2000). 

Validation of this model was dependent on studies linking the cleft closure induced in various 

agonist-bound structures to the relative efficacy of these agonists in electrophysiological assays 

(Hogner et al., 2002; Jin et al., 2003). The most compelling example involved the incorporation 

of increasingly bulky halide groups into a willardiine (an AMPAR partial agonist) chemical 

backbone. These chemical substitutions incrementally reduced cleft closure, alongside the 

maximal current response of GluA2 AMPARs (Jin et al., 2003), in agreement with the idea that 

more closure correlates with greater efficacy. Importantly, such currents were recorded from 

receptors containing a well-studied point mutation that blocks desensitization (see next section), 

removing that potential confound from the assignment of relative efficacy. An additional piece of 

evidence favouring the cleft closure paradigm came from a GluA2 mutant with reduced cross-

cleft hydrogen bonding, as glutamate efficacy was lowered, relative to quisqualate, another full 

agonist (Robert et al., 2005).  

Beyond AMPARs, the initial, isolated LBD structures from the NMDAR and KAR 

subfamilies were also in good agreement with closure dictating efficacy. The arrangement of the 

GluN1 agonist-binding cleft was more closed with the agonist glycine than the competitive 

antagonist DCKA (Furukawa & Gouaux, 2003). Likewise, the “co-first” GluK2 LBD structure 

was bound by the partial agonist domoate, and through comparison to existing GluA2 structures 

it was found to have intermediate cleft closure between the apo and glutamate-bound forms 
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(Nanao et al., 2005). At the same time, the GluK1 and GluK2 LBD structures reported by Mark 

Mayer all displayed a much larger agonist-binding cleft than that of GluA2, with greater domain 

closure relative to the GluA2 apo state. The kainate-bound GluK2 cleft was only 3° more open 

than the glutamate-bound cleft (Mayer, 2005), but that could have reflected that kainate is a 

much more efficacious agonist at recombinant GluK2 (MacLean et al., 2011) versus GluA2 

receptors (Plested & Mayer, 2009).  

4.3.2 Refining the model of agonist efficacy 

Since the initial structural survey of GluA2 agonists and antagonists by Armstrong and 

Gouaux, an immense number of ligands have been crystallized in the agonist-binding cleft of 

various iGluR subunits. Even as of 2011, over eighty structures were reported for the GluA2 

LBD alone (Pohlsgaard et al., 2011). It is clear that not all of the bound agonists have induced a 

degree of LBD cleft closure commensurate with their agonist activity (reviewed in Dawe et al., 

2015). To highlight a few examples, two GluN1 partial agonists induced a similar cleft closure as 

the full agonist glycine (Inanobe et al., 2005), while kainate was reported to induce a similar 

degree of cleft closure in GluK1 and GluA2 (relative to glutamate), despite it being a much 

poorer agonist at the latter (Venskutonyte et al., 2012). A somewhat related finding was that 

kainate efficacy may be governed by a twisting motion of the LBD, rather than cleft closure 

(Birdsey-Benson et al., 2010). This corroborated previous molecular dynamics (MD) simulations 

of the GluA2 LBD, which predicted a capability of the structure to undergo discrete “hinge-

bending” (cleft closure), twisting, and rocking motions (Bjerrum & Biggin, 2008). As more 

intact receptor complexes are solved in different states (i.e. Durr et al., 2014) it will be 

appropriate to refine explanations of agonist efficacy to complement the observed changes in 

quaternary structure. Nevertheless, considering the one-dimensional nature of the cleft closure 
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paradigm, the measurement exhibits a strong correlation with agonist efficacy (Pohlsgaard et al., 

2011), and has provided a great structural starting point for thinking about how the iGluR LBD 

regulates channel gating.  

4.3.3 AMPAR modulators and the molecular basis of desensitization 

Prior to the crystallization of the AMPAR LBD, a great deal of electrophysiological 

evidence had pinpointed this domain as a molecular determinant of receptor desensitization. 

Toward this end, the characterization of compounds that modulate AMPAR desensitization was 

an important first step. Fortuitously, the cognition-enhancing drug aniracetam was identified 

early as a potentiator of neuronal AMPAR/KAR responses (Ito et al., 1990), though more 

detailed experiments showed it slows desensitization and EPSC decay (Vyklicky et al., 1991). 

Likewise, cyclothiazide (CTZ), a benzothiadiazide compound originally developed as a diuretic 

(Yamada & Tang, 1993), was also found to positively modulate non-NMDAR responses. 

However, CTZ almost completely blocks glutamate-induced desensitization, with little effect on 

deactivation kinetics (Patneau et al., 1993; Yamada & Tang, 1993). In recombinant expression 

systems, CTZ acts selectively on AMPARs, but not KARs (Partin et al., 1993). Furthermore, 

because of its greater modulation of the flip versus flop AMPAR variant -which differ in some 

S2 residues- it was possible to identify a single site in the LBD (S/N in GluA2 flip and flop at 

position 775) that imparts sensitivity to both CTZ and aniracetam (Partin et al., 1995; Partin et 

al., 1996).  

Even without allosteric modulators bound, the alternative splicing of the AMPAR 

flip/flop exons affects the time course of desensitization, as flop variants generally desensitize 

faster (Mosbacher et al., 1994). An additional, complicating factor is RNA editing at the so-

called “R/G” site immediately preceding the flip/flop region, which converts arginine to glycine 
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in flip and flop variants of GluA2-4, producing a modest slowing of entry into desensitization 

and acceleration of recovery from desensitization (Lomeli et al., 1994). Together, the genetic 

regulation of AMPARs and their response to allosteric modulators both suggested the end of the 

LBD S2 segment was important in the mechanism of desensitization. 

4.3.4 The LBD dimer interface and AMPAR desensitization 

The S1 segment of the LBD was also implicated in AMPAR desensitization by the 

discovery of a point mutation, known as L/Y (at residue 504 in GluA2), which prevented 

receptors from desensitizing (Stern-Bach et al., 1998). The L/Y site was identified using 

GluA3/GluK2 chimeras (Stern-Bach et al., 1994), from which the tyrosine of GluK2 conferred 

the non-desensitizing phenotype (Stern-Bach et al., 1998). Curiously, the L/Y site was positioned 

on the external face of the LBD, opposite to the agonist-binding cleft (Armstrong et al., 1998), so 

its role in gating was not immediately clear. With the crystallization of a modified GluA2 ligand-

binding core (S1S2J) as dimers (Armstrong & Gouaux, 2000), it was then appreciated that both 

the S/N and L/Y sites were located in the “dimer interface,” formed between the oppositely 

directed clefts. Applying the ultracentrifugation technique of sedimentation equilibrium to CTZ-

bound or L/Y mutant GluA2 LBDs revealed that in both cases, protein dimerization was 

enhanced. This result, combined with crystal structures of the LBD dimer in each condition, 

enabled the first structural model of iGluR desensitization. According to this model, the dimer 

interface must rupture for desensitization to proceed (Figure R6; Sun et al., 2002).  

Despite a large number of papers reporting altered desensitization kinetics through the 

mutation of various sites along the AMPAR and KAR dimer interface (e.g. Horning & Mayer, 

2004; Zhang et al., 2006), two notable concerns with the dimer interface model have persisted. 

The first is its applicability in NMDARs, which are much less conserved with AMPARs, and the 
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second is whether it could be extrapolated to full-length receptors, rather than isolated LBDs. 

Regarding NMDARs, the first crystal structure of the LBD heterodimer, comprised of GluN1 

and GluN2A subunits, showed a similar overall organization to that of GluA2 (Furukawa et al., 

2005). However, analytical ultracentrifugation of isolated NMDAR LBDs suggests that both co-

agonists must be present to facilitate heterodimer formation (Cheriyan et al., 2015). This 

contrasts with the idea that agonist binding promotes desensitization and dimer separation of 

AMPARs and KARs. In addition, agonist-bound intact NMDAR structures published recently 

(Zhu et al., 2016; Tajima et al., 2016) did not exhibit the same broken-dimer LBD arrangement 

seen in intact GluK2 (Meyerson et al., 2014) and GluA2 (Durr et al., 2014) structures that were 

deemed to be desensitized. For these non-NMDAR structures, captured in apo, “pre-activated,” 

and desensitized states, the transitions observed in the LBD layer have been in agreement with 

the initial activation (Armstrong & Gouaux, 2000) and desensitization (Sun et al., 2002) 

mechanisms put forward by the Gouaux lab.  

4.3.5 The LBD dimer interface and KAR desensitization 

As an additional functional test for the role of the LBD dimer in iGluR gating, it was 

thought that the introduction of a disulfide bridge across the dimer interface would prevent the 

conformational transition accompanying desensitization. For the KAR subfamily, for which there 

were no mutations or modulatory compounds yet identified (as of 2006) that could severely 

attenuate desensitization, this was an attractive prospect. Indeed, two groups published cysteine 

crosslinking mutations at different positions in the GluK2 dimer interface that imparted the 

receptor with nondecaying responses to glutamate (Weston et al., 2006; Priel et al., 2006). 

Subsequent analysis of the Y512C/L783C mutation first described by Weston and colleagues 

revealed that single-channel openings were sporadic, despite occurring with equal probability 
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during saturating agonist applications (Daniels et al., 2013). Thus, although it seems likely that 

access to certain desensitized conformations is prevented, this does not equate with receptors 

remaining in an open-channel state. Such an interpretation is consistent with the original 

characterization of the equivalent GluA2 crosslinked mutant (L504C/L783C), for which current 

amplitudes were potentiated several fold by CTZ, indicating a relatively low open probability at 

equilibrium (Weston et al., 2006).   

Around the same time that the dimer interface was first being explored in AMPAR 

desensitization, a coincidental finding in the GluK2 KAR pointed to its interface as an important 

allosteric regulator of gating. Specifically, the substitution of different cations and anions (beside 

sodium and chloride) in the external recording solution accelerated desensitization and reduced 

peak response amplitudes (Bowie, 2002). A more drastic perturbation involved the substitution 

of external sodium chloride with sucrose, which entirely abolished GluK2, but not GluA1 

functional responses -mediated by ions in the pipette solution (Wong et al., 2006). Meanwhile, 

increasing the overall concentration of sodium chloride slowed desensitization (Bowie & Lange, 

2002). The protein region responsible for ion sensitivity was isolated with the help of chimeric 

GluK2/GluA3 receptors -as AMPARs were insensitive to cation substitution- and pinpointed at 

the apex of the LBD, where mutations to key residues negated the modulatory effects of ion 

species (Paternain et al., 2003). Eventually, crystallographic analysis of KAR LBDs resolved two 

sodium-binding sites and one chloride-binding site at the respective margins and centre of the 

apical dimer interface, leading to the hypothesis that ions somehow stabilize the KAR dimer for 

efficient gating (Plested & Mayer, 2007; Plested et al., 2008). A similar structural role is thought 

to be played by the zinc ion, which binds at a lower position in the GluK3 LBD dimer interface, 

leading to current potentiation (Veran et al., 2012). 
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 Prior to structural information concerning the position of ions in the GluK2 LBD, it was 

proposed that sodium and chloride might form a dipole (Wong et al., 2007), though subsequent 

investigations have suggested that allosteric anions might play a separable and secondary role to 

cations. For example, the substitution of cations, but not anions, can alter the relative efficacy of 

specific agonists (MacLean et al., 2011). Likewise, a point mutation introduced at the LBD apex 

(GluK2 D776K) apparently disrupted desensitization (Nayeem et al., 2009) by introducing a 

positively charged, cross-dimer tether into the sodium-binding pocket, all the while perturbing 

the chloride-binding site (Nayeem et al., 2011). Yet given the complicated nature of single 

channels recorded from cysteine-crosslinked KAR mutants, the ability of the D776K mutation to 

retain GluK2 in an activated state (without sodium binding) remained a valid concern.   

4.4 The amino terminal domain (ATD) 

4.4.1 Overview 

The ATD is arguably the most perplexing iGluR domain. It comprises roughly half of the 

entire protein (Mayer, 2011), yet it is not required for assembly or channel gating, since 

NMDARs (Fayyazuddin et al., 2000; Meddows et al., 2001), AMPARs (Pasternack et al., 2002), 

and KARs (Plested & Mayer, 2007) lacking their respective ATDs can all retain channel 

function. Despite this apparent irrelevance, it has long been known that NMDAR gating is 

uniquely regulated at multiple sites within the ATD (Hansen et al., 2010). Moreover, a great deal 

of attention has been paid to the role of the ATD in facilitating the preferential assembly of non-

NMDAR subunits (Greger et al., 2007). There may even be an important role for the ATD in 

iGluR association with other synaptic proteins (Garcia-Nafria et al., 2016). For these reasons the 

determination of ATD structures -either alone or within intact receptor complexes- has still been 

met with great interest, and merits some elaboration in an otherwise LBD-focused thesis.  



45 

 

4.4.2 The ATD in NMDAR gating 

Early work on recombinant GluN2 receptors showed that the region prior to TM1 (Krupp 

et al., 1998), or specifically a motif within in the ATD (Villarroel et al., 1998), accounted for 

subunit differences in desensitization. It also offered an explanation for the progressively slower 

desensitization of the A to D subunits during a prolonged glutamate pulse (Vicini et al., 1998). 

An identical relationship exists in terms of the deactivation rates amongst GluN2 subunits, with 

D being slowest again (Monyer et al., 1994), but the molecular basis of this variability remained 

unclear for quite some time. Two concurrent studies published in 2009 revealed the origin of 

these gating properties by swapping the GluN2A ATD with that of GluN2B or GluN2D. In 

essence, the gating behaviour of the donor subunit was conferred to the recipient subunit, 

including its deactivation rate, glutamate and glycine EC50, and channel open probability, all of 

which are normally highest in GluN1/GluN2A receptors (Gielen et al., 2009; Yuan et al., 2009).   

In addition to governing channel gating, the NMDAR ATD also contains binding sites for 

several allosteric modulators, some of which appear to have physiological significance (Hansen 

et al., 2010). The first such modulator to be characterized, the divalent ion zinc, was observed to 

exogenously inhibit NMDA responses from neurons (Peters et al., 1987), in a manner that was 

not entirely voltage-dependent, and thus distinct from the channel block mediated by magnesium 

ions (Westbrook & Mayer, 1987). Later, with the help of recombinant expression, it was found 

that zinc
 
had much greater affinity for GluN2A (IC50 < 100 nM) than other GluN2 subunits 

(Williams, 1996; Paoletti et al., 1997), and its effects were linked by mutagenesis to a cluster of 

histidine residues in the ATD (Choi & Lipton, 1999; Fayyazuddin et al., 2000). Although zinc
 

binding has been frequently exploited for selective inhibition of GluN2A-containing NMDARs, 

there is also evidence that this action may have physiological relevance. Synaptic vesicles are 
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thought to contain varying concentrations of zinc
 
and following vesicular release the ion may 

reach micromolar-range concentrations in the synaptic cleft -although measurements are quite 

tricky due to the transient nature of this process (Sensi et al., 2011). More compellingly, knockin 

mice lacking one of the zinc-coordinating histidine residues showed enhanced pain sensitivity, 

implying that zinc binding at NMDARs may prompt an analgesic effect (Nozaki et al., 2011).  

Similar to zinc, extracellular acidification (i.e. protons) also causes voltage-independent 

inhibition of neuronal NMDAR responses (Giffard et al., 1990; Traynelis & Cull-Candy, 1990). 

This inhibition is regulated to some extent by the alternate splicing of an exon encoding part of 

the GluN1 ATD (Traynelis et al., 1995). However, mutations in the LBD dimer interface also 

augment both zinc
 
and proton sensitivity (Gielen et al., 2008), raising the possibility that this 

region transduces their inhibitory actions downstream of the more distal binding sites. Given the 

low sequence conservation between NMDARs and other iGluR subunits (Hollmann & 

Heinemann, 1994), it is interesting that KARs also exhibit proton sensitivity, regulated by 

residues in the ATD (Mott et al., 2003). In AMPARs, proton inhibition occurs to a small extent 

(Ihle & Patneau, 2000), but the structural basis is unclear. Ultimately, it is unknown if proton 

inhibition of the various iGluR subtypes has a common mechanism, but given the NMDAR IC50 

is around physiological pH (~7.4), slight changes in extracellular acidity brought about by 

conditions such as ischemia (Yuan et al., 2015) can have profound effects on NMDAR signaling 

in the brain.  

On a related note, the anti-ischemic drug ifenprodil is another potent NMDAR antagonist 

(Carter et al., 1988). As with zinc, its effects are voltage-independent, and the inhibition curve 

displays both high and low-affinity components in neurons (Legendre & Westbrook, 1991). This 

observation was better understood following the discovery that ifenprodil is much more selective 
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for GluN2B-containing NMDARs (versus GluN2A), which yield a sub-micromolar IC50 

(Williams, 1993). A screen of various mutations later identified the ATD as the binding site for 

ifenprodil, and it was proposed to act in a manner analogous to zinc
 
at GluN2A (Perin-Dureau et 

al., 2002), though their binding sites were later shown to be non-equivalent in crystal structures. 

Due to the largely exclusive effects of zinc and ifenprodil at GluN2A and Glu2NB, respectively, 

researchers have had access to great pharmacological tools that can identify whether one or both 

NMDAR subunits are present in their system of interest. Nevertheless, these molecules have 

intermediate effects on triheteromeric receptors (Hansen et al., 2014), meaning interpretations of 

subunit composition in native receptor complexes should be made cautiously.  

4.4.3 The ATD in receptor assembly 

The first structures of isolated AMPAR (GluA2), KAR (GluK2), and NMDAR (GluN2B) 

ATDs were all reported within a short span in 2009 (Jin et al., 2009; Kumar et al., 2009; Karakas 

et al., 2009). The AMPAR and KAR ATDs both crystallized as dimers, with each subunit 

displaying a bi-lobed, or clamshell-shaped organization (Jin et al., 2009; Kumar et al., 2009).  

The bi-lobed form was not entirely surprising, given that earlier homology modeling had 

suggested the iGluR ATD resembles the mGluR and LIVBP ligand-binding sites (O’Hara et al., 

1993). At the same time, there was little support for conserved ligand recognition, because of 

poor sequence conservation at key amino acid-binding residues, as well as several structural 

features hindering domain closure (Jin et al., 2009; Kumar et al., 2009). Consequently, the most 

interesting property of the ATD became its knack for dimerization. Consistent with earlier 

centrifugation experiments showing the GluA4 ATD and LBD formed dimers and monomers, 

respectively (Kuusinen et al., 1999), sedimentation analysis of the GluA2 and GluK2 ATDs 

indicated their monomer-dimer dissociation constants were orders of magnitude lower than 
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LBDs of the same subunits (Jin et al., 2009; Kumar et al., 2009). It has therefore been 

hypothesized that the ATD might facilitate the initial dimerization step during assembly of the 

tetrameric receptor complex (Gan et al., 2015). That being said, the structural template for 

tetramerization is likely elsewhere (i.e. the TMD, see Gan et al., 2016), since the ATD cannot 

tetramerize on its own (Zhao et al., 2012). 

A more refined interpretation of the ATD is that it biases AMPAR assembly in favour of 

specific subunit combinations, explaining the predominance of heteromeric receptors at the 

synapse (Henley & Wilkinson, 2016). This interpretation originated from investigation of 

AMPAR/KAR chimeras, from which it was concluded that a mismatched ATD region can 

prevent co-assembly of otherwise similar subunits (Lueschner & Hoch, 1999; Ayalon & Stern 

Bach, 2001). However, much more clarity was provided by the sedimentation analysis of 

numerous isolated ATDs from AMPARs and KARs. Amongst single AMPAR subtypes, the Kd 

values of ATD dimerization differ considerably between GluA1 (~100 nM), GluA2 (< 10 nM), 

and GluA3 (> 1 μM) (Rossmann et al., 2011; Zhao et al., 2012). However, the Kd for 

heterodimerization is reduced to around 1 nM for both GluA1/GluA2 and GluA2/GluA3 

heteromers (Rossmann et al., 2011), implying that neither GluA1 or GluA3 would be likely to 

assemble as a homomer in the presence of GluA2 subunits. Perhaps not coincidentally, it has 

been argued that most, if not all, AMPARs at the CA1 hippocampal synapse are GluA1/GluA2 

(80%) or GluA2/GluA3 (15%) heteromers (Lu et al., 2009). Similarly, GluK2/GluK5 heteromers 

have been described as the most common KAR complex in the brain (Petralia et al., 1994), and 

the ATD heterodimer comprised of GluK2 and GluK5 has a lower Kd value than homodimers of 

either subunit (Kumar et al., 2011).  



49 

 

Looking beyond the formation of pore-forming subunits, a few studies have found that 

the iGluR ATD might also influence assembly of multi-protein complexes at excitatory 

synapses. In one case, the ATD of GluA2, but not GluA1, directly bound to N-cadherin, an 

interaction which promoted spine formation in cultured hippocampal neurons -even if the region 

following the ATD was replaced by another transmembrane protein (Saglietti et al., 2007). 

Likewise, neuronal pentraxin, a lectin (carbohydrate-binding) protein expressed on axons, 

colocalized with and clustered neuronal GluA4 AMPARs, unless the ATD was truncated (Sia et 

al., 2007). A similar role has been proposed for galectins (another lectin-family member), based 

on their slowing of AMPAR and KAR desensitization (Copits et al., 2014). In these cases, 

galectin modulation appears to be proportional to the number of N-glycosylation sites, which 

introduce oligosaccharides to the ATD of AMPARs and KARs (Garcia-Nafria et al., 2016).  

 

4.4.4 Mechanism of allosteric inhibition of NMDARs by the ATD 

The initial GluN2B ATD structure was equally closed in the apo and zinc-bound forms 

(Karakas et al., 2009). However, the differential accessibility of crosslinking reagents to the 

GluN2A ATD cleft in the presence of zinc was previously used to propose an ion-induced 

closure of the ATD lobes (Paoletti et al., 2000). Corroborating this idea, luminescence resonance 

energy transfer (LRET) experiments (Sirrieh et al., 2013) and MD simulations (Dutta et al., 

2012) have reported ATD cleft closure with zinc present.  

A similar structural mechanism is also thought to account for ifenprodil inhibition. The 

first dimeric crystal structures of the NMDAR ATD were comprised of GluN1 and GluN2B 

subunits, and included inhibitory molecules (i.e. ifenprodil) bound at the dimer interface -as it 

turned out, ATD dimerization only occurred when both GluN1 and GluN2 subunits were present 

(Karakas et al., 2011). Because there was not yet an open ATD structure, it was difficult to 
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confirm that ifenprodil caused cleft closure, though LRET studies again concluded the molecule 

reduced the distance between the ATD lobes (Sirrieh et al., 2015). Only recently have non-

inhibited, though intact, structures been obtained using cryo-EM, and reiterated the lobe-closing 

effects of ifenprodil and related compounds (Zhu et al., 2016; Tajima et al., 2016).  

4.5 Insights from intact iGluR structures 

4.5.1 The first intact AMPAR and NMDAR structures 

 The first nearly full-length or “intact” iGluR crystal structure was published as a twelve 

(in-text) figure Nature article in 2009, and provided a wealth of new information regarding the 

arrangement of subunits, while offering hints at the structural basis of activation. The structure 

itself was a GluA2 tetramer, captured at 3.6 Å resolution in a closed-channel state, bound by a 

competitive antagonist -though it also had a truncated ATD-LBD linker, a deleted CTD, and 

many individual mutations. Notably, the receptor is tall (180 Å) and Y-shaped, with asymmetry 

above the level of the TMD. The A/B and C/D subunit pairs form ATD dimers, but the B and D 

subunits “cross-over” to form closely packed pairs of LBD dimers comprised of A/D and B/C 

subunits. To recover radial symmetry at the pore, the LBD-TMD linkers differ considerably 

between subunits, especially in the TM3-S2 linker, which is extended to reach the distal B and D 

subunit LBDs, but compressed to connect with the more proximal A and C subunit LBDs 

(Sobolevsky et al., 2009). 

 For several years, no additional atomic resolution structures were available, indicative of 

the difficulty in purifying and crystallizing intact membrane proteins. Yet in 2014, two intact 

diheteromeric NMDARs were reported in agonist-bound, though allosterically-inhibited states. 

These receptors contained GluN1 and GluN2B subunits, arranged in the respective A/C and B/D 

positions of the GluA2 tetramer. The ATD and LBD layers were also more compressed relative 
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to GluA2, taking on a “hot-air balloon” shape (Karakas & Furukawa, 2014; Lee et al., 2014). At 

this point there was a reference structure for both the AMPAR and NMDAR subfamilies, but not 

much indication of the conformational changes accompanying activation and/or desensitization. 

The next steps forward were made largely with the help of cryo-EM imaging. 

4.5.2 Comparison of intact structures in distinct conformational states 

The earliest images of the tetrameric iGluR were actually obtained using single particle 

cryo-EM, but above 20 Å resolution they were sufficient only to resolve a “dimer of dimers” 

architecture for the apo state (Safferling et al. 2001; Tichelaar et al. 2004). Native AMPAR 

complexes were also imaged in multiple conditions, distinguishing unliganded and glutamate-

bound conformations to develop the idea that the compact organization of the ATD is lost during 

desensitization (Nakagawa et al. 2005; Nakagawa et al., 2006). In contrast, some cryo-EM 

derived models of unliganded GluA2 receptors suggested a compact ATD, yet separate LBD 

dimers (Midgett & Madden, 2008; Midgett et al. 2012), which seemed to be at odds with the first 

Y-shaped crystal structure (Sobolevsky et al., 2009). For GluK2 KARs, cryo-EM mapping of its 

resting and desensitized states suggested the LBD layer is formed from two, closely situated 

dimer pairs that separate into isolated subunits as desensitization proceeds (Schauder et al., 

2013). A higher resolution of this process (~ 10 Å) was achieved in a follow-up study, 

combining GluA2 and GluK2 cryo-EM structures (Meyerson et al., 2014). This work coincided 

with two similar papers from the lab of Eric Gouaux (Durr et al., 2014; Chen et al., 2014), which 

together put forward a relatively consistent activation and desensitization mechanism for intact 

(non-NMDAR) iGluRs (Figure R7).  
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Figure R7. Insights into AMPAR/KAR gating from intact receptor structures. 

(A) Structures of GluA2 in the apo state (top), as well as a “pre-open” state, with the partial agonist 

fluorowillardiine (FW) and a modulator (R,R-2b) that reduces desensitization (bottom). The height of the 

extracellular layers is compressed in the pre-open state. (B) Top view of the LBD-TMD (S2-TM3) linkers 

from antagonist-bound (ZK), apo, and pre-open structures. The separation distance increases between the 

A/C and B/D subunit linkers in the pre-open state, suggesting a means to pull open the channel pore. (C)  

Side view of FW-bound pre-open (with modulator) and desensitized (without modulator) structures (top), 

as well as a top view (middle) and side view (bottom) of their LBD layers. Note the extreme rotation of 

subunit D in the desensitized conformation. Adapted from Durr et al., 2014. 

 

In brief, agonist-bound AMPAR structures exhibited closure of the agonist-binding cleft, 

as well as 5 - 20 Å of vertical compression in the ATD and LBD layers, when compared to apo 

or antagonist-bound states. Structures that included allosteric modulators -to inhibit 

desensitization- together with agonists (referred to as “pre-open” or active) featured an expansion 

of the LBD-TMD linkers (Durr et al., 2014; Chen et al., 2014), thought to generate the 

mechanical force that pulls open the channel pore (Kazi et al., 2014). Meanwhile, structures 

bound by agonists without modulators were classified as desensitized, and they featured variable 
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LBD dimerization. In the GluK2 desensitized state, both dimers were ruptured, with an extreme 

125° rotation of the distal B/D subunits relative to the active state (Meyerson et al., 2014). 

Likewise, for GluA2, a similar 105° rotation was seen in one desensitized dimer, though the 

other dimer was less disrupted, having only moderate separation of the D1-D1 interface (Durr et 

al., 2014). No such rotations occurred for the ATD, as intact dimers were present in both 

desensitized GluA2 and GluK2 receptors. Yet in GluA2 the ATD dimers appeared able to bend 

downward and visit multiple conformations, while in GluK2 they remained rigidly upright (Durr 

et al., 2014; Meyerson et al., 2014). Of course, to become accepted mechanisms these structural 

rearrangements must be corroborated by additional evidence, such as functional tests on 

receptors where dynamic motifs are mutated or restricted from movement. Some headway has 

been made in this regard, as crosslinks introduced at the LBD “dimer-dimer interface” have 

supported the closely packed arrangement seen in the original Y-shaped AMPAR tetramer 

(Sobolevsky et al., 2009), but also suggest a lack of flexibility induced by such crosslinking can 

affect both activation and desensitization (Yelshanskaya et al., 2016; Baranovic et al., 2016).  

 More recent structures of intact AMPARs have painted a more complex picture of gating 

than was suggested from the initial studies of 2014. Specifically, another agonist-bound crystal 

structure showed only 2 Å vertical compression compared to the antagonist-bound state 

(Yelshanskaya et al., 2014). In addition, cryo-EM structures of the first AMPAR heteromers (in 

the apo state) more frequently adopted an O-shaped conformation (Herguedas et al., 2016), 

featuring separated LBD dimers that were reminiscent of earlier EM reconstructions (i.e. Midgett 

et al., 2012), rather than the Y-shaped crystal form. Perhaps more puzzling was that one model of 

the apo state contained a single subunit that swung outward from the LBD layer, in a manner 

reminiscent of the rotation seen in “desensitized” structures (Herguedas et al., 2016). Despite 
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these unexplained discrepancies, much was learned from the 2:2 subunit stoichiometry of the 

heteromer, for which GluA2 subunits resided in the A/C positions, while GluA3 subunits were in 

the B/D positions (Herguedas et al., 2016). More insight into the gating contribution of specific 

subunit positions (i.e. A/C vs B/D) may be gained from recent cryo-EM structures of active and 

non-active, agonist-bound NMDARs (Zhu et al., 2016; Tajima et al., 2016). It appears from these 

GluN1/GluN2B structures that the opening of the ATD cleft and rotation of subunits along the 

LBD dimer-dimer interface occur in a concerted manner to produce activation (Tajima et al., 

2016). The latter movement is somewhat distinct from the rolling apart of the dimer-dimer 

interface measured during AMPAR activation (Durr et al., 2014).  

As the structural study of iGluRs approaches the twenty year anniversary of the first 

crystallized LBD, several hurdles remain to be overcome. An obvious initial step involves the 

elucidation of a confirmed, open-channel structure, which might exhibit additional 

conformational changes beyond those already described for “pre-open” states. Equally clear is 

the need to obtain more structures of existing states to resolve inconsistencies in the published 

literature, and help formulate a refined interpretation of the gating mechanism for intact 

receptors. Whether such inconsistencies represent genuine variability in structure or stem from 

artifacts caused by protein processing should be resolved. Finally, as of yet there are no atomic 

resolution structures of iGluR-auxiliary protein complexes, other than those containing TARPs. 

It will be difficult to fully appreciate the numerous ways in which different auxiliary proteins 

modulate gating without structurally clarified pictures of their association. 
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4.6 The transmembrane region (TMD) 

4.6.1 Overview 

 The TMD is comprised of four transmembrane regions, of which TM1 and TM4 reside 

on the outside of the pore, the TM2 re-entrant loop forms the pore, and TM3 lines the upper 

segment of the permeation pathway (Sobolevsky et al., 2009). The precise location of the 

selectivity filter is the segment immediately following the Q/R site, from which TM2 bends back 

toward the intracellular face of the membrane (Kuner et al., 2001), though structurally it is 

unresolved, except through homology modelling. The filter was identified, in part, because 

cysteine mutagenesis around the Q/R site rendered channel currents vulnerable to reduction by 

cysteine-reactive methanethiosulfonate compounds. In addition, at the residue suspected as the 

narrowest segment of the pore -two positions after the Q/R site- mutation greatly reduced the 

permeability of large organic cations (Kuner et al., 2001). Interestingly, iGluRs are permeable to 

a range of different-sized monovalent cations from lithium to cesium, though non-NMDARs can 

even pass some organic cations like tris(hydroxymethyl)aminomethane (Tris), resulting in 

estimates of minimal pore diameter of 5.5 Å for NMDARs (Villaroel et al., 1995) and 7.5 to 8.0 

Å for AMPARs and KARs (Burnashev et al., 1996). These diameters are somewhat counter-

intuitive, because NMDARs generally have a greater single-channel conductance (~ 40-50 pS, 

Paoletti et al., 2013) than AMPAR and KAR pore-forming subunits (< 30 pS, i.e. Swanson et al., 

1996; Swanson et al., 1997). By the same token, NMDAR permeability to divalent calcium ions 

is about three-fold greater (~10% fractional current) than for AMPARs, even when the Q/R site 

is unedited (Burnashev et al., 1995). The molecular basis of this high permeability is unclear, 

though one hypothesis argues for additional divalent ion-binding sites in the NMDAR pore, 
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rather than greater pore diameter or the presence of an asparagine at the Q/R site (Wollmuth & 

Sakmann, 1998).    

4.6.2 The Q/R site: polyamine block, and lipid inhibition 

An additional role for the Q/R site was discovered in 1995, when a number of papers 

reported that the inward rectification of Q/R unedited (non-GluA2) AMPARs and KARs 

(Verdoorn et al., 1991) was due to channel block by intracellular polyamines (Kamboj et al., 

1995; Koh et al., 1995; Bowie & Mayer, 1995; Donevan & Rogawski, 1995). The extent of 

rectification in whole-cell recordings was also consistent with estimates of free spermine and 

spermidine from other mammalian cells (~ 10-100 μM, Watanabe et al., 1991). Through further 

analysis of polyamine interactions at iGluRs it was found that the compounds could bind to 

receptors in a closed state (Bowie et al., 1998), but that activation -especially repetitive 

activation- would relieve this closed-channel block (Rozov et al., 1998). The second observation 

proved to be important in cortical neurons, where polyamine unblock was found to counteract 

the reduction in AMPAR-mediated EPSC amplitude typically observed during a paired-pulse 

protocol (Rozov & Burnashev, 1999). Though the co-expression of several auxiliary subunits has 

since been shown to reduce AMPAR and KAR polyamine block in recombinant systems (i.e. 

Soto et al., 2007), there is certainly abundant evidence that the profile of synaptic glutamate-

evoked currents is still affected by polyamines at relevant physiological potentials.  

As with internal polyamines, externally applied fatty acids have also been shown to 

inhibit neuronal AMPARs and KARs, depending on their Q/R editing status (Huettner, 2015). 

The first reports of this effect described how arachidonic acid, a constituent of cell membranes, 

could attenuate neuronal AMPAR responses, though inhibition had a relatively slow onset over 

several minutes (Kovalchuk et al., 1994). A similar, delayed reduction of KAR responses was 
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also observed, though it could be “washed out” by the application of bovine serum albumin 

(BSA) to bind fatty acids (Wilding et al., 1998). Given that KAR inhibition occurs in a voltage-

independent manner (Wilding et al., 1998), it is noteworthy that increased susceptibility to 

inhibition occurs for both Q/R edited receptors (Wilding et al., 2005) and mutant receptors with a 

lipid-facing arginine residue introduced elsewhere in the pore-lining region (Wilding et al., 

2008). The observations above suggest that fatty acids are not likely to act as channel blockers, 

but perhaps integrate into the membrane, altering the lipid environment around the TMD 

(Huettner, 2015). How the composition of endogenous membrane lipids alters iGluR activity is 

an area ripe for future investigation.  

4.6.3 Role in assembly and trafficking 

Similar to how the ATD is perceived as a “dimerization domain,” an accumulating body 

of evidence indicates the TMD is important for the tetramerization of AMPARs. This idea was 

spurred by biochemical experiments suggesting that Q/R editing hinders endoplasmic reticulum 

(ER) exit and tetramerization (Greger et al., 2002; Greger et al., 2003). However, functional 

currents can be obtained from GluA2(R) receptors (i.e. Burnashev et al., 1992; Kato et al., 2008), 

meaning the Q/R site is not a critical factor for assembly on its own. A more drastic manipulation 

involving the truncation of GluA1 just prior to TM4 revealed that the final transmembrane 

segment -but not the CTD that follows- must be present for detectable surface expression 

(Salussolia et al., 2011). Because TM4 does not form the channel pore, and is actually absent in 

some functional, prokaryotic iGluRs (Chen et al., 1999), the idea of removing it was not such a 

crazy one. Moreover, TM4-lacking GluA1and GluA2 complexes were each detected as dimers, 

and not tetramers, using blue native-polyacrylamide gel electrophoresis (BN-PAGE) (Salusollia 

et al., 2013). To address whether the TMD alone is sufficient for tetramerization, a recent study 
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utilized a GluA1 construct without the ATD, LBD, and CTD some cases, leaving only the TM 

segments with a short linker between TM3 and TM4. Remarkably, even without the extracellular 

domains the truncated receptor still arrived at the plasma membrane, and inserted correctly, 

while tetramers were detected from the TMD portion alone (Gan et al., 2016). Assessed together, 

these experiments suggest that the “directions” for iGluR tetramerization are embedded in the 

TMD structure, and that regions such as the ATD merely facilitate the oligomerization process in 

full-length proteins.     

4.7 The carboxyl terminal domain (CTD) 

4.7.1 Overview 

The fact that the CTD has the most sequence divergence between iGluR subunits 

(Traynelis et al., 2010) is likely related to the absence of highly conserved gating machinery and 

transmembrane regions. On this point, the observation of current responses from several iGluR 

subtypes with a deleted C-terminal tail (GluA1, Salussolia et al., 2011; GluK2, Yan et al., 2004; 

GluN1, Krupp et al., 1999; GluN2A, Kohr & Seeburg, 1996) has established that the CTD is 

largely non-essential for channel activity. However, CTD truncation also results in reduced 

surface expression for AMPAR (GluA1; Shen et al., 2000; GluA2 and GluA4, Coleman et al., 

2003), as well as KAR (GluK2, Yan et al., 2004) subunits in heterologous cells. The CTD can 

therefore be described as a regulatory region that controls receptor trafficking and mediates 

association with a diverse set of scaffolding and signaling proteins on the intracellular side of the 

membrane (Mayer & Armstrong, 2004). This regulation begins with a number of splice variants 

that uniquely alter the C-terminal sequences of various AMPAR, KAR, and NMDAR subunits 

(reviewed in Traynelis et al., 2010). For the most part, these variants are not even mentioned 

when describing the cDNAs used for recombinant experiments, though for the results chapters 
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contained in this thesis, it should be noted that the common, short form of GluA2 (Kohler et al., 

1994) and long form of GluK2 (Gregor et al., 1993) were studied. The role that CTD structure, 

protein interactions, and post-translational modifications play in receptor expression and 

signaling will be summarized in the following paragraphs. 

4.7.2 Structural insights 

What little is known about CTD arrangement in the cytoplasm has been learned from 

NMDARs, possibly because they have a more extensive intracellular domain to work with. 

Analysis of a soluble fragment from the distal GluN2B CTD reaffirmed that the region was 

intrinsically disordered (Choi et al., 2011a), matching the prediction of prior sequence analysis 

(Ryan et al., 2008). Moreover, single molecule fluorescence resonance energy transfer 

(smFRET) has allowed detection of conformational switching in the GluN2B CTD (Choi et al., 

2011a), with the polypeptide achieving a more extended conformation after phosphorylation 

(Choi et al., 2011b). Whether these dynamics occur in intact receptors is unclear, as the CTD has 

been cut from crystallized constructs of “intact” AMPARs (Sobolevsky et al., 2009) and 

NMDARs (Karakas & Furukawa, 2014; Lee et al., 2014), on account of its disordered nature. 

The only atomic resolution fragment of the CTD is a calmodulin-bound motif from the GluN1 

CTD (Ataman et al., 2007). Based on such scant information, iGluR CTDs have often been 

illustrated as long, winding strings with many associated proteins.  

4.7.3 Protein-protein interactions  

Too many CTD-interacting partners have been identified for iGluR subunits to mention 

them all here, but a few different subsets of proteins that interact with AMPARs and KARs are 

worth noting. A major class of iGluR binding partners includes the PDZ proteins, so named for 

their PDZ domains, which facilitate interactions with C-terminal motifs (PDZ ligands) on other 



60 

 

proteins, often in the postsynaptic density of excitatory synapses (Kim & Sheng, 2004). Multiple 

AMPAR subunits interact with PDZ proteins known as protein interacting with C kinase 

(PICK1) (Dev et al., 1999) and glutamate receptor-interacting protein (GRIP) (Dong et al., 

1997). PICK1 is thought to modulate AMPAR recycling, leading to different subunit 

compositions at the synapse, whereas GRIP is thought to anchor AMPARs at the synapse 

(Henley & Wilkinson 2016). Another PDZ protein, postsynaptic density protein 95 (PSD-95), is 

a postsynaptic scaffold, within the membrane-associated guanylate kinase (MAGUK) family 

(Kim & Sheng, 2004). PSD-95 interacts directly with KARs (Garcia et al., 1998), but not 

AMPARs, though it forms interactions with TARPs that are critical for delivering AMPARs to 

the synapse (Schnell et al., 2002). Through additional binding partners, PSD-95 can link iGluR 

complexes to the actin cytoskeleton (Zheng et al., 2011), though AMPAR and KAR subunits can 

also interact directly with cytoskeletal-binding proteins like 4.1N, which enhance their surface 

expression (Shen et al., 2000; Copits & Swanson, 2013). More broadly, AMPAR subunits can 

even associate with enzymes like N-ethylmaleimide-sensitive factor (NSF) (Nishimune et al., 

1998; Osten et al., 1998), which increases EPSC amplitude through yet unknown mechanisms 

when coupled to GluA2 (Henley & Wilkinson, 2016).  

4.7.4 Post-translational modifications 

A number of post-translation manipulations, including phosphorylation, palmitoylation, 

and SUMOylation, also regulate iGluRs via their CTDs. AMPAR and KAR CTDs generally 

possess multiple phosphorylation sites that are the targets of different kinases, such as protein 

kinases A and C (PKA and PKC), as well as CAMKII (Traynelis et al., 2010). Considering only 

the GluA1 subunit, which has a relatively long intracellular C-terminal (for an AMPAR), 

phosphorylation can promote interactions with other proteins, or have direct functional effects on 
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the channel itself. For example, PKC phosphorylation increases association with the binding 

partner 4.1N, to drive membrane insertion during plasticity (Lin et al., 2009), whereas CAMKII 

phosphorylation increases the conductance of receptors expressed recombinantly (Derkach et al., 

1999) and in cultured neurons (Kristensen et al., 2011). All AMPAR subunits can also undergo 

palmitoylation, the covalent attachment of palmitic acid (a saturated fatty acid) to a cysteine 

residue, which negatively regulates plasma membrane expression by decreasing association with 

4.1N (Hayashi et al., 2005). Another process known as SUMOylation similarly regulates GluK2 

KARs. SUMOylation occurs when a substrate binds the small ubiquitin-like modifier (SUMO) 

protein, and in the case of GluK2, this protein reduces KAR-mediated EPSC amplitudes by 

promoting endocytosis (Martin et al., 2007). 

 

5. AMPAR AUXILIARY PROTEINS 

5.1 Definition of auxiliary subunits 

What exactly is an iGluR auxiliary subunit? It has been appreciated for some time that 

VGICs generally consist of pore-forming α subunits, co-assembled with modulatory β subunits 

(Isom et al., 1994). Yet the first protein to be categorized as an LGIC auxiliary subunit was 

actually the TARP subunit γ2, a regulator of AMPAR trafficking and gating (Vandenberghe et 

al., 2005).  As more iGluR interacting proteins were identified (Figure R8), it became important 

to clarify which ones serve as bona fide auxiliary subunits, as opposed to simply residing in the 

same signaling complex. In 2012, Susumu Tomita, who along with David Bredt was integral to 

the initial investigation of AMPAR-TARP complexes, defined criteria to assist in this regard. 

Proteins are considered auxiliary subunits if they cannot form a channel pore on their own (1), 

but interact directly with a pore-forming subunit (2) and modulate its trafficking and/or gating 
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properties in heterologous cells (3), as well as have some effect in vivo (4) (Yan & Tomita, 

2012). During the last decade, there has been extensive investigation into the modulation of 

AMPARs by several classes of auxiliary proteins (described in this section), as well as KARs by 

NETO1 and NETO2 (Howe, 2015). In contrast, proteins proposed as “candidate” NMDAR 

auxiliary subunits (i.e. NETO1, see Ng et al., 2009) do not appear to form direct interactions 

with pore-forming subunits (Cousins et al., 2013), and as such their status is doubtful.  

 

Figure R8. Protein constituents of native AMPAR complexes. 

(A) The topology of numerous AMPAR-interacting proteins is shown, along with their relative 

abundance and stability in receptor complexes. Unlike the AMPAR itself (centre), there are no atomic 

resolution structures yet available for any AMPAR auxiliary subunit apart from TARP γ2. Adapted from 

Schwenk et al., 2012.  
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5.2 Transmembrane AMPA receptor regulatory proteins (TARPs) 

5.2.1 The stargazer mouse and stargazin protein 

The first known auxiliary protein of AMPARs was originally referred to as stargazin, a 

name derived from the stargazer mutant mouse, noted for its absence seizures -during which it 

seemingly stared into space- and ataxia (Noebels et al.. 1990). The gene disrupted in the 

stargazer mouse was later isolated (Letts et al., 1998), and deemed to belong within the same 

family as the gamma (γ1) modulatory subunit of voltage-gated calcium channels (Jay et al., 

1990; Singer et al., 1991).  Supporting this classification, both amino acid sequences displayed a 

similar topology, comprised of four transmembrane segments (Letts et al., 1998). Furthermore, 

recombinantly expressed stargazin protein (γ2) was found to produce a leftward shift the 

inactivation curve of calcium channels (Letts et al., 1998). The discovery of genes encoding 

additional γ subunits (Burgess et al., 1999; Burgess et al., 2001) led to the grouping of γ2, 3, 4, 

and 8 based on a conserved TTPV amino acid motif at the intracellular C-terminal, while two 

smaller subgroups of γ1 and γ6, as well as γ5 and γ7 were formed. These divisions would later 

prove to be important, but for AMPARs, rather than calcium channels.  

5.2.2 Reclassification of γ subunits 

The first observation linking stargazin to iGluRs came from recordings of cerebellar 

interneurons in stargazer mice, where evoked responses from synaptic AMPARs were almost 

entirely absent (Hashimoto et al., 1999). Though, intriguingly, AMPAR mRNA expression was 

preserved throughout the cerebellum (Hashimoto et al., 1999) and somatic AMPAR responses 

were later shown to remain intact (Jackson & Nicoll, 2011). This functional deficit could be 

restored by transfecting stargazin into neurons, and combined with evidence for the synaptic 

colocalization and co-immunoprecipitation of GluA4 with stargazin (Chen et al., 2000), 
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suggested a role for the γ2 subunit in AMPAR trafficking. In contrast, there was no obvious 

impairment in calcium channel activity in stargazer cerebellar granule neurons (Chen et al., 

2000). At around the same time, further investigation of recombinant calcium channels revealed 

that most gating parameters exhibited little or no change upon co-expression with γ2-4 subunits 

(Kang et al., 2001; Rousset et al., 2001; Moss et al., 2003), despite some biochemical evidence 

for the association of stargazin with pore-forming α subunits in vivo (Kang et al., 2001).  

Following reports that stargazin dramatically increased GluA1 and GluA2 surface 

expression and current responses in oocytes (Chen et al., 2003; Yamazaki et al., 2004), it became 

clear that the protein had a special role in AMPAR biogenesis. In addition, those γ subunits most 

closely conserved with stargazin (γ3, 4, and 8) were also shown to rescue AMPAR currents in 

the stargazer mouse (Tomita et al., 2003), leading to their recognition as a full-fledged family of 

transmembrane AMPAR regulatory proteins, or TARPs. Protein expression of these “Type-I” 

TARP subunits was found to occur throughout the brain, with a predominance of γ2 in the 

cerebellum, γ3 in the cerebral cortex, and γ8 in the hippocampus (Tomita et al., 2003). Thus, an 

argument could be made that TARPs are of universal importance for native AMPARs, which are 

expressed ubiquitously in the CNS. 

5.2.3 Functional modulation of AMPARs by TARPs 

Any doubts about the primary role of stargazin were erased in 2005, when a flurry of 

papers officially established the protein as an auxiliary subunit of AMPARs. To begin with, 

stargazin co-migrated with a majority of native AMPAR complexes on BN-PAGE gels, unlike 

other synaptic proteins known to associate with iGluRs (Vandenberghe et al., 2005). The first 

cryo-EM images of native AMPAR complexes also possessed a broader TMD than expected, 

due to the association of TARPs in that layer (Nakagawa et al., 2005). Perhaps more 
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convincingly, numerous gating and permeation properties of recombinant AMPARs have been 

shown to be modulated by stargazin and other Type-I TARPs (Figure R9). Notably, deactivation 

and desensitization are slower, the relative efficacy of kainate versus glutamate is increased, the 

D-R curve is leftward shifted, and single-channel properties like conductance and burst length 

are increased (Priel et al., 2005; Tomita et al., 2005; Turetsky et al., 2005). More nuanced effects 

have since been reported, such as the conversion of quinoxalinedione antagonists (i.e. CNQX 

and DNQX) into weak partial agonists (Menuz et al., 2007), “resensitization” during long agonist 

pulses (Kato et al., 2007), a partial relief of polyamine block (Soto et al., 2007), a decrease in 

peak current potentiation by CTZ (Cho et al., 2007), channel entry into a high open probability 

gating mode during single-channel recordings (Zhang et al., 2014), and even recovery from 

desensitization that surpasses the initial response amplitude, or “superactivation” (Carbone & 

Plested, 2016). Importantly, these TARP-mediated effects are generally consistent with the 

biophysical properties of native AMPARs (reviewed in Kato et al., 2010).  

On the whole, there is minor variability in the functional phenotype imparted onto 

AMPARs by the Type-I TARP subunits (Kott et al., 2007; Milstein et al., 2007), and they all 

generally modulate surface trafficking and the duration of channel gating in a positive manner 

(summarized in Jackson & Nicoll, 2011). For the Type-II subunits γ5 and γ7, which possess a 

shorter intracellular C-terminus, less modulation of AMPAR gating occurs, despite the fact that 

both can immunoprecipitate with AMPAR subunits from brain tissue (Kato et al., 2007). The γ5 

subunit in particular was found to accelerate the deactivation and desensitization of recombinant 

GluA2 receptors (with no effect on GluA1), despite simultaneously increasing the current 

response (Kato et al., 2008).  
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Figure R9. The effects of TARP association on AMPAR gating and permeation. 

(A) The functional phenotype of various AMPAR gating and permeation properties, representative of 

pore-forming subunits expressed alone (black) or co-expressed with TARPs (red). These phenotypes can 

vary depending on the combination of AMPAR and TARP subunits expressed together. Adapted from 

Jackson & Nicoll, 2011.  
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5.2.4 AMPAR-TARP assembly and stoichiometry 

One problem with the TARP subunit comparisons above is that much of variability in 

their modulation of AMPARs could be confounded by different affinities and/or stoichiometries 

between specific AMPAR and TARP subunits. The issue of subunit stoichiometry was clarified 

somewhat by the demonstration that AMPAR-TARP fusion proteins retain the same altered 

biophysical properties as observed during co-expression (Shi et al., 2009; Morimoto-Tomita et 

al., 2009), supporting the idea that one TARP subunit can associate for every pore-forming 

AMPAR subunit. Without the constraint of protein fusion, multiple techniques have suggested a 

variable stoichiometry of TARPs. Specifically, the molecular weights of purified AMPAR 

complexes detected on BN-PAGE gels (Kim et al., 2010) and the counting of fluorescent-tagged 

TARP subunits from single receptor complexes (Hastie et al., 2013) have led to estimates of 

between one and four TARPs per AMPAR tetramer. Such estimates have also been supported 

with new cryo-EM images of the GluA2-stargazin complex, as one group has reported one or 

two TARPs per receptor (Twomey et al., 2016), while the other has resolved a saturating load of 

four TARPs (Zhao et al., 2016). 

Recent investigations of TARPs have started to provide insight into the structural basis 

by which they modulate AMPAR gating. The immunolabelling of TARP-bound AMPAR 

fragments from peptide arrays has suggested many extracellular locations, in both the ATD and 

LBD, may participate in their association (Cais et al., 2014). However, removal of the AMPAR 

ATD still permits functional modulation by stargazin (Tomita et al., 2007; Cais et al., 2014), 

meaning the LBD is likely to be the principal domain mediating extracellular interactions, if they 

occur. In agreement with this idea, stargazin was shown to induce domain closure of the 
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AMPAR agonist-binding cleft -presumably through some extracellular contact point- accounting 

for the increased efficacy of partial agonists (MacLean et al., 2014). 

Whether AMPAR-TARP contact is maintained over time or more transient in nature 

remains to be fully resolved. It has been proposed that high concentrations of glutamate cause an 

“autoinactivation” effect, whereby TARPs dissociate from flop variant AMPARs following 

agonist binding/activation -producing a bell-shaped D-R curve at equilibrium- except when they 

are fused (Morimoto-Tomita et al., 2009). Alternatively, another group observed that AMPAR-

TARP fusion did not affect autoinactivation, but that GluA2 flip receptors uniquely lacked the 

property (Semenov et al., 2012). Nonetheless, for synaptic AMPARs, tracked at the single-

molecule level, glutamate appears to induce greater mobility, and the effect can be prevented by 

fusion to TARPs -suggesting that TARP uncoupling occurs (Constals et al., 2015). The 

spatiotemporal dynamics of the iGluR signaling complex -and its component proteins- will 

certainly be an interesting research area in the coming years.   

5.3 Cornichons 

The genetic locus of cornichon was originally identified from a screen of lethal mutations 

in Drosophila (Ashburner et al., 1990), and as such most early research on the protein was 

conducted in flies. The cornichon gene regulates anterior-posterior and dorsal-ventral pattern 

formation in developing fly embryos (Roth et al., 1995), though the protein product mediates 

export of the transmembrane growth factor Gurken from the ER (Bokel et al., 2006). The 

mammalian/human cornichon homolog (CNIH) and a related protein (CNIH-2) also assist the 

ER-mediated export of proteins in the transforming growth factor α (TGF-α) and epidermal 

growth factor families, respectively, during recombinant expression (Castro et al., 2007; Hoshino 

et al., 2007). Yet, despite these roles, and a topology including three transmembrane segments, 
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CNIH was not detected at the cell surface (Castro et al., 2007). As with stargazin, there were no 

initial reasons to implicate CNIH proteins in AMPAR biogenesis or signalling.  

Mammalian CNIH-2 and CNIH-3 were eventually identified as AMPAR auxiliary 

subunits using high resolution mass spectrometry of AMPAR complexes that were purified from 

the rat brain (Schwenk et al., 2009). Remarkably, when recombinantly co-expressed with 

AMPAR subunits, CNIH-2 and CNIH-3 not only enhance receptor surface expression, but also 

slow desensitization and deactivation to a greater extent than the prototypical TARP subunit γ2 

(Schwenk et al., 2009; Coombs et al., 2012). This effect on gating kinetics appears to be relevant 

at synapses, since the transfection or viral injection of CNIH-2 into cultured neurons can slow 

miniature EPSC (mEPSC) decay (Kato et al., 2010; Boudkkazi et al., 2014), while the viral 

infection of short hairpin RNA (shRNA) targeting CNIH-2 can accelerate the decay of EPSCs 

for some neuronal cell types (Herring et al., 2013; Boudkkazi et al., 2014). Moreover, a 

conditional knockout of both CNIH-2 and CNIH-3 greatly reduced the AMPAR-mediated EPSC 

amplitude and expression of LTP at the CA3-CA1 synapse, an effect that was linked to reduced 

GluA1 trafficking (Herring et al., 2013). As such, cornichon subunits play an important role in 

glutamatergic signaling in the brain, despite having a lower relative abundance than TARPs in 

AMPAR complexes (Schwenk et al., 2012).   

Other TARP effects on AMPARs that are mimicked by cornichon co-expression include 

increased single-channel conductance and reduced channel block by polyamines (Coombs et al., 

2012). In contrast, CNIH-2 is not as efficacious in increasing the kainate/glutamate current ratio 

(Shi et al., 2010), a trait that was exploited to demonstrate that CNIH subunits can reduce TARP 

stoichiometry in AMPAR complexes -a similar conclusion was reached from the molecular 

weight of migrating AMPAR complexes containing TARPs and/or CNIHs (Gill et al., 2011). 
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These observations suggest that TARP and cornichon subunits compete for the same association 

site on AMPARs, though it has been postulated that hippocampal AMPAR complexes contain 

four γ8 subunits with additional CNIH-2 or CNIH-3 subunits (Herring et al., 2013). Until precise 

sites of interaction on the AMPAR structure are pinpointed for each auxiliary subunit family, this 

matter may remain unresolved. 

The regions of cornichon subunits responsible for regulating AMPAR activity are better 

understood than the motifs that they target. In the initial study linking AMPARs and cornichon 

subunits, the other two cornichon homologs, CNIH (or CNIH-1) and CNIH-4, were not detected 

in AMPAR complexes (Schwenk et al., 2009). Their reduced association with AMPARs was 

found to be the result of a missing peptide segment, found in the first extracellular loop of CNIH-

2 and CNIH-3, which mediates both AMPAR interaction and gating modulation (Shanks et al., 

2014). Consistent with its distinct secondary structure, CNIH-4 is now known to regulate the ER 

export of GPCRs (Sauvageau et al., 2014), a role more similar to that of CNIH-1. 

5.4 Other auxiliary protein families 

Germ cell-specific gene 1-like (GSG1L) is another four-pass transmembrane protein 

found in native AMPAR complexes (Schwenk et al., 2012; Shanks et al., 2012), and shown to 

associate with multiple AMPAR subunits in vitro (Shanks et al., 2012).  When co-expressed with 

GluA2, GSG1L slows desensitization and recovery from desensitization (Shanks et al., 2012), 

though interestingly, unlike TARPs and cornichons it reduces single-channel conductance and 

enhances polyamine block (McGee et al., 2015). In neurons, GSG1L impairs membrane 

trafficking to reduce the amplitude of AMPAR-mediated EPSCs and mEPSCs (McGee et al., 

2015; Gu et al., 2016).  



71 

 

The protein encoded by synapse differentiation-induced gene 1 (SynDIG1) localizes at 

excitatory synapses and co-immunoprecipitates with GluA2 in vitro (Kalashnikova et al., 2010), 

though recombinant co-expression was found to have no effect on AMPAR response amplitudes 

or gating kinetics (Lovero et al., 2013). In neurons, the overexpression and shRNA knockdown 

of SynDIG1 respectively increase and decrease AMPAR EPSC amplitude. This appears to be a 

reflection of SynDIG1 regulating synapse number, because there was a much greater effect of 

the shRNA to reduce mEPSC frequency versus amplitude (Kalashnikova et al., 2010; Lovero et 

al., 2013).  

Another class of AMPAR auxiliary proteins contains members interchangeably known as 

cystine-knot AMPA receptor-modulating proteins (CKAMPs) or Shisa proteins (Haering et al., 

2014). So far, four CKAMP members have been shown to associate with AMPARs and/or 

influence their gating. CKAMPs 39, 44, 52, and 59 are all expressed in the brain, and possess a 

single-pass transmembrane topology with an intracellular PDZ domain-binding motif (Farrow et 

al., 2015). Two members (CKAMPs 44 and 52) have been specifically identified as co-localizing 

with AMPARs at excitatory synapses (von Engelhardt et al., 2010; Klaassen et al., 2016). 

Moreover, these CKAMPSs bind directly to both AMPAR subunits, as well as PSD-95, through 

which CKAMP44 is thought to promote the membrane trafficking of synaptic AMPARs, and 

CKAMP52 is thought to stabilize AMPARs in the postsynaptic density (Khodosevch et al., 

2014; Klaassen et al., 2016). Biophysical investigation in recombinant systems has revealed 

variable effects on current amplitude, deactivation, desensitization, and recovery from 

desensitization, depending on the AMPAR and CKAMP subunits being expressed (Khodosevich 

et al., 2014; Farrow et al., 2015; Klaassen et al., 2016). Consistent with its effect to slow 

deactivation, the mEPSCs of CKAMP52 knockout mice had accelerated decay kinetics, but 
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amplitude and frequency were preserved (Klaassen et al., 2016). Meanwhile for CKAMP44, the 

first of its class to be characterized as an AMPAR auxiliary protein, no significant changes in 

mEPSC and EPSC properties, or LTP expression were seen in knockout mice (von Engelhardt et 

al., 2010; Khodosevich et al., 2014). Accordingly, more investigation will be needed to 

determine if any CKAMPs play a fundamental role in AMPAR physiology.  
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6. RATIONALE AND OBJECTIVES 

The aim of my thesis research is to understand what structural interactions facilitate the 

activation of AMPARs and KARs in response to glutamate binding. In particular, I have 

focussed on the LBD as an important location for such interactions. When I first started my 

MSc/PhD studies, the lab had been exploring the functional consequences of KAR modulation 

by external ions, but there was less insight into their structural mechanism. After uncovering new 

details about the structural basis of KAR gating, I decided to explore whether similar rules 

governed the gating processes of AMPARs, the most closely related iGluR family member.   

 For the three results chapters that follow, a common approach was taken by my 

colleagues and me to explore structural influences on the function of KARs and AMPARs. 

Homomeric receptors were expressed recombinantly in mammalian cells to study them in 

isolation and minimize external factors that might affect their gating. The two subunits we 

selected for electrophysiological investigation were GluK2 (KAR) and GluA2 (AMPAR), owing 

to their excellent expression in HEK 293 cells, and the fact that both are the most abundant 

subunits from their subfamilies in the mammalian brain (Hollmann & Heinemann, 1994; 

Schwenk et al., 2014). Recordings of ion channel currents were performed in the outside-out 

patch configuration, limiting the size of the membrane to accommodate rapid and complete 

external solution exchange within a fraction of a millisecond (i.e. Franke et al., 1987). The rapid 

application of agonists was critical for studying receptors prior to and during the onset of 

deactivation and desensitization, which occur within milliseconds for most AMPAR and KAR 

subunits (Traynelis et al., 2010). Moreover, the outside-out patch configuration enabled us to 

interrogate receptors with a variety of harsh ionic conditions, which would be poorly tolerated by 

whole cells.  
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Another reason for studying GluA2 and GluK2 is that they have been the most favoured 

subunits amongst AMPARs and KARs, respectively, for structural characterization at atomic 

resolution (Mayer, 2011).Using high-resolution structures as templates; it was possible for us to 

design and incorporate numerous point mutations with the intent to measure specific effects on 

channel gating. We then re-evaluated those effects in the context of how they might alter certain 

structural properties of the receptor. However, it was often not enough to rely on existing 

structural images to understand the mechanisms underlying our observations, and new structural 

data were frequently required. We therefore collaborated with specialists in computational 

biochemistry (Phil Biggin, Oxford), structural biology (Tim Green, Liverpool and Jette Kastrup, 

Copenhagen) and single-molecule imaging (Michael Edwardson, Cambridge) to augment our 

electrophysiological data.  

Chapter 1: 

How allosteric ion binding is critical for KAR activation 

Despite its name, this study did not initially examine allosteric ions, but rather began out 

of a desire to explain discrepancies in the single-channel behaviour of crosslinked (i.e. 

Y521C/L783C) GluK2 receptors. Previously, our lab had found that the “double-cysteine” 

receptor exhibited only brief, sporadic openings in response to glutamate (Daniels et al., 2013), 

despite the fact that its LBD dimer was constrained in a manner thought to prevent 

desensitization (Weston et al., 2006). We therefore set out with two objectives. First, we wanted 

to determine whether GluK2 D776K, another non-desensitizing mutant that forms cross-dimer 

interactions (Nayeem et al., 2009; Nayeem et al., 2011), behaved in a similar manner to 

Y521C/L783C at the single-channel level. Second, if D776K did exhibit a unique phenotype, 

what structural explanation could account for the differences between the mutants?  
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As it turned out, D776K and Y521C/L783C had very distinct single-channel phenotypes. 

Yet, because the mutant lysine of D776K occupies the GluK2 sodium-binding pocket (Nayeem 

et al., 2011), while the same pocket in the Y521C/L783C structure is vacant (Weston et al., 

2006), we wondered whether this vacancy could account for the low open probability of the 

double-cysteine mutant. The question was appropriate, given the prior demonstration that 

removal of external sodium chloride rendered GluK2 receptors unable to activate (Wong et al., 

2006). Through a combination of electrophysiology and MD simulations of other mutant 

receptors, we explored the relationship between occupancy of the sodium-binding pocket and the 

occurrence of GluK2 desensitization. This led us to develop a structurally inspired definition for 

the role of sodium in the KAR gating pathway.  

Chapter 2: 

Intra- and inter-protein interactions determine the time course of AMPAR activation 

When the results in Chapter 1 were being written up for publication, we began a series of 

experiments to engineer a mutation into GluA2 that would have the same structural and 

functional phenotype as D776K did in GluK2. Namely, we wanted the mutant to form an 

electrostatic, cross-dimer tether and yield non-desensitizing current responses. Since the 

electronegative pocket where sodium binds to the GluK2 LBD is conserved in GluA2 (and other 

AMPARs), it seemed plausible that a positively charged amino group could be accommodated 

there as well. Of course, interactions at an allosteric site cannot be directly measured using 

electrophysiology, so we relied upon collaborators for structural and computational data to 

support our inferences in this regard. Once these experiments were underway, a crystal structure 

was published with a lithium ion bound in the GluA2 pocket (Assaf et al., 2013). It therefore 

became obvious to study whether external cations modulate GluA2 receptors as they do GluK2 
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receptors. Broadly speaking, the first objective of Chapter 2 was to characterize the role of the 

LBD apex in GluA2 gating, with an emphasis on the electronegative pocket. 

In the first part of Chapter 2, we report mutations at the GluA2 LBD apex region that had 

severe negative consequences on receptor function. This result was not too surprising, given that 

the separation of subunits at the LBD dimer interface has been shown to underlie the structural 

transition to desensitization (Sun et al., 2002; Meyerson et al., 2014; Durr et al., 2014). However, 

we then explored this structural process in relation to AMPAR auxiliary proteins. Multiple 

classes of auxiliary proteins, notably TARPs and cornichons, are known to slow AMPAR 

desensitization, but the structural mechanism of this modulatory action was unknown. Taking 

advantage of mutant GluA2 receptors that lack key interactions across the LBD dimer interface 

and display accelerated desensitization, we asked whether their functional deficits could be 

rescued by co-expression with auxiliary proteins. We also searched for structural motifs where 

TARPs might associate with the extracellular domains of AMPARs to prolong channel 

activation, or otherwise oppose their structural inclination to desensitize.  

Chapter 3: 

External anions ‘prime’ the AMPAR response to glutamate 

 The final study contained in this thesis concerns the transitions that receptors undergo 

prior to agonist binding, as well as after. This focus on “pre-gating” came about in a rather 

different manner from the subjects of the previous two studies. Prior work from the lab had 

demonstrated that GluA1 gating (i.e. desensitization) was modulated by external anions (Bowie, 

2002), though no structural explanation had ever been attributed to this effect. Interestingly, our 

collaborators had structural data identifying a novel anion-binding site in the GluA2 LBD that 
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could perhaps explain some of these functional effects. We therefore used mutagenesis to 

attempt to link the binding site with the phenotype.  

By chance, we were also beginning to collaborate with a group that practiced atomic-

force microscopy (AFM) imaging to study global changes in the conformation of intact iGluRs. 

We were curious whether ions, as allosteric modulators, might affect the conformational state of 

GluA2 in the absence of agonists or antagonists, something we could not measure 

electrophysiologically. Part of this interest stemmed from recent cryo-EM images of GluA2 

receptors, which captured different conformations in the absence of any agonists or antagonists 

(Herguedas et al., 2016). The relevance of these apo state conformations, as well as how 

transitions between them might be brought about, remained unclear. Accordingly, we used AFM 

to test whether the substitution of external anion species could induce measureable changes in 

GluA2 quaternary structure, either in the presence or absence of glutamate. We were also 

interested if such changes might be related to the anion-binding site that had been unmasked in 

our novel crystal structure.  
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FOREWORD TO CHAPTER ONE 

 As alluded to in the “rationale” section, the data included in this chapter were meant to 

follow-up a similar study by Bryan Daniels and Elizabeth Andrews (joint first authors) on the 

GluK2 mutant Y521C/L783C, which covalently bonds both sides of the LBD dimer interface. 

This time, the GluK2 mutant D776K would be the focus, as it had been shown to bridge the 

dimer interface by forming an electrostatic tether. Both studies were ground-breaking for our lab 

in that they contained (and emphasized) single-channel recordings, a technique rarely used to 

study KARs, owing to their low conductance. However, an advantage of this chapter coming 

along after the initial study was that the unique behaviour of Y521C/L783C and D776K channels 

could be contrasted. An important, though understated message within this chapter is that these 

mutant receptors have a similar functional phenotype in electrophysiological recordings of large 

channel “populations,” but entirely different phenotypes at the level of single channels. This 

narrative was ultimately softened in order to emphasize how allosteric ions shape the gating of 

wildtype and mutant GluK2 receptors. As a manuscript, there was more strength in pairing 

electrophysiology and MD simulations to provide a structural interpretation for our data. 

Specifically, we conclude that sodium binding at the apex of the LBD dimer holds subunits 

together in an activated conformation, whereas mutations that hinder sodium binding lead to 

poorly activating receptors.  

This chapter was submitted as a manuscript to Nature Structural & Molecular Biology in 

March of 2013, and rejected following peer review, though with an offer to consider a revised 

submission. The reviewers’ concerns were in fact easily addressed by some experiments that had 

already been performed, as well as a more tempered interpretation of the data. After a second 

round of review the manuscript was accepted in July of 2013, published online in August, and 
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appeared in print in September. At the time of writing this thesis, the paper has been cited over 

twenty times, according to Google Scholar. 
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Defining the structural relationship between kainate-receptor 

deactivation and desensitization 
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Bryan A. Daniels, Mark R.P. Aurousseau, Philip C. Biggin, and Derek Bowie.  

Defining the structural relationship between kainate-receptor deactivation and desensitization. 

Nature Structural & Molecular Biology. Volume 20: 1054-61. Copyright © 2013 by Nature 

Publishing Group. 

 



83 

 

ABSTRACT 

Desensitization is an important mechanism that curtails the activity of ligand-gated ion-channels 

(LGICs). Although the structural basis of desensitization is not fully resolved, it is thought to be 

governed by the physicochemical properties of the bound ligand. Here, we show the importance 

of an allosteric cation binding pocket in controlling transitions between activated and 

desensitized states of rat kainate-type (KAR) ionotropic glutamate receptors (iGluRs). Tethering 

a positive charge to this pocket sustains KAR activation, preventing desensitization, whereas 

mutations that disrupt cation binding eliminate channel gating. These different outcomes explain 

the structural distinction between deactivation and desensitization. Deactivation occurs when the 

ligand unbinds before the cation, whereas desensitization proceeds if a ligand is bound without 

cation pocket occupancy. This sequence of events is absent from AMPA-type iGluRs, 

identifying cations as gatekeepers of KAR gating, a role unique among even closely-related 

LGICs. 
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INTRODUCTION 

Structural and functional biologists have long sought to understand the mechanisms by 

which ligand-gated ion-channels (LGICs) respond to small chemical ligands and modulators. 

Seminal work established the general principle that LGICs are not only activated by biologically-

derived molecules, such as the neurotransmitter acetylcholine (Katz & Thesleff, 1957), but they 

are also inactivated by prolonged exposure to these molecules through a process universally 

known as desensitization (Shelley & Cull-Candy, 2010). Since this work, almost all LGICs have 

been shown to desensitize. For example, desensitization is thought to shape signaling within the 

vertebrate central nervous system (CNS) by impacting fast chemical transmission mediated by 

ionotropic glutamate receptors (iGluRs), along with GABAA and glycine receptors (Jones & 

Westbrook, 1996). From all of this work, it has been concluded that the conformational events 

that lead to the occurrence of deactivation and the onset of desensitization are governed by the 

physicochemical properties of the bound ligand (Hille, 2001). In support of this, pioneering work 

on native AMPA-type iGluRs (AMPARs) has shown that even modest changes to the ligand 

structure have profound effects on the rates and degree of desensitization (Patneau et al., 1992).  

During the last decade, structural and functional analyses of LGICs have revealed that the 

molecular basis of channel gating may be quite distinct for different ion-channel families (Flynn 

et al., 2001; Traynelis et al., 2010; Corringer et al., 2012). For the iGluR family, numerous 

mechanistic details of activation and desensitization have been identified and extensively 

commented upon (Madden, 2002; Wollmuth & Sobolevsky, 2004; Hansen et al., 2007). 

Following the elucidation of the ligand-binding domain (LBD) structure (Armstrong et al., 

1998), a mechanism of iGluR desensitization was proposed, involving the separation of subunits 

that are assembled as dimers at the LBD (Sun et al., 2002). This mechanism has been supported 
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by additional crystal structures, which captured AMPARs in different functional states 

(Armstrong et al., 2006). Accordingly, efforts to engineer iGluR receptors that lack 

desensitization have focussed on constraining movement at the LBD dimer interface. From this, 

covalent crosslinking of the dimer interface has been shown to generate AMPAR and kainate-

type iGluRs (KARs) that yield non-decaying currents upon sustained agonist application (Priel et 

al., 2006; Weston et al., 2006). Similar experiments on NMDA-type iGluRs have offered a more 

nuanced explanation of LBD function by studying the structural (Gielen et al., 2008) and single-

channel effects (Borschel et al., 2011) of dimer crosslinking. Specifically, they propose that 

constricting the dimer interface primarily affects open-channel probability and not 

desensitization (Borschel et al., 2011). This observation suggests that a more in depth single-

channel analysis of the mechanism of AMPAR and KAR desensitization is warranted.  

Here, we set out to study the molecular basis of KAR desensitization by evaluating 

mutants that are proposed to block it (Weston et al., 2006; Nayeem et al., 2009). In both cases, 

the mutations are located in the GluK2 KAR LBD dimer interface, which not only is implicated 

in receptor desensitization, but also harbours binding pockets for both sodium and chloride ions 

(Plested & Mayer, 2007; Plested et al., 2008). Prior work from our lab shows that external ions 

are an absolute requirement for GluK2 receptor activation (Wong et al., 2006) yet their precise 

role in desensitization is unresolved (Plested et al., 2008; Bowie, 2010). Our  present data 

identify that desensitization of KARs only proceeds if a ligand is bound without cation pocket 

occupancy, whereas deactivation occurs when the ligand unbinds before the cation. This 

sequence of events identifies external cations as pivotal in directing KARs into active states or 

long-lived desensitized states.  
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RESULTS    

KARs desensitize with or without prior channel activation 

To observe the microscopic behaviour of KAR desensitization, we excised outside-out 

patches from transfected mammalian cells expressing homomeric GluK2 receptors (see 

Methods). Using an ultrafast agonist perfusion system, we recorded single-channel events and 

then selected, for analysis, recordings where most responses corresponded to the conductance 

expected of a single channel (Zhang et al., 2009). Although the actual number of active receptors 

per patch is not known, these single-channel recordings nevertheless reveal the different routes 

taken by KARs before entering into desensitization. In most cases, rapid application of saturating 

glutamate (10 mM L-Glu) activated GluK2 receptors, which open to one of several conductance 

levels (Figures 1.1A-1.1C). Once in the open state, KAR channels typically closed within tens 

of milliseconds, and did not re-open for any measurable duration of time afterwards indicating 

that the receptor desensitized. Since desensitization is not thought to occur directly from the open 

state, it presumably proceeded shortly after channel closure. In agreement with this latter point, 

ensemble averages of single-channel sweeps exhibited decay times constants (6.49 ± 0.41 ms, n 

= 6) (Figures 1.1D and 1.1E) which were statistically indistinguishable from decay rates of 

macroscopic responses (6.28 ± 0.43 ms, n = 9, p = 0.74), re-affirming that the onset of KAR 

desensitization is approximated by the duration of channel activity.  

In some cases, 10 mM L-Glu failed to elicit a measurable response during the entire 250 

ms application (Figure 1.1A) corresponding to about 31.7 ± 5.5 % of the 525 total sweeps from 

five patches (Figure 1.1E). The apparent failure to respond to the agonist may reflect an intrinsic 

inability of L-Glu to reliably convert its energy of binding to activation. If this was the case, 

however, channel opening would eventually be observed, as the continued presence of L-Glu 
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would ensure that the energy threshold for activation would be overcome. Consequently, the 

inability of L-Glu to activate GluK2 receptors must represent the onset of desensitization without 

prior passage through the open state(s). 

 

 

Figure 1.1 Kainate receptor desensitization occurs with or without channel activation  

(A) Typical GluK2 receptor unitary current events elicited by 10 mM L-Glu (250 ms pulse duration) in an 

outside-out patch recording (Patch # 12212p1, -60 mV).  

(B) Overlay of forty-five individual current records from the same patch as depicted in panel A. A typical 

opening elicited by L-Glu is shown in bold.  

(C) GluK2 conductance distributions plotted following time course fitting.  

(D) Averaging individual current records from the patch shown in panels A and B generated an ensemble 

response with a decay that could be fit by a single exponential function.  

(E) Decay time constants of ensemble responses from several patches and (left) the fraction of L-Glu 

applications that did not elicit a measureable response from receptors (right).  

Data are mean ± SEM from five or six independent patch experiments.  
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The discrete molecular events that bring about desensitization are currently unresolved. 

Several studies, however, identify the ligand-binding domain (LBD) dimer interface (Weston et 

al., 2006) and the cation binding site (Nayeem et al., 2009; Nayeem et al., 2011) in the 

conformational events that initiate KAR macroscopic desensitization. Whether one site or the 

other has a more direct effect on desensitization has yet to be directly studied. As discussed 

below, we examined this by studying the single-channel properties of two apparently non-

desensitizing GluK2 receptors, namely the mutants D776K and Y521C/L783C. 

The D776K mutation abolishes GluK2 receptor desensitization 

The LBD dimer interface of wildtype GluK2 receptors contains binding sites for two 

sodium ions (purple) and a single chloride ion (green) (Figure 1.2A) (Plested & Mayer, 2007; 

Plested et al., 2008). Both GluK2 receptor mutations (D776K and Y521C/L783C) are also 

located at the LBD dimer interface (Figures 1.2B and 1.2C) where they are proposed to 

eliminate desensitization by constraining subunit movement. The positively-charged lysine of 

D776K establishes new inter-protomer contacts by tethering to the cation binding pocket (Figure 

1.2B) (Nayeem et al., 2011), whereas the cysteine residues of Y521C/L783C are thought to 

achieve this through the formation of covalent disulfide bridges between subunits (Figure 1.2C) 

(Weston et al., 2006). Since both mutant receptors are expected to affect the functional properties 

of KARs similarly, we were surprised to observe that their single-channel behaviour was quite 

different.  

Like wildtype receptors, 10 mM L-Glu rapidly activated single D776K channels. 

However, instead of opening only briefly prior to desensitization, agonist binding led to 

sustained activation of the 21-22 pS main open state (i.e. most-frequented) (Figure 1.2D). In 

support of this, repetitive applications of 10 mM L-Glu to patches containing a single D776K 
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receptor elicited activity in every case, demonstrating that this mutant GluK2 receptor displays 

close to the maximum probability of opening. Averaged ensemble responses were non-decaying 

in nature with rapid off-kinetics of about 2-3 ms due to L-Glu removal (Figure 1.2D). These 

persistent openings were nevertheless interrupted by transient closures too brief to represent 

long-lived desensitized states and, consequently, must represent sojourns to lower conductance 

levels, or closed or unliganded states.  

 

 

Figure 1.2 Mutation of Asp 776 to a Lys residue eliminates GluK2 receptor desensitization  

(A) Crystal structure of the wildtype GluK2 LBD dimer (PDB: 3G3F; Chaudhry et al., 2009).  

(B) Top view of the GluK2 D776K LBD dimer interface showing electrostatic interactions between Lys 

776 and the adjacent subunit (PDB: 2XXX; Nayeem et al., 2011).  

(C) Top view of the GluK2 Y521C/L783C LBD dimer interface showing covalent crosslinking between 

subunits (PDB: 2I0C; Weston et al., 2006).  

(D) Typical current responses elicited by L-Glu acting on a single D776K channel (Patch # 12127p2, -60 

mV).  

(E) Unitary current events elicited by L-Glu acting on Y521C/L783C channels (Patch # 12322p3, -100 

mV). In panels D and E, averaged ensemble responses were taken from 20 or 95 individual current 

records, respectively. Time constants of deactivation were obtained by fitting agonist-off current 

responses with a single exponential function.  

(F) GluK2 D776K conductance distributions plotted following time course fitting.  

(G) Individual current responses of a single GluK2 D776K receptor to 10 mM and 500 M L-Glu (Patch 

# 12124p1).  
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Unlike the D776K receptor, the double cysteine mutant did not yield persistent channel 

activity in saturating L-Glu. Instead, recordings were dominated by sub-millisecond openings 

that were separated by longer apparent closures (Figure 1.2E) (Daniels et al., 2013). Given the 

infrequent nature of gating, we concluded that responses observed in the excised patches were 

likely to originate from multiple channels. Despite the transient openings, averaging sweeps from 

many agonist applications generated a non-decaying ensemble response. The decay kinetics of 

the ensemble average current of Y521C/L783C receptors were nevertheless at least five times 

slower (14.8 ± 2.9 ms, n = 4) than those of D776K receptors (Figure 1.2E). 

For GluK2 D776K, its consistent gating behaviour allowed us to make additional 

inferences. Time-course fitting of resolvable single-channel events estimated conductance levels 

of 21, 35, and 40 pS which were calculated using a measured reversal potential of 0 mV (Figure 

1.2F). The open level most frequently visited was 21-22 pS, closely matching the predominant 

19 pS conductance level of wildtype receptors, with the two largest conductance levels 

corresponding to brief sojourns from this state (i.e. 35 and 40 pS). Fitting Gaussian functions to 

an all-points histogram of D776K data further shows that more than 90 % of the analyzed 

records corresponded to the main open state (Figure S1.1). These conductance levels are likely 

to originate from single channels, rather than several channels opening simultaneously, as 

lowering the concentration of L-Glu interrupted openings to the 21-22 pS state with clear 

closures to baseline (Figure 1.2G). 

In summary, our single-channel data reveal that GluK2 D776K exhibits all the hallmarks 

expected of a non-desensitizing KAR: sustained activation, high unitary conductance, and an 

absence of long duration closures. GluK2 Y521C/L783C responds quite differently and 

therefore, we could conclude that the structural basis of its functional behaviour must be 
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different. Since the Lys 776 residue is proposed to act as a tethered cation (Nayeem et al., 2011) 

we reasoned that occupancy of the ion binding pocket may be the key structural event that 

prevents the onset of desensitization. If true, cation interactions at the Y521C/L783C receptor 

might therefore be unstable which would account for differences observed at the single-channel 

level. As explained below, we tested this hypothesis using molecular dynamic (MD) simulations 

to estimate the residency time of sodium bound to the cation binding pockets of both D776K and 

Y521C/L783C receptors. 

Lys 776 substitutes for sodium at the cation binding pocket 

MD simulations were employed to explore how electrostatic interactions affect 

occupancy of the cation binding pocket, which cannot be achieved using X-ray crystal structures 

or electrophysiology. Over the course of each of two 100 ns simulations, the cation pockets of 

the D776K receptor first released both sodium ions and then formed new contact points with the 

amino groups of Lys 776 (Figures 1.3A-1.3D). Consequently, the cation binding pocket was 

nearly continuously occupied by a positive charge during the entire simulation period, which is 

consistent with previous structural data (Nayeem et al., 2011). In contrast, simulations of the 

Y521C/L783C receptor predict that these mutations destabilize sodium and chloride ion binding, 

facilitating rapid ion release in both simulations performed (Figure S1.2). There was also a 

tendency for water molecules to more readily occupy the cation pockets of Y521C/L783C, which 

may explain the instability in sodium and chloride ion binding. Measurements of the surface area 

accessible to solvent indicated a much higher propensity for water molecules to interact with 

residues lining the cation pocket in the double cysteine mutant compared to wildtype GluK2 

receptors (Figure S1.2). If these simulations reflect the physiological behaviour of kainate 
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receptors, then activation could depend on occupancy of the cation pocket, while cation 

unbinding would promote channel closure and/or desensitization. 

 

 

Figure 1.3 Lys 776 can act as a tethered ion at the GluK2 cation binding pocket  

(A) Coordination distances between sodium ions (bound to chains A and B) and several oxygen atoms 

found on residues lining the cation binding pocket (E524, I527, D528) during a 100 ns MD simulation of 

the D776K mutant.  

(B) Coordination distances for the positively charged N of Lys 776. Distances were measured from 

oxygen atoms normally involved in sodium ion coordination.  

(C) Sodium ion coordination in the crystal structure of the wildtype GluK2 LBD.  

(D) Snapshot after 100 ns of MD simulation of the D776K mutant. Chain A and its residues are shown in 

orange, while chain B and its residues are shown in cyan. The sodium ion is shown in purple and the 

chloride ion in green. Coordination distances are indicated with black lines for the sodium ion (C) and the 

Lys 776 amine (D). Water molecules and non-polar hydrogen atoms are omitted. 

 

GluK2 D776K receptors activate without external cations  

If occupancy of the cation binding pocket is a prerequisite for wildtype KAR activation, 

removal of all external ions should result in the absence of any detectable current. Although such 

recordings have already been shown to abolish wildtype KAR activity (Wong et al., 2006), this 
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original finding has been disputed by more recent work claiming residual channel activity in ion-

free conditions (Plested et al., 2008). To re-examine this issue, we repeated experiments 

comparing GluK2 receptors in the presence and absence of external ions. If Lys 776 acts as a 

tethered cation, as suggested by MD simulations (Figure 1.3) and structural data (Nayeem et al., 

2011), we reasoned that the GluK2 D776K would gate in the absence of external cations. In 

contrast, the instability of cation binding to GluK2 Y521C/L783C suggests that this mutant 

would fail to gate in the absence of ions unless crosslinking the LBD dimer interface permits 

activation via a different mechanism. Consistent with the above predictions, wildtype GluK2 

receptor activity was completely abolished by the removal of external monovalent ions (Figures 

1.4A and 1.4B) whereas the D776K receptor continued to gate (Figures 1.4C and 1.4D) 

demonstrating that the wildtype GluK2 receptor gating mechanism has an absolute requirement 

for external cations. These data also further support the idea that the Lys 776 residue acts as a 

tethered cation, accounting for the ability of the D776K receptor to gate in the absence of 

external ions. 

Interestingly, the Y521C/L783C receptor was also able to gate in the absence of external 

cations (Figures 1.4E and 1.4F). This finding is in agreement with a prior study (Plested et al., 

2008) but inconsistent with the lack of responsiveness of wildtype GuK2 receptors in ion-free 

conditions (Figures 1.4A and 1.4B), suggesting the need for an alternative explanation. With 

this in mind, we considered the possibility that crosslinking the dimer interface of the GluK2 

receptor may eliminate the requirement of external cations for activation. We tested this 

possibility by identifying mutations in the LBD dimer interface that would disrupt cation binding 

without forming inter-protomer crosslinks. 
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Figure 1.4 GluK2 D776K receptors gate in the absence of external ions  

(A, C, and E) Membrane currents evoked by L-Glu acting on wildtype GluK2 (A), D776K (C), and 

Y521C/L783C (E) receptors, in either 150 mM NaCl (top) or in nominal ion-free (bottom) external 

solution (Vm = -60, -30, 0, 30, and 60 mV). For wildtype GluK2, the same patch was recorded in both 

ionic conditions to show the complete abolition of current (Patch # 121106p2), whereas mutant responses 

were taken from different patches (D776K ion, Patch # 11510 p1; ion-free, Patch # 12925 p5; 

Y521C/L783C ion, Patch # 121002 p2; ion-free, Patch # 121023 p2).  

(B, D, and F) Averaged current-voltage plots in 0 mM (filled circles) and 150 mM (open circles) NaCl 

for wildtype GluK2 (B), D776K (D), and Y521C/L783C (F) receptors. Currents were normalized to 

responses at -60 mV in 150 mM NaCl.  

Data are mean ± SEM from three independent experiments for each receptor. 

 

Destabilizing cation binding impairs GluK2 activation 

We studied disruption of the cation binding pocket by examining two mutant receptors, 

namely GluK2 E524G and L783C, which MD simulations suggest destabilize sodium binding to 

the cation binding pocket. Importantly, these mutations do not affect receptor surface expression 

(see Figure S1.3). For E524G, which has a less electronegative cation pocket, two simulations of 

sodium coordination both estimated that sodium is released within 5 ns, unlike the wildtype 
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receptor, which retained sodium for the duration of two, 100 ns simulations (Figures 1.5A-

1.5D). In this respect, E524G mimics the Y521C/L783C receptor; however, it differs in that 10 

mM L-Glu fails to elicit a measurable response in most excised patches (Figure S1.3). We did 

observe responses in 3 out of the 18 patches tested but they were small (> -10 pA) in amplitude 

and thus consistent with the E524G mutation acting to destabilize cation binding. 

Interestingly, when only one of the crosslinking residues (i.e. L783C) was mutated, 10 

mM L-Glu failed to elicit a response in all cases whether we examined whole-cell recordings 

(data not shown) or excised patches (n = 15) (Figure S1.3). MD simulations suggested that the 

L783C mutant has a less pronounced effect than E524G on sodium stability, yet the ions 

managed to dissociate from their binding pockets within 100 ns in one of two simulations 

(Figures 1.5E and 1.5F). One potential explanation for the sodium dissociation is that the 

L783C mutant permits access of additional water molecules into the cation binding pocket, as 

observed in simulations of Y521C/L783C. In comparison to the wildtype GluK2 receptor, the 

sodium ions in L783C interacted more frequently with water molecules, and less frequently with 

residues of the cation pocket (data not shown). In both mutants, our data point to the lack of 

responsiveness of E524G and L783C arising from their disruptive effects on the cation binding 

pocket, a condition that may be similar to desensitization in a wildtype receptor. Because mutant 

receptors that disrupt L-Glu binding are retained within mammalian cells (Mah et al., 2005), we 

do not think that an inability to bind agonists can account for the phenotypes of E524G and 

L783C. As a result, an explanation is required to account for an additional cysteine (Y521C) 

restoring channel gating when introduced atop the L783C mutation. We conclude that the cation-

independent activation of GluK2 Y521C/L783C is due to its covalent crosslinking of the dimer 

interface, which circumvents normal gating requirements of the wildtype receptor. 
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Figure 1.5 Occupancy of the GluK2 cation binding pocket is predicted to be disrupted by targeted 

mutation of the dimer interface 

(A, C, and E) Snapshots of sodium coordination in the wildtype GluK2 receptor (A), as well as mutants 

E524G (C) and L783C (E), all taken approximately 15 ns after the start of the MD simulation.  

(B, D, and F) Sodium coordination plotted from MD simulations of the LBD dimer in the wildtype 

GluK2 receptor (B), and mutants E524G (D) and L783C (F).  

 

KAR desensitization proceeds after cation unbinding 

MD simulations and single-channel data suggest that GluK2 D776K receptors are non-

desensitizing because Lys 776 becomes tethered to the cation binding pocket. We therefore 
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conclude that cation binding primes KARs for activation by the agonist. We also conclude that 

cation-unbound states are not primed for activation and thus, agonist-binding promotes entry into 

desensitized states as observed with the L783C and E524G mutant receptors. These different 

outcomes are important because they will determine the degree to which desensitization, and by 

implication cation unbinding, contributes to the wildtype KAR response. For example, during 

long agonist applications routinely used to measure desensitization rates, most receptors should 

desensitize because cations will eventually unbind with the agonist still bound. In contrast, with 

brief applications of L-Glu used to measure deactivation rates, fewer GluK2 receptors should 

desensitize because the agonist will unbind before the cation. Importantly, this sequence of 

events can be tested experimentally. Specifically, we predict that deactivation rates estimated 

with a brief agonist application should be minimally affected by the presence or absence of 

desensitization because decay from the peak response corresponds to agonist unbinding from the 

cation-bound state(s). 

To examine the impact of desensitization on deactivation rates, we compared the 

relaxation kinetics observed following a brief application (i.e. 1 ms) of 10 mM L-Glu onto 

wildtype and non-desensitizing D776K KARs (Figure 1.6A). For comparison, we also 

performed a similar analysis of wildtype and a mutant GluA1 AMPA receptor (i.e. L497Y) 

where single-channel desensitization is strongly inhibited (Stern-Bach et al., 1998) (Figure 

1.6B). Wildtype GluK2 receptors exhibited a fast exponential time constant of deactivation of 

2.3 ± 0.1 ms (n = 7) (Figure 1.6A) which was statistically indistinguishable from the off-kinetics 

of D776K receptors regardless of whether 1 ms (2.0 ± 0.2 ms, n=9) (p = 0.63) or 250 ms agonist 

pulses (2.4 ± 0.2 ms, n = 12) (p = 0.82) were applied (Figures 1.6A and 1.6C). These 

observations support our assertion that KAR desensitization proceeds after cation unbinding. 
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Accordingly, deactivation and desensitization can therefore be viewed as being structurally-

distinct and separable processes. In contrast, the decay time constant observed following a 1 ms 

application of 10 mM L-Glu to GluA1 AMPARs had a fast exponential time constant of 1.0 ± 

0.1 ms ( n = 6) (Figure 1.6B), which was about 10 times faster than the off-kinetics of the non-

desensitizing L497Y mutant (12.4 ± 1.6 ms, n=5) (Figures 1.6B and 1.6C). This finding is 

consistent with the effect of the allosteric modulator, cyclothiazide, which also attenuates 

AMPAR desensitization (Mitchell & Fleck, 2007). 

 

 

Figure 1.6 Desensitization and deactivation are uncoupled in GluK2 KARs  

(A) Typical current decay observed following removal of 10 mM L-Glu from wildtype GluK2 (1 ms 

application, Patch # 00327p3) and GluK2 D776K (250 ms application, Patch # 11506p1) receptors.  

(B) Typical current decay observed following removal of 10 mM L-Glu from wildtype GluA1 (1 ms 

application, Patch # 00404p1, -55mV) and GluA1 L497Y (50 ms application, Patch # 99608p1, -55mV) 
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receptors. For panels A and B, decay kinetics from saturating L-Glu were fit with a second-order 

exponential function (red) with representative values of the fast, dominant component displayed.  

(C) Distribution of off-kinetic rates show that the τfast values for the GluK2 peak response and D776K 

were statistically indistinguishable (P = 0.68), whereas the values for the GluA1 peak response and 

L497Y were statistically different (P < 0.001). Two-tailed Student’s t test performed (a = 0.05).  

Data are mean ± SEM from five to twelve independent experiments. 

 

To further test the impact of desensitization on the activation process, we compared the 

dose-response relationships of GluK2 D776K and wildtype receptors. We reasoned that because 

the absence of desensitization had little to no effect on GluK2 deactivation kinetics, rates of L-

Glu unbinding should be high relative to rates of cation unbinding, which equate with 

desensitization. Under such circumstances, receptors would tend to enter desensitized states only 

during sustained L-Glu application. As such, the dose-response relationship of the peak response, 

occurring less than 1 ms after L-Glu exposure, should exhibit little change in the absence of 

desensitization. 

In agreement with our predictions, the EC50 (and nH) estimated from peak dose-response 

curves to L-Glu acting on wildtype GluK2 receptors were 652 ± 47 μM (nH = 0.87, n = 7), which 

closely matched that of D776K receptors, where the EC50 value was estimated to be 520 ± 91 

μM (nH = 1.6, n = 8) (Figures 1.7A and 1.7B). These data differ from past work on AMPARs 

which has shown that mutations and allosteric modulators that reduce or eliminate 

desensitization cause progressive leftward shifts in the wildtype dose-response curve (Stern-Bach 

et al., 1998; Mitchell & Fleck, 2007). For example, one study noted a leftward shift of over an 

order of magnitude in the wildtype EC50 when studying GluA1 L497Y AMPARs (Mitchell & 

Fleck, 2007) (Figure 1.7B). Our observations comparing wildtype and D776K receptors support 

the idea that desensitization has little impact on the time GluK2 receptors remain activated. This 

is, of course, to be expected if desensitization can only proceed after cation unbinding. Indeed, 

MD simulations reported here suggest that LBD dimer separation, a structural correlate of 
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desensitization, is promoted for wildtype receptors in the absence of bound sodium ions (Figure 

S1.4). Our findings also suggest that desensitization impacts the time course of AMPAR 

activation which explains the effect of desensitization on both deactivation kinetics and agonist 

potency. 

 

 

Figure 1.7 Desensitization does not substantially shift peak agonist potency of GluK2 KARs 

(A) Typical current responses elicited by L-Glu (10 μM - 10 mM) acting on wildtype GluK2 (Patch # 

091204p2) and GluK2 D776K (Patch # 11610p1) receptors.  

(B) L-Glu dose-response relationships for KARs, normalized to the maximal current (Imax) of each patch, 

as well as simulated dose-response curves of wildtype and GluA1 L497Y receptors taken from previously 

reported values (Mitchell & Fleck, 2007).  

Data are mean ± SEM from seven and eight independent experiments. 
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DISCUSSION 

The present study advances our understanding of iGluR gating in several substantial 

ways. First, we show that cation occupancy is the central requirement in keeping agonist-bound 

KARs in the activated state and out of desensitization. Second, we propose a structural model for 

the sequence of events that give rise to deactivation and desensitization. Deactivation is observed 

when the ligand unbinds from cation-bound states, whereas desensitization proceeds when the 

ligand is bound to cation-unbound states. Third and finally, closely-related AMPARs do not 

share this reliance on cation-dependent gating, as a result; desensitization appears able to curtail 

AMPAR channel activation. As discussed below, this unique property of KARs may provide 

clues to how subunit composition and/or auxiliary proteins affect native receptors at 

glutamatergic synapses. 

The KAR dimer interface is a multi-faceted structure 

It is remarkable that subunit crosslinking at two neighbouring sites (residues 776 and 

783) along the GluK2 LBD dimer interface produces very different functional consequences. 

The Y521C/L783C mutation bridges opposing subunits, yet the crystal structure of its LBD 

suggests a separation of the upper D1 segment of the dimer interface (Weston et al., 2006). 

Although separation of the dimer interface is thought to underlie both KAR and AMPAR 

desensitization (Sun et al., 2002), it is not clear how much separation would be tolerable before 

channel activation could no longer be maintained. Given microscopic recordings showing that 

Y521C/L783C channels cannot stably access the main open state of wildtype GluK2 (Daniels et 

al., 2013), we propose that this mutant is a mostly desensitized receptor typified by an open 

interface and/or a poorly activating receptor by virtue of its sporadic channel openings. 
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Targeted slightly higher along the LBD interface, the mutant residue Lys 776 occupies 

the GluK2 cation binding pocket and has two related consequences on receptor function; it 

increases open-channel probability to such an extent that no failures are observed and it sustains 

activation for the duration of agonist application. The latter effect supports the idea that the 

molecular events leading to desensitization are triggered at the apex of the interface, rather than 

being coordinated through the interface as a whole. Whether these interactions are further 

complicated by an emerging idea that KAR subunits desensitize with a tetrameric symmetry and 

not as a dimer of dimers (Bowie & Lange, 2002; Schauder et al., 2013) awaits future study. 

The cation binding pocket and its relation to gating events 

Although structural rearrangements of the LBD accompany iGluR desensitization (Sun et 

al., 2002), it is presently unknown how such conformational changes are initiated. The matter is 

further complicated in KARs, where bound ions have been proposed to stabilize the LBD dimer 

interface (Plested & Mayer, 2007). Here, we establish a framework to specify when KARs 

activate and desensitize by identifying the cation binding pocket as the molecular switch between 

these processes. In short, cation pocket occupancy maintains KAR activation, and by implication 

desensitization cannot occur until cations unbind. The link between cation binding and activation 

is based on several key observations reported above: the sustained single-channel activation 

observed in the GluK2 D776K mutation (Figure 1.2), where the cation binding pocket is thought 

to be continuously occupied, the inability of GluK2 to activate in the absence of external ions 

(Figure 1.4), and the gating deficiencies amongst mutants designed to disrupt cation binding 

(Figures 1.5 and S1.3). Furthermore, the assertion that cation unbinding precedes 

desensitization can be deduced from other observations we reported. Specifically, we showed 

that deactivation kinetics of wildtype KARs were unaffected by desensitization confirming our 
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assertion that the decay of the KAR peak response corresponds to agonist unbinding from the 

cation-bound state(s) (see Figures 1.6A and 1.6C). This conclusion is consistent with previous 

work showing that GluK2 deactivation kinetics are made faster by lowering the external cation 

concentration or by replacing sodium with another cation (Bowie, 2002). With long agonist 

applications (i.e. 250 ms), we propose that the decline in KAR activity is due cation unbinding 

since, besides the presence of the agonist, the only other known requirement of KARs to activate 

is allosteric ions (Wong et al., 2006). Given this, we concluded that their departure was the most 

plausible explanation to trigger the onset of desensitization. In accordance with this notion, MD 

simulations reported here (Figure S1.4) predict that removal of cations from the LBD dimer 

interface can induce structural changes associated with the desensitized state(s). 

An alternative explanation for the observations above is that KAR desensitization is 

triggered by intrinsic rearrangements to the LBD structure, which are countered through the 

occupancy of bound cations. From this perspective, the relation between bound cations and 

decay kinetics is attributable to a direct modulation of the intrinsic rate of desensitization (by 

stabilizing LBD dimers) as has been suggested previously (Plested et al., 2008). This 

interpretation, however, is difficult to reconcile with several observations. To begin with, if 

desensitization is merely opposed, but not blocked by the presence of bound cations, some 

residual activation should be detected in solutions lacking external ions; which is not the case. 

Furthermore, from this perspective, the effect of cation species on deactivation kinetics would 

have to be explained by desensitization rates overlapping with those of deactivation. 

Experiments reported in this manuscript show that deactivation kinetics are unaffected by 

desensitization (i.e. comparing D776K to wildtype GluK2 receptors) (Figure 1.6), which must 



104 

 

therefore occur on a slower time scale. Thus, the two processes do not overlap, meaning 

activation must be directly regulated by cations.  

Ion channels employ different strategies to desensitize  

Desensitization of LGICs has been classically thought to arise from agonist molecules 

converting receptor complexes into non-reactive forms (Del Castillo & Katz, 1957) in much the 

same way that even earlier work linked changes in membrane potential to voltage-gated ion-

channel inactivation (Hodgkin & Huxley, 1952). Since then, structural explanations have 

emerged to account for how the processes of inactivation and desensitization occur at the amino 

acid level. Some of the first insights came from work on voltage-gated sodium and potassium 

channels, which were shown to possess intracellular inactivation gates (Stuhmer et al., 1989; 

Hoshi et al., 1990), whereas work on Cys-loop LGICs hinted at a broader re-arrangement of 

quaternary structure (Unwin et al., 1998). Pioneering studies also identified coupling between 

activation and inactivation of voltage-gated channels (Armstrong & Bezanilla, 1977), which has 

been more difficult to establish at LGICs. Such coupling might be expected to occur at iGluRs 

since closure in the agonist-binding domain initiated by ligand binding is thought to bring about 

both activation and then desensitization, as the agonist becomes entrapped in a stable, yet 

inactive conformation (Mano et al., 1996; Armstrong et al., 1998). In keeping with this, data 

presented in this study suggest a tight coupling between these structural events in AMPARs. 

Interestingly, this is not the case for KARs, which uncouple the process of activation from 

desensitization through cation-dependent gating. This unique aspect of KAR gating provides an 

ideal target by which native receptor responses could be modulated at central synapses. For 

example, alterations in cation-affinity through protein-protein interactions could explain how 

heteromeric subunits (Barberis et al., 2008) and/or auxiliary proteins (Zhang et al., 2009) 
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regulate the duration of synaptic KAR activity (Copits & Swanson, 2012). Clearly, much still 

remains to be examined in future studies and how this allosteric cation binding pocket might be 

exploited to regulate KAR signaling within the vertebrate CNS. 
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METHODS 

Cell culture and transfection 

HEK293T cells were transiently co-transfected with cDNA encoding wildtype or mutant 

GluK2(Q) KAR or GluA1(Q) AMPAR subunits and enhanced green fluorescent protein 

(eGFPS65T) as previously described (Bowie, 2002), or transfected with iGluR subunit cDNA on 

plasmids also encoding eGFP behind an internal ribosomal entry site. The cDNA for the mutant 

receptors was generated in two steps from wildtype plasmid using Quickchange II XL site-

directed mutagenesis (Stratagene, LaJolla, CA). After transfection for 4 - 8 hrs using the calcium 

phosphate precipitation method, cells were washed twice with divalent-containing PBS and 

maintained in fresh medium (MEM containing Glutamax and 10% FBS). Electrophysiological 

recordings were performed 24 - 48 hrs later. 

GluK2 receptor surface expression 

To test for possible trafficking defects in mutants used in this study, we measured the 

fluorescence emitted by an ecliptic pHGFP genetically fused to the extracellular N-terminal of 

mutant or wildtype GluK2 receptors (Figure S1.3). Unlike eGFP, the fluorescence emission of 

pHGFP is almost entirely quenched at pH 5.45 (Miesenbock et al., 1998), which we used to 

evaluate the cellular location of the fluorophores (Khiroug et al., 2009). Using this approach, a 

substantial but reversible attenuation in the fluorescence signal emitted by wildtype pHGFP-

GluK2 was observed (n = 17 cells) following acidification of the external milieu (Figure S1.3) 

demonstrating that most of the fluorescence signal was emitted by tagged GluK2 receptors on the 

plasma membrane. In contrast, acidification of the external solution had little effect on the weak 

fluorescence emitted by pHGFP-GluK2 R523A receptors (n = 6 cells) (Figure S1.3), consistent 

with previous work showing that this mutant has poor surface expression (Mah et al., 2005). 
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Fluorescence emitted by pHGFP-GluK2 E524G and L783C receptors (n = 10 and 6 cells 

respectively) was robust, much like wildtype GluK2, and was reversibly attenuated by 

acidification (Figure S1.3) suggesting that trafficking to the plasma membrane is not 

substantially perturbed for either mutant. 

Electrophysiological solutions & recordings 

External recording solutions typically contained (in mM): 150 NaCl, 5 HEPES, 0.1 

CaCl2, 0.1 MgCl2, 2% phenol red. The internal recording solution contained (mM): 115 NaCl, 10 

NaF, 5 HEPES, 5 Na4BAPTA, 0.5 CaCl2, 1 MgCl2, and 10 Na2ATP to chelate endogenous 

polyamines. The osmotic pressure was set to 295-300 mOsm using sucrose and the pH adjusted 

to 7.35 with 5 N NaOH. Agonist solutions were prepared by dissolving the agonist in external 

solution and adjusting the pH appropriately. In the case of recordings conducted in nominal 

external ions, the solution contained 100 µM of CaCl2 and MgCl2 to improve patch stability, 

sucrose to maintain the osmotic pressure at 295-300 mOsm, and 5 mM Tris to buffer pH. The pH 

was adjusted to 7.3-7.4 using 10 N HCl. To optimize recording stability in solutions of nominal 

ions, quartz electrodes were used to excise some outside-out patches. The outward current 

conveyed by receptors in such conditions was due to the efflux of sodium ions from the patch 

pipette. The lack of inward current in response to L-Glu confirmed that all cations were removed 

from the external milieu of the membrane patch. 

All experiments were performed on excised membrane patches in the outside-out 

configuration. We used thin-walled borosilicate glass pipettes (3-5 MΩ, King Precision Glass, 

Inc.) coated with dental wax for macroscopic experiments. To obtain low noise or single-channel 

recordings, we used quartz glass (3-15 MΩ, King Precision Glass, Inc.) coated with Sylgard 

(Dow Corning). Agonist solutions were rapidly applied to outside-out patches for 250 ms at -60 
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mV (unless otherwise stated) using a piezo-stack driven perfusion system. Sufficient time 

between applications of L-Glu was allowed for complete recovery from macroscopic 

desensitization. Solution exchange time was determined routinely at the end of each experiment 

by measuring the liquid junction current (10-90 % rise-time = 100-400 µs). Series resistances (3-

15 MΩ) were routinely compensated by 95%. For microscopic recordings, the headstage was set 

to the capacitive feedback recording mode. All recordings were performed at room temperature 

using an Axopatch 200B amplifier (Axon Instruments Inc., Foster City, CA, USA). Current 

records were filtered at 5 kHz for macroscopic responses and digitized at 25-50 kHz. Single-

channel currents were all acquired at 50-100 kHz, low-pass filtered by an 8-pole Bessel filter at 

10 kHz and digitally filtered offline at 1-3 kHz. The reference electrode was connected to the 

bath via an agar bridge of 3M KCl. Data were acquired using pClamp9 software (Axon 

Instruments Inc., Foster City, CA, USA), and illustrated using Origin 7 (OriginLab Corp., 

Northampton, MA, USA). 

Macroscopic response analysis 

Data were analyzed using Clampfit 9.0 and tabulated using Microsoft Excel. Curve 

fittings for determining the off-kinetic rates were performed using 1
st
 or 2

nd
 order exponential 

functions: y = Ai *exp(-x/ti). Dose-response data to L-Glu were normalized, pooled across 

patches, and fit with the logistic equation of the following form: I = Imax/(1+(EC50/[Glu])
nH

), 

where I is the normalized current at any agonist concentration, Imax is the interpolated maximal 

response, EC50 is the concentration of L-Glu that elicits the half-maximal response, and nH is the 

slope or Hill coefficient.  
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Single-channel analysis 

For wildtype GluK2 receptors, analysis was conducted on patches (n = 5) from which 

fifty or more agonist applications were made at 15 s intervals. For GluK2 D776K, which 

displayed uniform current responses, analysis was limited to 58 agonist applications, which were 

divided among four patches. Single-channel data were subjected to digital low-pass filtering at 3 

kHz (or 1kHz for presentation in figures), which resulted in root mean square baseline noise 

values that averaged 0.22 ± 0.024 pA (n = 5) and 0.22 ± 0.043 pA (n = 4) for wildtype and 

D776K receptors, respectively. These noise values corresponded to less than fifty percent of the 

smallest difference between adjacent conductance levels in the wildtype receptor. The 3kHz 

frequency was chosen on account of our data containing many rapid transitions between 

conductance levels, as described previously for AMPARs (Zhang et al., 2008). Accordingly, a 

resolution of two filter rise times (2 x 111 µs) was imposed to detect and account for brief 

events, while maintaining resolution of small conductances.  Digitally-filtered data were 

exported to Signal 5.0 (Cambridge Electronic Design) to perform time-course fitting analysis 

with the program SCAN (Colquhoun & Sigworth, 1995). The idealized records were then used to 

provide information on response amplitudes, which could be fit with Gaussian functions, whose 

peaks reflect discrete conductance levels: y = ∑
 

i=1...n (Ai/wi*sqrt(π/2)))*exp(-2*((x-xci)/wi)2 

where A = area, xc = centre of the peak, w = error associated with xc. From this analysis, the 

distribution and amplitude of single-channel events observed in patches containing a few 

channels (Figure 1.2F) were similar to events measured at equilibrium in multichannel patches 

(Figure S1.5). 
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Molecular dynamics simulations 

All crystal structures used in this manuscript were obtained from the Research 

Collaboratory for Structural Bioinformatics (RCSB) protein data bank. Two protein structures 

were used for building models for the MD simulations; an L-Glu-bound GluK2 LBD dimer 

(PDB: 3G3F; Chaudhry et al., 2009) and an L-Glu-bound GluK2 Y521C/L783C LBD dimer 

(PDB: 2I0C; Weston et al., 2006), respectively, which was used only for simulations concerning 

the double-cysteine mutant. Together with the crystallographically resolved water molecules, L-

Glu ligands and ions were retained in the simulation setup, whereas two bound isopropyl alcohol 

molecules were deleted. In simulations of GluK2 without bound sodium ions (Figure S1.4), 

these were removed before system setup.  The protein was solvated in water in a (90 Å)
3
 box 

using the TIP3P water model (Jorgensen et al., 1983), whereafter the system was neutralized and 

150 mM NaCl was added. Mutations, except for Y521C/L783C, were imposed manually prior to 

simulation setup, either by editing/deleting atoms in the pdb-file or by using the mutate function 

of PyMOL (The PyMOL Molecular Graphics System, Version 1.3, Schrödinger, LLC) and 

adjusting the side chain rotamer. For the double cysteine mutant, the GluK2 double-cysteine 

(Y521C/L783C) mutant structure was employed. This structure had no ions bound, so the 

interface-bound ions from the wildtype structure were added and rotamers for side chains 

surrounding the ion sites were optimised in PyMOL before solvation, neutralization and 

ionization as described above.  

The MD simulations were performed in Gromacs 4.5 (Hess et al., 2008) with the OPLS 

all-atom force field (Jorgensen et al., 1996; Kaminski et al., 2001). The systems were first energy 

minimized until the maximum force on an atom was less than 100 kJ/mol/nm. Following energy 

minimization, a 200 ns restrained simulation with position restraints on protein heavy-atoms and 
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on bound ions with a force constant of 1000 kJ mol
-1

 nm
-2

 was performed in the NVT ensemble 

with a temperature of 300 K maintained by a Berendsen thermostat (Berendsen et al., 1984). 

Periodic boundary conditions were utilized and van der Waals interactions were cut off at 10 Å. 

Long-range electrostatics were accounted for by the Particle-Mesh Ewald method (Darden et al., 

1993). All bonds were treated as constraints using the LINCS algorithm, allowing a time step of 

2 fs. Subsequently, 100 ns of production run were performed (only 30-50 ns for E524G). The 

NPT ensemble was employed with the temperature retained at 300 K and the pressure at 1 bar by 

using the Berendsen thermostat and barostat, respectively (Berendsen et al., 1984). Two repeats 

for each mutational variant were produced. Analyses were performed using VMD (Humphrey et 

al., 1996) and analysis tools of Gromacs (Hess et al., 2008).  

Statistical methods 

Results are expressed as mean ± s.e.m. Statistical analyses of sample means were 

performed using two-tailed Student’s t tests. P < 0.05 was considered to be statistically 

significant. 
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SUPPLEMENTAL FIGURES 

 

 

Figure S1.1 The non-desensitizing receptor GluK2 D776K primarily activates to an 

approximately 20 pS conductance level. Supplemental data associated with Figure 1.2. 

(A) An all-points histogram detailing the conductance distribution of D776K single channels. 

Conductance levels were identified by fitting the distribution with three Gaussian functions (see 

Methods). The distribution was generated by compiling segments of channel activity from the 

same patches and sweeps for which time course fitting was carried out, following digital low-

pass filtering at 3 kHz. 
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Figure S1.2 Cation binding is predicted to be disrupted in the GluK2 Y521C/L783C receptor. 

Supplemental data associated with Figure 1.3. 

(A and B) Coordination of bound sodium ions by the backbone oxygen atoms of Glu 524 and Ile 

527 in Y521C/L783C (A) and wildtype GluK2 (B), respectively, as predicted by MD 

simulations.  

(C and D) Solvent-accessible surface area (SASA) for the sodium-coordinating residues Glu 524 

and Asp 528 of Y521C/L783C (C) and wildtype GluK2 (D). Mutant simulations are denoted by 

green (v1), orange (v2), and wildtype simulations by red (v1) and blue (v2) to distinguish 

different simulation versions.  
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Figure S1.3 Mutations at the GluK2 cation binding pocket interfere with channel gating, but not 

receptor surface expression. Supplemental data associated with Figure 1.5. 

(A) TIRF images of HEK293T cells transfected with wildtype and mutant GluK2 receptors 

reveal reversible changes in the eGFP fluorescence signal between pH 7.5 and 5.45 when 

proteins are expressed on the plasma membrane (scale bar = 10 µm).  

(B) Bar graph tabulating the changes in fluorescent signal observed when expressing wildtype 

and mutant GluK2 receptors. Error bars, s.e.m. from six to seventeen independent imaging 

experiments for each receptor.  

(C) Outside-out patch recordings taken from cells expressing GluK2 E524G (Patch # 12619p3) 

and L783C (Patch # 13114p5) receptors where 10 mM L-Glu failed to elicit a measurable current 

response. 
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Figure S1.4 Sodium unbinding initiates rearrangements of the LBD dimer interface that are 

associated with desensitization. Supplemental data associated with Figures 1.6 and 1.7.  

(A) Top view of the crystal structure of the wildtype GluK2 LBD dimer showing two sodium 

ions (purple), one chloride ion (green), and the alpha carbons of both R775 residues (grey) 

adjacent to the dimer interface. The distance of the line connecting these carbons reflects the 

separation of the upper lobes of subunits.  

(B) Inter-subunit R775 alpha carbon distance during  100 ns MD simulations in which the two 

bound sodium ions are either left in place or removed prior to the simulation.  
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Figure S1.5 GluK2 channels activate to the same conductance levels before and after the onset 

of desensitization. Supplemental data associated with methods.   

(A) Overlay of forty individual current records from a patch expressing GluK2 receptors that 

produced a peak response of approximately 100 pA in 10 mM L-Glu (Patch # 12309p2, -60 mV). 

A typical opening elicited by L-Glu is shown in bold.  

(B) Typical GluK2 receptor unitary current events recorded from ten consecutive sweeps from 

the same patch, elicited by saturating L-Glu following the onset of desensitization. (c) GluK2 

conductance distributions were fit following time-course fitting analysis of records from five 

patches (271 sweeps total).  
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Intra- and inter-protein interactions determine 
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FOREWORD TO CHAPTER TWO 

The data that comprise this chapter were originally meant to form two separate studies. 

The first study would have included what are now figures one to six, focusing on the critical role 

of the LBD apex in GluA2 AMPAR activation, and concluding on a surprising note -that 

auxiliary protein co-expression can compensate for the disruption of electrostatic interactions 

across the LBD dimer interface. Around the time that the first manuscript was written, I began to 

embark on a new project, involving the identification of sites on the AMPAR LBD that auxiliary 

proteins act upon to modulate receptor gating. This second project yielded some positive results, 

and in an effort to improve the first manuscript, it was wrapped up quickly to contribute what are 

now figures seven and eight.  

Originally, the first portion of this chapter was submitted as a manuscript to Nature 

Structural & Molecular Biology in July of 2015, but it was quickly passed over for peer review. 

A month later we submit the manuscript to Neuron after receiving a positive response to our pre-

submission inquiry. Following an initial round of peer review the manuscript was rejected, but a 

resubmission was allowed. At this point, we added what would become figures seven and eight -

most new data had already been collected- to tie up some loose ends, explaining how auxiliary 

subunits (e.g. TARPs) can rescue poorly functioning AMPARs. The reviewers were generally 

much more pleased with the revised manuscript, and by this stage, only a few minor revisions 

were required. We submit the final revision just before the end of the year, meaning the 

manuscript was accepted in January of 2016, published online in February, and appeared in print 

in March.  

During the writing of this thesis, two papers reported cryo-EM visualization (at <10 Å 

resolution) of intact AMPAR-stargazin complexes (Twomey et al., 2016; Zhao et al., 2016). 
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Interestingly, the antagonist-bound structure in the manuscript by Twomey and colleagues 

features the “KGK motif,” described in figure seven of this chapter, as coming into contract with 

the extracellular, acidic lip of a γ2 subunit. The authors indeed concurred that this motif governs 

functional modulation of AMPARs by TARPs in activated states, based on the movements 

expected during AMPAR activation. Accordingly, this new structural research corroborates ideas 

about the “functional interactions” between AMPARs and their auxiliary proteins, first put 

forward in the results chapter that follows.  
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Article Title: 

Distinct structural pathways coordinate the activation of AMPA 

receptor-auxiliary subunit complexes 

 

 

 

 

 

 

 

 

 

 

 

Reproduced with permission from G. Brent Dawe, Maria Musgaard, Mark R.P. Aurousseau, 

Nashaba Nayeem, Tim Green, Philip C. Biggin, and Derek Bowie.  

Distinct structural pathways coordinate the activation of AMPA receptor-auxiliary subunit 

complexes. 

Neuron. Volume 89: 1264-76. Copyright © 2016 by Elsevier Inc. 
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ABSTRACT 

Neurotransmitter-gated ion-channels adopt different gating modes to fine-tune signaling at 

central synapses. At glutamatergic synapses, high and low activity of AMPA receptors 

(AMPARs) is observed when pore-forming subunits co-assemble with or without auxiliary 

subunits, respectively. Whether a common structural pathway accounts for these different gating 

modes is unclear. Here, we identify two structural motifs that determine the time course of 

AMPAR channel activation. A network of electrostatic interactions at the apex of the AMPAR 

ligand-binding domain (LBD) is essential for gating by pore-forming subunits, whereas a 

conserved motif on the lower, D2 lobe of the LBD prolongs channel activity when auxiliary 

subunits are present. Accordingly, channel activity is almost entirely abolished by elimination of 

the electrostatic network, but restored via auxiliary protein interactions at the D2 lobe. In 

summary, we propose that activation of native AMPAR complexes is coordinated by distinct 

structural pathways, favoured by the association/dissociation of auxiliary subunits. 
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INTRODUCTION  

Voltage- and ligand-gated ion-channels are signalling complexes that are often assembled 

from both regulatory and pore-forming subunits (Catterall et al., 2006; Jackson & Nicoll, 2011; 

Trimmer, 2015). AMPA-type (AMPAR) ionotropic glutamate receptors (iGluRs) are composed 

of pore-forming GluA1-4 subunits (Dingledine et al., 1999) that co-assemble with a variety of 

auxiliary proteins, including the transmembrane AMPAR receptor regulatory protein (TARP) 

and cornichon (CNIH) families (Tomita et al., 2003; Schwenk et al., 2009; Jackson & Nicoll, 

2011), as well as CKAMP44 (von Engelhardt et al., 2010) and SynDIG1 (Kalashnikova et al., 

2010), amongst others (Haering et al., 2014). Each pore-forming subunit possesses four principal 

domains, with the extracellular amino-terminal domain (ATD) controlling assembly and 

trafficking (Greger et al., 2007; Gan et al., 2015), and the ligand-binding domain (LBD) 

providing a bi-lobed agonist-binding pocket (Dawe et al., 2015). Meanwhile, the three 

transmembrane helices and re-entrant loop form the central pore domain, which governs cation 

selectivity and channel block (Huettner, 2015), and connects to the short, intracellular carboxyl-

terminal domain (CTD). Once assembled, the native AMPAR is a homo- or heteromeric tetramer 

(Sobolevsky et al., 2009) with a variable stoichiometry of TARPs (Hastie et al., 2013) that may 

include additional CNIH subunits (Jackson & Nicoll, 2011; Herring et al., 2013). Understanding 

these interactions has been an area of intense study in recent years, especially as TARPs and 

CNIHs have been shown to directly affect the functional behaviour of native AMPARs as well as 

synaptic plasticity mechanisms (Jackson & Nicoll, 2011). Exactly how pore-forming and 

auxiliary subunits work together to achieve this, however, remains to be established. 

Since TARPs and CNIHs are transmembrane proteins, interactions with AMPARs are 

expected to rely upon their proximity in the plasma membrane. Interestingly, protein-protein 
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interactions of this nature can be short- and long-lived. Autoinactivation of neuronal AMPARs is 

thought to reflect the rapid, millisecond-scale dissociation of AMPAR-TARP complexes 

mediated by receptor desensitization (Morimoto-Tomita et al., 2009; Constals et al., 2015). In 

contrast, single-channel analysis of AMPAR-TARP fusion proteins has revealed less frequent 

transitions between distinct gating modes of high and low open-channel probability (Popen) 

(Zhang et al., 2014) that are also thought to represent TARP-coupled and TARP-uncoupled 

forms of the receptor complex, respectively (Howe, 2015). The occurrence of distinct gating 

behaviour raises the question as to how auxiliary subunits mediate their effects on AMPAR 

gating. One possibility is that agonist-binding triggers channel activation through a single set of 

structural interactions that is modulated when pore-forming subunits are associated with 

auxiliary subunits. Alternatively, auxiliary subunits may integrate other allosteric sites into the 

activation process, depending on how they are functionally coupled to AMPAR complexes. 

Here, we have designed experiments to delineate between these two possibilities. Our 

data identify a network of inter-subunit atomic bonds at the apex of the LBD that are critical to 

channel activation with pore-forming AMPAR subunits. This network can be stabilized by 

occupancy of an electronegative pocket that is conserved between AMPARs and kainate-type 

iGluRs (KARs). Disruption of the apical network abolishes almost all AMPAR gating, though 

co-assembly with auxiliary subunits rescues function because of interactions relayed through the 

lower, D2 lobe of the LBD. Thus, while it is likely that a common mechanism ultimately triggers 

opening of the channel pore, we propose that channel activation of native AMPAR complexes is 

coordinated by pathways originating from distinct structural interactions. One interaction is LBD 

apex-dependent and contained within pore-forming subunits, while the other is apex-

independent, stemming from the association of AMPARs and auxiliary subunits.  
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RESULTS 

A conserved cation pocket at the AMPAR and KAR LBD dimer interface 

The topology of the iGluR tetramer is highly conserved between the AMPAR and KAR 

subfamilies, including the LBD, whose upper (D1) and lower (D2) lobes form the agonist-

binding cleft (Figure 2.1A). AMPARs and KARs also possess an extensive network of 

electrostatic and hydrophobic interactions along the D1-D1 interface between subunits (Horning 

& Mayer, 2004) (Figures 2.1B and 2.1C) raising the question of their role in iGluR gating. In 

addition, KARs possess both sodium and chloride ion binding pockets at the apex of this 

interface, which are critical for channel gating (Bowie, 2010). In GluK2 KARs, occupancy of the 

cation-binding pocket (Figure 2.1C) is required for activation (Wong et al., 2006), with the time 

course of channel activity regulated by the residence time of bound sodium (Dawe et al., 2013). 

Curiously, although AMPARs have been considered cation-independent (Bowie, 2002), lithium 

has been modelled at this site in two X-ray crystal structures of the GluA2 LBD, including one 

determined at 1.24 Å resolution (Figure 2.1B) (Assaf et al., 2013) that exhibits many of the 

structural hallmarks of the KAR cation binding pocket (Figure 2.1C). Because lithium
 
is 

frequently present in crystallization buffers for the GluA2 LBD (Green & Nayeem, 2015), we 

sought to determine if the lithium site is artifactual, with little impact on AMPAR gating, or 

whether lithium binding under experimental conditions can modulate gating behaviour.  

To determine whether occupancy of the putative cation pocket affects AMPAR gating, 

molecular dynamic (MD) simulations were first performed to determine the residence time of 

lithium ions at wildtype GluA2 AMPARs (Figure 2.1D). Simulations were performed in either 

150 mM NaCl or LiCl without initial occupancy of the pocket, enabling a prediction of whether 

cations readily bind to the site. When the distance between Glu507 (Figure 2.1B) and the closest 
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sodium or lithium ion was monitored over a 100 ns simulation, little meaningful interaction 

occurred (Figure 2.1D). The average frequency of interactions below 4 Å, taken as the cut-off 

value for intermolecular electrostatic interactions, was 0.4 % in NaCl and 5.2 % in LiCl, when 

the two binding sites of the dimer were considered. One factor that might explain the low 

propensity for cation binding is the contribution of Lys759 (Figure 2.1B), which often makes an 

intra-subunit projection toward the pocket and may compete with lithium ions for contact with 

electronegative residues. We therefore repeated the MD simulations, incorporating a mutation 

that replaced the positively charged Lys with a Met residue, as found in GluK2 KARs.  As 

anticipated, lithium resided in the putative cation pocket for much longer periods of time (Figure 

2.1E), confirming that removal of Lys759 impacts the ability of lithium to bind. Contact 

frequency between lithium and Glu507 averaged 52.1 % of simulation time, while sodium 

binding remained infrequent at 1.9 %. Together, these data make the prediction that lithium 

binding to the apex of the GluA2 LBD would have measurable consequences on AMPAR gating, 

which would be more pronounced for GluA2 K759M receptors.  

Accordingly, we performed cation substitution experiments during patch-clamp 

recordings to determine whether lithium modulates the gating behaviour of wildtype and mutant 

GluA2 AMPARs. Membrane currents elicited by L-Glu in 150 mM NaCl at wildtype GluA2 and 

K759M receptors decayed rapidly with time constants of 6.9 ± 0.2 ms (n = 7; Figure 2.1F) and 

9.9 ± 0.6 ms (n = 8; Figure 2.1G), consistent with MD simulations showing that sodium ions 

interact little with the electronegative residues of the cation pocket. The substitution of external 

NaCl with LiCl caused a dramatic slowing in the onset of desensitization (τ = 50.0 ± 3.4 ms; n = 

7; p < 0.0001) for wildtype GluA2 (Figure 2.1F) and yielded a non-decaying phenotype (n = 6) 

in GluA2 K759M receptors (Figure 2.1G). In contrast, substitution with the larger monovalent 



127 

 

cation potassium had minimal effect on decay kinetics of both wildtype and mutant GluA2 

receptors (Figure S2.1). This suggests that access to the electronegative, “cation” pocket of 

AMPARs is restricted to ions of smaller ionic radius. Moreover, single-channel recordings 

revealed that external lithium prolongs the occurrence of channel openings prior to 

desensitization (Figure S2.1). Because the duration of this activity is affected by microscopic 

rates of channel opening and closing, as well as agonist unbinding and/or desensitization, we 

refer to channel activation/activity as the sum of these processes.  

 
Figure 2.1 Lithium modulates GluA2 responses by binding at the LBD apex 

(A) Crystal structure of the wildtype GluA2 tetramer (top, PDB: 3KG2; Sobolevsky et al., 2009) and 

isolated LBD dimer (bottom, PDB: 1FTJ; Armstrong & Gouaux, 2000).  

(B and C) Illustration of the GluA2 (B) (PDB: 4IGT; Assaf et al., 2013) and GluK2 (C) (PDB: 2XXR; 

Nayeem et al., 2011) LBD dimer interfaces showing lithium and sodium ions, respectively, bound at a 

conserved electronegative pocket.  

(D and E) Minimum distance between the nearest sodium or lithium ion and either sidechain oxygen 

atom found on residue Glu507 of chain A of wildtype GluA2 (D) or the K759M mutant (E). An 

interaction was deemed to occur when the cation was within 4 Å of an oxygen atom. In total, two 100 ns 

simulations were conducted in LiCl for each receptor, as well as three or four 100 ns simulations in NaCl 

for K759M and wildtype GluA2, respectively.  

(F and G) Typical current responses elicited by 10 mM L-Glu on wildtype GluA2 (Patch # 140225p10) 

or K759M mutant (Patch # 140314p4) receptors in external solutions comprised of either NaCl or LiCl. 

Responses were also scaled to the same peak amplitude (inset).  
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Taken together, our observations corroborate the idea that in 150 mM LiCl external 

solution, lithium ions can bind to an electronegative pocket in wildtype and mutant GluA2 

AMPARs, sustaining channel activity in an analogous manner to sodium binding at KARs 

(Dawe et al., 2013). However, unlike sodium, the presence of lithium in the nervous system is 

typically negligible, and even during lithium treatment for bipolar disorder, effective serum 

concentrations range from 0.4 -1.2 mM (Severus et al., 2008). When we supplemented our 

standard external recording solution with 1.5 mM LiCl there was no significant change in GluA2 

decay kinetics (p = 0.82; n = 5; data not shown), meaning we could not ascribe a physiological 

role to cation binding at the GluA2 LBD. Instead, we used lithium as an experimental tool to 

interrogate the structural interactions modulated by its binding, and how these interactions shape 

the overall functional output of AMPARs.     

GluA2 activation does not require electronegative pocket occupancy 

One question not addressed by the cation substitution experiments is whether wildtype 

GluA2 or K759M AMPARs gate in the absence of external ions, as described previously for 

GluK2 KARs (Wong et al., 2006; Dawe et al., 2013). The issue is especially relevant for K759M 

receptors, where our data already establish that removal of the positively charged Lys provides a 

favourable binding site for external lithium ions (Figures 2.1E and 2.1G). The idea that 

AMPARs with the K-M mutation may be rendered cation-sensitive has been considered 

previously for GluA1 receptors, but it was not pursued further due to poor expression of the 

mutant (Wong et al., 2006). Using TIRF microscopy of GFP-tagged AMPARs, we confirmed 

that the equivalent K759M mutation in GluA2 did not prevent receptor expression at the plasma 

membrane (Figure S2.2). We therefore repeated experiments in external ion-free conditions for 

wildtype and mutant GluA2 receptors to determine their agonist responsiveness (Figure 2.2). In 
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agreement with observations on GluA1 receptors, GluA2 AMPARs continued to be activated by 

L-Glu, even in the absence of external NaCl, establishing that GluA2 AMPAR gating is not 

dependent on external cations, unlike GluK2 KARs (Figures 2.2A and 2.2B). GluA2 K759M 

also continued to elicit membrane currents when external NaCl was removed (Figure 2.2C), and 

in this condition both AMPARs produced outwardly rectifying current-voltage (I-V) plots that 

contrasted with the loss of the GluK2 response (Figures 2.2D-2.2F). These data demonstrate that 

while KARs require external cations to activate, GluA2 AMPARs require neither interactions 

with Lys759 in the wildtype receptor, nor occupancy by cations in the K759M mutant. As such, 

additional interactions modulated by lithium binding at the electronegative pocket must be able 

to profoundly affect GluA2 AMPAR activation. 

 

Figure 2.2 GluA2 K759M exhibits robust activation in the absence of external NaCl  
(A-C) Membrane currents evoked by 1 (for KARs) or 10 mM (for AMPARs) L-Glu acting on wildtype 

GluA2 (A) and GluK2 (B), as well as GluA2 K759M mutant (C) receptors, in either 150 mM NaCl (top) 

or NaCl-free, sucrose-based (bottom) external solution (Vm = -90 to +90 mV, at 30 mV increments). For 

each receptor, the same patch was recorded in both ionic conditions. For wildtype GluA2 (Patch # 
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140417p4) and the K759M mutant (Patch # 140502p1) outward currents persisted at positive holding 

potentials, whereas GluK2 responses (Patch # 140904p3) were abolished.  

(D-F) Current-voltage plots in 0 mM (blue) and 150 mM (black) NaCl for wildtype GluA2 (D), GluK2 

(E), and GluA2 K759M (F) receptors. Currents were normalized to responses at -60 mV in 150 mM 

NaCl. Data are mean ± SEM, from four (GluA2), three (GluK2), or six (K759M) independent 

experiments for each receptor. 

 

The electronegative pocket acts through inter-subunit contacts 

Since the lithium binding site is quite distant from the channel pore, it remained unclear 

how lithium might influence LBD structure to stabilize the activated state of the receptor. To 

address this we used MD simulations, which revealed that cation binding promotes re-

arrangements in the GluA2 K759M LBD dimer interface. Specifically, increasing the number of 

bound lithium ions shifted the distribution of predicted distances across the interface in a 

negative direction (Figures 2.3A and 2.3B). Because these distances were measured between 

two points at the apex of each D1 lobe, they are referred to as D1-D1 interface distances (Figure 

2.3B). Nevertheless, lithium binding sites are fully contained within single subunits on each side 

of the interface, making it unlikely that lithium acts directly as an adhesive force between 

subunits. However, the ion is coordinated by Glu507, which forms electrostatic interactions 

across the interface with both Lys514 and Asn768 (Figure 2.3A). This prompted us to explore 

whether lithium modulates GluA2 current decay kinetics by stabilizing inter-subunit electrostatic 

interactions. We therefore removed these interactions in a K514M/N768T double mutant, where 

the mutated residues retain approximately the same bulkiness, but lose their charge or ability to 

form the same cross-dimer hydrogen bonds. This mutant exhibited currents that decayed with 

time constants of 8.4 ± 1.2 ms (n = 5) in NaCl and 6.9 ± 1.1 ms (n = 5) in LiCl (Figures 2.3C 

and 2.3D). The observation that decay kinetics were not significantly different between cation 

species (p = 0.26) stands in marked contrast to wildtype GluA2 (Figure 2.3D), and confirms that 

lithium modulation was abolished.  Since it is possible that lithium binding was disrupted in 
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GluA2 K514M/N768T, we used MD simulations to evaluate this possibility. MD data revealed 

no gross conformational changes to the LBD dimer, and moreover, reported that lithium ions 

interact with the pocket with a frequency similar to or greater than with wildtype GluA2 (Figure 

S2.3). Taken together, our data indicate that experimental concentrations of external LiCl (i.e. 

150 mM) influence inter-subunit electrostatic contacts at the apex of the LBD dimer interface, 

thereby stabilizing the activated conformation of the receptor. To explore this idea further, we 

investigated whether strengthening the apex of the LBD dimer interface could sustain AMPAR 

activation.   
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Figure 2.3 Lithium modulation is mediated by cross-dimer electrostatic contacts  

(A) Image of an inter-subunit salt bridge and hydrogen bond adjacent to the lithium binding site (PDB: 

4IGT; Assaf et al., 2013). Residues K514 and N768 are from chain A, while E507 and K759 are from 

chain B. 

(B) Inter-subunit distance across the apex of the GluA2 LBD, relative to the number of lithium ions 

occupying the two cation pockets, measured during 100 ns MD simulations (two repeats) of GluA2 

K759M in LiCl. Distances were measured between the grey spheres (inset, right), which represent a 

centre of mass for Cα atoms of residues 508-510 and 759-765.  

(C) Typical current responses to L-Glu obtained from the GluA2 K514M/N768T mutant (Patch # 

140718p4), recorded in external NaCl and LiCl. The top trace (black) shows the junction current, 

recorded with an open patch pipette after the experiment to monitor the profile of solution exchange. 

(D) Plot of current decay time constants (τdes) for wildtype GluA2 and K514M/N768T receptors. Data are 

mean ± SEM, from seven (wildtype GluA2), or five (K514M/N768T) independent patch experiments for 

each receptor. 

 

Engineering an inter-subunit tether to sustain channel activation 

In order to incorporate an additional electrostatic interaction across the D1-D1 interface, 

we used a Thr765 to Lys mutation to introduce a charged tether onto residues forming the 

opposing electronegative pocket (for additional rationale, see Figure S2.4). Alone, this mutation 

had little functional effect, but coupled with the K759M mutation (K759M/T765K) current 

decay slowed several fold, and the additional mutation N768T (creating K759M/T765K/N768T, 

or MKT) yielded non-decaying current responses (Figure 2.4A). Consistent with this, single-

channel events of GluA2 MKT were sustained throughout the 250 ms period of agonist 

application, in contrast to wildtype channels (Figures 2.4B and 2.4C). In both cases, current 

records were fit with four conductance levels of approximately 6, 12, 24, and 40 pS, with the 

Popen of GluA2 MKT estimated to be 0.62 ± 0.14 (n = 4) (Figure 2.4D). The occurrence of MKT 

channel closures in these conditions could be explained by the failure of the mutant Lys residue 

to form a sustained, cross-dimer tether, enabling the LBD dimer to rupture. 

In order to verify that a Lys tether had been introduced across the GluA2 LBD dimer, we 

attempted structural analysis of the MKT mutant. However, protein expression levels were too 

low to obtain diffracting crystals. In contrast, crystals of the GluA2 K759M/T765K LBD were 
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successfully grown in the presence of zinc, and a dataset was collected from a single crystal at 

2.9 Å resolution (Table S2.1). Three protomers were present in the asymmetric unit, of which 

chains A and B formed a canonical dimer, and the third, C, formed a dimer with its symmetry-

related counterpart. In each dimer (A:B and C:C’) electron density was visible for both the 

mutant Met and Lys residues, and the latter residue was spanning the dimer interface as predicted 

(Figure 2.4E; Figure S2.5). Electrostatic interactions were formed between the amine group on 

residue 765 (i.e. T765K) and the sidechain carboxyl group of Asp511, as well as the backbone 

oxygen atom of Ile510 (Figure 2.4E). In addition to these contacts, there was also a general shift 

in the dimer conformation, with the apical residues having moved closer together relative to 

structures of wildtype GluA2, and forming a more extensive, contiguous interface (Figure 2.4F). 

Consistent with functional recordings of GluA2 K759M/T765K (Figure 2.4A), our 

structural data also suggest that the cross-dimer tether does not persist indefinitely. First, an 

additional crystal structure grown in the presence of lithium (Table S2.1) revealed that the 

electronegative pocket was partially occupied by a lithium ion (Figure S2.4; Figure S2.5), and 

not the opposing Lys residue. Second, in MD simulations of both the double and triple mutant 

receptors, the T765K residue failed to make continuous contact with the electronegative pocket 

(Figures 2.4G and 2.4H). Overall, these structural and functional data support the premise that 

the Lys tether is not a permanent feature of the T765K mutant series. However, the MKT 

mutation makes tethering more favourable; likely because the replacement of Asn by the smaller 

Thr at position 768 reduces steric block, thereby allowing subunits within each LBD dimer to 

come closer together. As explained below, we explored the opposite effect of dimer cross-linking 

by determining if elimination of electrostatic interactions at the apex of the LBD dimer interface 

would disrupt GluA2 AMPAR functionality.    
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Figure 2.4 Structural and functional data show T765K can act as a cross-dimer tether 
(A) Typical current responses to 10 mM L-Glu for a series of GluA2 mutants engineered to form a cross-

dimer tether. Wildtype GluA2 (Patch # 130221p5), and mutants T765K (Patch # 130617p4), 

K759M/T765K (Patch # 130618p6), and K759M/T765K/N768T, or MKT (Patch # 130917p6) are shown 

left to right. 

(B and C) Unitary channel activity evoked by 30 mM L-Glu for wildtype GluA2 receptors in equilibrium 

conditions (B) (Patch # 131212p7) and the triple mutant MKT (C) (Patch # 140124p1) during a 250 ms 

agonist application. Typical records are shown low-pass filtered at 1 kHz (top) or the 3 kHz threshold 
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used to fit channel openings (bottom), expanded from grey box above. Horizontal dotted lines correspond 

to the conductance levels of open states (O1-4) fit in panel D.  

(D) Distributions of conductance levels from idealized records of wildtype GluA2 (top) or GluA2 MKT 

(bottom) fit with four Gaussian functions (white lines). Openings were analyzed using four patch 

recordings for each receptor.  

(E) View of protomers A (orange) and B (teal) from the K759M/T765K structure, zinc-form, showing 

T765K tethering onto electronegative residues on the opposing subunit. Electron density (|2Fobs - 

Fcalc|αcalc, contoured at 1.3σ) is shown around the displayed side-chains only. Interactions between the 

amine group of 765 and atoms in protomer A are shown as dashed lines.  

(F) Top view of an alignment between wildtype GluA2 (grey; PDB: 1FTJ; Armstrong & Gouaux, 2000) 

and K759M/T765K (orange / teal) LBD dimers.  

(G and H) Minimum distance between the amine group nitrogen atom on the mutant Lys (introduced on 

chain B) and either sidechain oxygen atom found on residue Glu 507 (on chain A) for K759M/T765K (G) 

and the MKT mutant (H). Simulations were performed using the GluA2 K759M/T765K LBD dimer, 

while the N768T mutation was introduced atop this structure to simulate GluA2 MKT. Two repeats are 

shown for each mutant.  

 

Removal of an electrostatic network disrupts gating by pore-forming subunits 

Although the addition of new cross-dimer interactions (e.g. GluA2 MKT) can sustain 

GluA2 gating, the mutation of other interface residues has been shown to curtail channel activity. 

For example, the individual conversion of residues Glu507, Lys514, and Asn768 at the apex of 

the dimer interface (Figure 2.5A) to Ala speeds desensitization (Horning & Mayer, 2004). Of 

these residues, Glu507 and Lys514 form a salt bridge (Figure 2.5A). Interestingly, the two 

residues are conserved in AMPARs and KARs, but not NMDARs (Figure S2.6), suggesting that 

different sets of interactions regulate their slow time course of activation. However, because both 

Asn768 and Phe512 (via a backbone oxygen atom) can also contribute to the electrostatic 

network in GluA2, we evaluated the effect of completely disrupting this network using the triple 

mutant GluA2 E507A/K514A/N768A (i.e. GluA2 AAA). On this note, mean peak current 

responses elicited by GluA2 AAA (94.5 ± 28.5 pA; n = 7) were depressed by almost 10-fold 

compared to wildtype GluA2 receptors (928 pA ± 317 pA; n = 12) (Figures 2.5B and 2.5C). In 

addition, the onset of desensitization was almost ten-fold faster for GluA2 AAA (τ = 0.74 ± 0.06 

ms; n = 7) versus wildtype GluA2 (τ = 6.1 ± 0.2 ms; n = 7) (Figure 2.5D). The diminished 
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functionality of the GluA2 AAA mutant demonstrates that the network of electrostatic 

interactions at the apex of the LBD dimer interface is a key structural element mediating channel 

gating by pore-forming AMPAR subunits. 

 

Figure 2.5 Truncation of key residues at LBD apex produces poorly functioning receptors  
(A) Top view of the GluA2 LBD dimer interface (PDB: 1FTJ; Armstrong & Gouaux, 2000), showing 

charged and polar residues (faint grey) that were mutated to Ala (red). Labelled residues K514 and N768 

are from chain A, while E507 is from chain B.  

(B and C) Typical current responses of wildtype GluA2 (B) (Patch # 130305p7) and the 

E507A/K514A/N768A, or AAA mutant (C) (Patch # 151005p6) to L-Glu before (top, black; bottom, 

grey) and during (bottom, blue) exposure to cyclothiazide (CTZ), which attenuates desensitization. The 

uppermost trace (black) shows the junction current, recorded with an open patch pipette after the 

experiment to monitor the profile of solution exchange. 

(D) Average time constants of current decay (τdes) for wildtype GluA2 and the AAA mutant. Data are 

mean ± SEM, from seven (wildtype GluA2 and GluA2 AAA) independent patch experiments.   
(E) CTZ potentiation of wildtype GluA2 and AAA mutant peak currents. Data are mean ± SEM, from 

eleven (wildtype GluA2) or seven (GluA2 AAA) independent patch experiments.  
 

Appreciating that the positive allosteric modulator cyclothiazide (CTZ) binds to the 

bottom of the D1-D1 interface (Sun et al., 2002), we tested whether AMPAR functionality could 

be recovered when CTZ was present. CTZ restored the responsiveness of the GluA2 AAA 

mutant causing an 8.5 ± 1.0 fold (n = 7) increase in the peak response. In marked contrast, CTZ 

potentiated wildtype GluA2 currents to a significantly lesser extent of 1.3 ± 0.03 fold (n = 11; p 

< 0.001; Figures 2.5B, 2.5C, and 2.5E). However, since functionality can be restored by CTZ, 
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we conclude that, under certain circumstances, other interactions are capable of coordinating 

channel gating independent of the LBD apex region. To explore this further, we tested whether 

the functionality of GluA2 AAA could be rescued by co-expression with auxiliary subunits.  

Auxiliary subunits rescue functionality of the GluA2 AAA mutant 

To test the effect of TARP or CNIH protein association on GluA2 AAA, we co-expressed 

the mutant receptor with either γ2 or γ7 TARP subunits, or CNIH-3 (Figure 2.6). To control for 

the effect of TARPs and/or CNIHs on AMPAR trafficking (Jackson & Nicoll, 2011), we used 

the potentiation of peak L-Glu responses by CTZ as an estimate of Popen (Cho et al., 2007), or 

gating ability, in each condition. Large membrane currents were elicited from GluA2 AAA 

receptors when co-expressed with either TARP or CNIH subunits, contrasting with the AAA 

mutant expressed alone (Figures 2.6A-2.6D). Moreover, peak current potentiation of GluA2 

AAA responses by CTZ was significantly reduced to 1.5- to 3-fold when receptors were co-

expressed with γ2, γ7, or CNIH-3 subunits (p < 0.002 in all cases), though still higher than 

observed with wildtype receptors (Figure 2.6E). This finding reaffirms our hypothesis that 

auxiliary subunits are capable of coordinating channel gating of pore-forming subunits, 

independent of the network of electrostatic interactions at the LBD apex region. Also, 

desensitization kinetics of GluA2 AAA were also markedly faster than wildtype receptors when 

co-expressed with TARPs γ2 and γ7 (Figures 2.6F and 2.6G). Auxiliary subunits therefore do 

not fully rescue the gating deficits of GluA2 AAA, and most likely coordinate channel gating in 

synchrony with the apex region of the AMPAR LBD dimer interface. As a consequence, 

AMPAR channel gating is coordinated by apex-dependent and -independent interactions. The 

former are comprised of an intra-protein electrostatic network that mediates the activation of 
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pore-forming subunits, while the latter depends upon interactions that become available upon the 

association of auxiliary subunits. 

 

Figure 2.6 Co-expression of auxiliary subunits rescues function of the GluA2 AAA mutant  

(A-D) Behaviour of GluA2 E507A/K514A/N768A, or AAA receptors when expressed alone (A) (Patch # 

151008p10), or co-expressed with the TARP subunits γ2 (B) (Patch # 140731p3) or γ7 (C) (Patch # 

141006p8), as well as the CNIH subunit CNIH-3 (D) (Patch # 140926p5). Traces correspond to L-Glu 

evoked responses prior to CTZ application (top, black; bottom, grey), or responses during (blue) CTZ 

exposure. The uppermost trace (black) shows the junction current, recorded with an open patch pipette 

after the experiment to monitor the profile of solution exchange. Arrow indicates the peak response of 

GluA2 AAA. 

(E) CTZ potentiation of wildtype GluA2 and AAA mutant currents, tabulated in the presence or absence 

(no aux.) of different auxiliary subunits. Data are mean ± SEM, from the number of independent patch 

experiments indicated. Values with auxiliary subunits absent are as reported in Figure 2.5. 

(F) Scaled comparison of wildtype GluA2 (grey) and AAA mutant (black) responses when co-expressed 

with TARP subunits γ2 (WT Patch # 141006p3, AAA Patch #140721p3) and γ7 (WT Patch # 141013p4, 

AAA Patch #141006p8).  

(G) Time constants of current decay (τdes) for wildtype GluA2 and GluA2 AAA co-expressed with TARP 

subunits γ2 or γ7. Data are mean ± SEM, from the number of independent patch experiments indicated.   
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TARPs modulate the duration of AMPAR gating by interactions on the D2 lobe 

In order to pinpoint the site(s) where auxiliary proteins modulate AMPAR gating, we first 

compared the sequence of AMPAR and KAR LBDs. Since KARs do not bind TARPs (Chen et 

al., 2003), we reasoned that a sequence alignment would identify residues unique to AMPARs 

that may form functional interactions with auxiliary subunits. The most promising site was a 

Lys-Gly-Lys, or KGK motif (residues 718 – 720), situated on the lower D2 lobe of the GluA2 

LBD, which is conserved amongst all AMPAR subunits (Figures 2.7A and 2.7B). The KGK 

motif faces outward, where an auxiliary subunit might be expected to reside, based on previous 

cryo-EM images of native AMPARs (Nakagawa et al., 2005). These three amino acids were 

therefore substituted with the single Asp residue (termed ‘3D’ mutation) found in GluK1-3 

KARs, where two residues are lost (Figure 2.7B). Importantly, the GluA2 3D mutant receptor 

had similar kinetic properties to wildtype GluA2, with deactivation and desensitization time 

constants of 0.53 ± 0.05 ms (n = 5) and 6.2 ± 0.5 ms (n = 5), respectively, demonstrating that this 

site has a minimal effect on channel gating mediated solely by pore-forming subunits. 

To study the functional impact of the 3D mutant on TARP-dependent gating, we used a 

GluA2/γ2 fusion protein to constrain subunit stoichiometry and to also prevent any confounding 

effect of disrupting AMPAR-TARP association. We then evaluated the 3D mutant by 

investigating three sets of AMPAR properties known to be regulated by TARP association: the 

time course of channel activation (Priel et al., 2005), apparent agonist efficacy (Turetsky et al., 

2005), and the degree of polyamine channel block (Soto et al., 2007). First, we examined the 

time course of L-Glu induced channel activation by measuring both deactivation and 

desensitization kinetics (Figures 2.7C and 2.7D). We also assessed the degree of equilibrium 

desensitization by measuring the equilibrium/peak response ratio (Figure 2.7E). Second, we 
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examined apparent agonist efficacy by using CTZ potentiation as an indicator of peak Popen (Cho 

et al., 2007) and measuring the KA/L-Glu current ratio (Figure S2.7). Finally, we analyzed the 

affinity and voltage-dependency of polyamine channel block, which was determined using 100 

M internal spermine (Figure S2.7).  

 

Figure 2.7 A single D2 mutation attenuates TARP γ2 modulation of GluA2 current decay 

(A) View of the GluA2 LBD dimer (PDB: 1FTJ; Armstrong & Gouaux, 2000), highlighting the site of the 

718-720 KGK to D (3D) mutation (in colour, at left), between helix H and β-strand 10 on the D2 lobe (at 

right). Mutated residues appear as in GluA2 (grey stick) or GluK2 (yellow stick) structures (PDB: 1FTJ 

or 2XXR; Nayeem et al., 2011). 

(B) Sequence alignment of the 3D mutation site for rat AMPAR and KAR subunits. 

(C and D) Scaled current responses of wildtype GluA2 (Patch # 150317p2, grey), as well as GluA2/γ2 

(Patch # 150316p3, blue) and GluA2 3D/γ2 (Patch # 150511p6, black) AMPAR-TARP fusion proteins to 

1 ms (C) and 500 ms (D) applications of 10 mM L-Glu. 

(E) Scaled equilibrium responses of wildtype GluA2 (Patch # 150317p3, grey), as well as GluA2/γ2 

(Patch # 150316p3, blue) and GluA2 3D/γ2 (Patch # 150511p6, black) AMPAR-TARP fusion proteins 

during a 500 ms L-Glu application. 

(F-H) Mean time constants of current decay after a 1ms L-Glu application (τdeactivation) (F) or in the 

continued presence of L-Glu (τdes) (G), as well as mean equilibrium current amplitude, as a percentage of 

the peak response (H). Data are mean ± SEM, from the number of independent patch experiments that 
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follows: eight (F) or nine (G and H) for GluA2, nine (F) or eleven (G and H) for GluA2/γ2, five (F-H) for 

GluA2 3D, eight (F-H) for GluA2 3D/γ2, and seven (F-H) for co-expressed GluA2 3D + γ2. 

 

When incorporated into the wildtype GluA2/2 fusion receptor, the 3D mutation 

accelerated deactivation and desensitization kinetics from 3.2 ± 0.4 ms (n = 9) and 45.7 ± 6.8 ms 

(n = 11), respectively, to 1.1 ± 0.1 ms (n = 8) and 12.7 ± 1.2 ms (n = 8), respectively (Figures 

2.7C and 2.7D). Notably, the deactivation (τ = 0.67 ± 0.07 ms; n = 7) and desensitization (τ = 9.5 

± 0.4 ms; n = 7) time constants of GluA2 3D co-expressed with γ2 were statistically 

indistinguishable from GluA2 expressed alone (p = 0.95 and p = 0.29, respectively; Figures 2.7F 

and 2.7G), suggesting that the 3D mutant almost completely abolishes the effects of 2 on the 

time course of GluA2 channel activity. Likewise, the equilibrium/peak response (%) was also 

reduced from 16.7 ± 2.9 % (n = 11) with GluA2/2 to 5.1 ± 1.2 % (n = 8) with GluA2 3D/γ2 

(Figure 2.7E), which was much closer to the equilibrium/peak response of GluA2 alone 

(Figures 2.7E and 2.7H). The reverse mutation in GluK2 KARs (i.e. Asp732 to Lys-Gly-Lys) 

produced no significant change in channel kinetics between the mutant receptor expressed alone 

or as a GluK2/γ2 fusion protein (data not shown), suggesting that these residues in the D2 lobe 

are not sufficient to confer functional TARP modulation of KARs. Taken together, our data 

identify the KGK motif as the critical structural element by which TARP γ2 prolongs the time 

course of AMPAR channel activation.  

Interestingly, other functional properties of AMPARs modulated by TARPs such as CTZ 

potentiation, KA/L-Glu current ratio, and polyamine channel block were unchanged in the 

GluA2 3D/γ2 mutant receptor (for details see Figure S2.7). These findings demonstrate that 

TARPs are still able to associate with the 3D mutant GluA2 subunits, despite the reduced 
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modulation of channel decay kinetics. Importantly, these findings also show that the 3D site only 

accounts for a subset of all properties by which TARPs regulate AMPARs. 

LBD dimer apex and the D2 lobes coordinate channel activation independently  

Because the 3D site profoundly attenuates the prolongation of channel activation by 

TARPs, we examined whether functional coupling between the D2 lobe and the TARP γ2 could 

account for the rescue of GluA2 AAA receptors by auxiliary subunits (Figure 2.6). To do this, 

the time course of channel activation of the double-site mutant, GluA2 AAA/3D, was compared 

in the presence and absence of TARP 2 (Figure 2.8). In the absence of TARP subunits, there 

was no significant difference between desensitization time constants for GluA2 AAA and GluA2 

AAA/3D (τ = 0.68 ± 0.10 ms; n = 6; p = 0.56; Figures 2.8A and 2.8B). Consistent with the 

phenotype of GluA2 AAA, the mean peak response of GluA2 AAA/3D was also small in 

amplitude (29.8 ± 8.6 pA; n = 7) and greatly potentiated by CTZ (17.0 ± 2.2 fold; n = 7; Figure 

2.8B). However, when co-expressed with the γ2 subunit, the time constant of desensitization was 

about 3-fold faster (τ = 2.4 ± 0.3 ms; n = 7) for GluA2 AAA/3D than GluA2 AAA (τ = 6.6 ± 0.9 

ms; n = 8; p = 0.002; Figures 2.8C-2.8E). The attenuation in γ2 modulation of the AAA mutant 

demonstrates that the 3D site is largely responsible for rescuing the time course of channel 

activation. Figure 2.8E summarizes how the co-expression of γ2 affects desensitization rates of 

the AAA and/or 3D mutant GluA2 receptors. Whether LBD apex interactions are present (i.e. 

wildtype GluA2) or absent (i.e. GluA2 AAA) the 3D mutation reduces TARP modulation of 

desensitization kinetics approximately three fold (Figure 2.8E). This suggests an independence 

of the LBD apex and D2 lobe in regulating the gating behaviour of TARP-associated AMPARs. 

In summary, our data support a model where different sets of structural interactions determine 

the time course of activation of AMPAR-auxiliary subunit complexes (Figure 2.8F).  
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Figure 2.8 Intra- and inter-protein interactions independently regulate GluA2 gating 

(A-D) Typical current responses of GluA2 AAA (A) (Patch # 151005p12), AAA/3D (B) (Patch 

#151001p11), AAA + γ2 (C) (Patch #140721p3), and AAA/3D + γ2 (D) (Patch #150924p11) mutant 

receptors to a 250 ms application of 10 mM L-Glu, shown before (black, or blue with γ2) and during 

(grey) CTZ exposure. Time constants of current decay during desensitization are indicated.  

(E) Mean time constants of current decay (τdes, left) for several GluA2 receptors, which were expressed 

alone (grey bar) or co-expressed with the TARP subunit γ2 (black bar). The ratio of the time constants for 

each receptor (γ2: no TARP) is also shown, expressed as a fold change (right). Data are mean ± SEM, 

from the number of independent patch experiments that follows: nine (GluA2), ten (GluA2 + γ2), five 

(GluA2 3D), seven (GluA2 3D + γ2), seven (GluA2 AAA), eight (GluA2 AAA + γ2), six (GluA2 

AAA/3D), and seven (GluA2 AAA/3D + γ2). 

(F) Illustration of two distinct LBD regions (apex and D2 lobe) critical for regulating the time course of 

GluA2 activation, which were disrupted by the AAA and 3D mutations, respectively. 
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DISCUSSION 

This study advances our understanding of AMPARs in two fundamental ways. First, we 

demonstrate that an evolutionary-conserved electrostatic network within the LBD apex is critical 

for the activation of pore-forming AMPAR subunits, which use it to generate rapid, millisecond-

scale gating at central synapses. This network can be stabilized by the occupancy of an adjacent 

cation pocket, sustaining channel activation by a similar mechanism to sodium binding at KARs 

(Dawe et al., 2013). Although physiological cation species do not appear to regulate the GluA2 

LBD apex, the near loss of channel activity after elimination of the electrostatic network 

indicates this region is one of the most important structural determinants of AMPAR gating. 

Accordingly, our observations reveal that for both KA and AMPA receptor families, changes in 

only a few critical atomic interactions can drastically alter the time course of channel activation. 

Second, we show that pore-forming AMPAR subunits use different gating pathways when 

associated with and without auxiliary proteins. Although TARPs have been the focus of 

numerous studies in recent years, the structural interactions underpinning their modulation of 

AMPARs have remained largely unknown. Our data identify an important site at the D2 lobe of 

the GluA2 LBD, which mediates TARP prolongation of channel gating, independently of 

interactions at the LBD apex. Because this motif does not affect other properties modulated by 

TARPs (i.e. agonist efficacy and permeation), we conclude that several discrete sites must act 

together to bring about the ensemble behaviour of TARP-bound AMPARs. 

 

An evolutionarily-conserved hotspot governing KAR and AMPAR activation 

A key difference between KARs and other iGluRs subfamilies is that external cations are 

required for KAR activation, in addition to modulating their gating behaviour (Bowie, 2002; 
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Wong et al., 2006). Although AMPAR and KAR protein architecture is very similar, the ability 

of cations to modulate AMPARs has not been thoroughly studied. In part, this was due to the 

discrepancy between the KAR cation-binding pocket, which can bind monovalent cations of 

various sizes (Bowie, 2002; Plested et al., 2008), and the equivalent AMPAR site, where lithium 

binding was only recently observed (Assaf et al., 2013). Moreover, the gating kinetics of GluA1 

AMPAR subunits lack modulation by cations (Bowie, 2002), and perhaps cannot bind lithium. It 

should be noted that a potentiation of GluA2 and GluA3 equilibrium currents by external lithium 

was reported in oocytes (Karkanias & Papke, 1999), and later experiments characterized an 

increase in native AMPAR Popen under similar conditions (Gebhardt & Cull-Candy, 2010). These 

observations are consistent with the behaviour we observed in outside-out patch recordings; 

however, no structural mechanism was then ascribed to them. 

By combining recordings of full-length GluA2 receptors with simulations of the LBD 

dimer, we were able to show that high experimental concentrations of external LiCl permit 

lithium to occupy an electronegative pocket in the apical dimer interface, thereby sustaining 

channel activation. Furthermore, we identified an inter-subunit electrostatic bridge adjacent to 

the pocket that mediates lithium effects on gating. Because LBD dimer pairs appear to be intact 

in unliganded and pre-open, but not desensitized GluA2 structures (Durr et al., 2014; Meyerson 

et al., 2014), the rupture of this bridge might be a key trigger for desensitization. In this sense, 

lithium acts upon GluA2 as we proposed sodium does for GluK2, serving as a gatekeeper to 

prevent desensitization (Dawe et al., 2013).  
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Auxiliary subunits rewire the AMPAR gating pathway 

There is a substantial body of literature describing to what extent TARP and CNIH 

proteins modulate or, typically, slow AMPAR desensitization and deactivation kinetics (e.g. 

Priel et al., 2005; Schwenk et al., 2009). Nevertheless, it is presently debated whether such 

effects are mediated primarily through increasing the rate of channel opening, pre-gating 

rearrangements of the agonist-binding cleft, or other kinetic transitions. Our observation that the 

co-expression of auxiliary subunits rescued gating deficits in the GluA2 AAA mutant receptor 

brings new perspective to how they modulate AMPAR behaviour. The Ala mutations were 

predicted to weaken affinity between individual LBDs, leading dimers to more readily move 

apart, as is proposed to occur during the structural transition to desensitization (Sun et al., 2002; 

Meyerson et al., 2014). Because the binding site for CTZ has been well characterized, its rescue 

of GluA2 AAA could be attributed to the molecule acting as an adhesive in the LBD dimer 

interface, interfering with the separation of subunits (Sun et al., 2002). In contrast, TARPs and 

CNIHs are large transmembrane proteins, and unlikely to brace the LBD dimer from within, 

meaning another mechanism should account for their rescue of the AAA mutant.  

Cryo-EM experiments have resolved TARP and CNIH proteins situated beside the 

AMPAR transmembrane domain (TMD), tucked underneath the LBD (Nakagawa et al., 2005; 

Shanks et al., 2014). More recent assays using antibody-labelling of GluA2 peptide arrays have 

identified several discrete sites to which TARP γ2 may bind, within both the TMD and LBD, but 

also the more distal ATD (Cais et al., 2014). That being said, the LBD appears to be the principle 

extracellular site where TARPs modulate gating, since removal of the ATD still allows them to 

promote AMPAR trafficking and modulate decay kinetics (Cais et al., 2014). Specific sites of γ2 

interaction identified at the GluA2 LBD include residues that comprise the LBD-TMD linker, 
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segments abutting the agonist-binding cleft, and helices along the D1 dimer interface (Cais et al., 

2014). The linker region has been shown to regulate Popen of NMDAR channels (Kazi et al., 

2014), and could mediate TARP-dependent increases in AMPAR Popen (Tomita et al., 2005; Cho 

et al., 2007). Likewise, more extensive closure of the agonist-binding cleft with γ2 (MacLean et 

al., 2014) may underlie changes in the relative efficacy of agonists such as KA. Nevertheless, the 

structural basis for TARP prolongation of channel gating has remained a matter of speculation.     

Our identification of a site on the lower D2 lobe (i.e. the KGK motif) responsible for γ2 

modulation of GluA2 deactivation and desensitization kinetics sheds new light on the functional 

interaction between TARP and AMPAR subunits. Specifically, we propose that TARP auxiliary 

subunits provide external stabilization at the base of the LBD dimer, interfering with the turning 

apart and/or separation of receptor subunits that characterizes desensitization (Meyerson et al., 

2014; Durr et al., 2014). The low, outward facing orientation of the KGK motif is also consistent 

with the predicted location of TARP subunits in native AMPAR complexes (Nakagawa et al., 

2005). Moreover, the continued importance of the KGK residues for γ2 co-expression to rescue 

gating of GluA2 AAA receptors demonstrates that inter-protein interactions relayed through the 

basal D2 lobe operate independently of the electrostatic interactions at the LBD apex. Given that 

the KGK motif did not affect TARP modulation of agonist efficacy or polyamine block it is 

likely that several other discrete interactions are required to achieve the full set of TARP effects. 

As such, auxiliary proteins add additional branches to the intrinsic gating machinery of pore-

forming AMPAR subunits, coordinating receptor activation through distinct structural pathways.  
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METHODS 

DNA constructs 

The GluA2/γ2 and GluK2/γ2 TARP fusion constructs were generated by large-insert site-

directed mutagenesis (see Geiser et al., 2001). The γ2 coding sequence was amplified as part of a 

megaprimer, and then subsequently incorporated into plasmids encoding either the GluA2 or 

GluK2 iGluR subunit. The forward primer used to amplify the megaprimer corresponded to the 

C-terminal of the GluA2 or GluK2 (without its stop codon), a seven amino acid linker sequence 

ELGTRGS (Semenov et al., 2012), and the N-terminal of γ2. Likewise, the reverse primer 

corresponded to a region downstream of the iGluR subunit coding region and the C-terminal of 

γ2. The primer sequences used to generate the megaprimer for the GluA2/γ2 fusion protein were 

5'- GGC ATC GAG AGT GTT AAA ATT GAA CTG GGT ACA CGA GGT TCT ATG GGG 

CTG TTT GAT CGA GGT G -3' (forward primer) and 5'- GTA ATT GAC AGC CTT GCC 

TTG CTC CTC ATT TCT CAT ACG GGC GTG GTC CG -3' (reverse primer), while for the 

GluK2/γ2 fusion protein they were 5'- CCA GGT AAA GAA ACT ATG GCA GAA CTG GGT 

ACA CGA GGT TCT ATG GGG CTG TTT GAT CGA GGT G -3' (forward primer) and 5'- 

CGA CAG TTT GTG CTT GGG TGA TTG GCC TCT TCT CAT ACG GGC GTG GTC CG -3' 

(reverse primer). All new constructs were screened by restriction digestion and confirmed by 

sequencing. 

Cell culture and transfection  

HEK293T cells were used to recombinantly express KAR or AMPAR subunits for 

outside-out patch recordings and surface expression assays. For AMPARs, the Q/R unedited, flip 

variant of subunits was used. Mutant receptors were generated using site-directed mutagenesis. 

Auxiliary subunits and AMPARs were co-expressed at a 2:1 cDNA ratio. After transfection for 4 
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- 16 hours using the calcium phosphate precipitation method, cells were washed twice with 

divalent-containing PBS and maintained in fresh medium (MEM containing Glutamax and 10 % 

FBS), including 30 µM DNQX if auxiliary subunits were present.  Electrophysiological 

recordings were performed 24 - 48 hours later. Residue numbering includes the signal peptide.  

GluA2 receptor surface expression 

To assess the membrane trafficking capabilities of AMPARs used in this study, we 

measured the fluorescence emitted by an ecliptic, pH-sensitive sfGFP genetically fused to the 

extracellular amino-terminal of wildtype or mutant AMPARs, as described previously for the 

KAR subunit GluK2 (see Dawe et al., 2013). 

Electrophysiological recording and analysis 

External recording solutions typically contained (in mM): 150 XCl, 5 HEPES, 0.1 CaCl2, 

0.1 MgCl2, 2 % phenol red, where X was ordinarily Na, but replaced with other alkali metals in 

cation substitution experiments. The internal recording solution typically contained (mM): 115 

NaCl, 10 NaF, 5 HEPES, 5 Na4BAPTA, 0.5 CaCl2, 1 MgCl2, and 10 Na2ATP or 135 CsF, 33 

CsOH, 10 HEPES, 11 EGTA, 1 CaCl2, and 2 MgCl2 for single-channel recordings. The osmotic 

pressure was set to 300 mOsm using sucrose and the pH adjusted to 7.4 with alkali hydroxide 

solutions. In the case of recordings conducted without external NaCl, the solution contained 100 

µM of CaCl2 and MgCl2 to improve patch stability, sucrose to maintain the osmotic pressure at 

300 mOsm, and 5 mM Tris to buffer pH, while the pH was adjusted to 7.4 using 10 N HCl. For 

experiments involving spermine in the patch pipette the internal solution contained (in mM): 120 

NaCl, 10 NaF, 5 HEPES, 5 Na4BAPTA, and 0.5 CaCl2 with 100 µM spermine added on the day 

of experiments.  Agonist solutions were prepared by dissolving the agonist in external solution 
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and adjusting the pH appropriately. L-Glu was used at 10 mM, unless otherwise stated. CTZ was 

used at 100 µM to fully saturate GluA2 receptors. 

All experiments were performed on excised membrane patches in the outside-out 

configuration. Agonist solutions were applied using a piezo-stack driven perfusion system, and 

measured solution exchange time was under 400 µs. Recording pipettes were composed of 

borosilicate glass (3-5 MΩ, King Precision Glass) coated with dental wax, or quartz glass (3-15 

MΩ, King Precision Glass) coated with Sylgard (Dow Corning) to obtain recordings of single 

channels or for stable recordings in external solution without NaCl. The reference electrode was 

connected to the bath via an agar bridge of 3M KCl. The holding potential during recordings was 

-60 mV (unless otherwise stated). Series resistances (3-15 MΩ) were routinely compensated by 

95 %. For single-channel recordings, the headstage was set to the capacitive feedback recording 

mode. All recordings were performed using an Axopatch 200B amplifier (Molecular Devices). 

Current records were low-pass filtered by an 8-pole Bessel filter at 10 kHz and sampled at 25-

100 kHz for population responses or 100 kHz for single-channel responses. Data were acquired 

using pClamp9 software (Molecular Devices) and illustrated using Origin 7 (OriginLab). 

Analysis of Electrophysiological Data 

Electrophysiological data containing population and single-channel responses were 

analyzed using Clampfit 9.0 (Molecular Devices) and Signal 5.0 (Cambridge Electronic Design), 

respectively. Current decay rates were fit using 1
st
 or 2

nd
 order exponential functions: y = Ai 

*exp(-x/ti), with the latter used when auxiliary subunits were present (see Table S2.2). Single-

channel data were processed as described previously (Dawe et al., 2013). In brief, digital low-

pass filtering at 3 kHz was performed prior to time-course fitting, which resulted in root mean 

square baseline noise values that averaged 0.22 ± 0.02 pA (n = 4) and 0.18 ± 0.01 pA (n = 4) for 



151 

 

wildtype GluA2 and MKT mutant receptors, respectively. These noise values corresponded to 

approximately fifty percent of the smallest conductance level. Idealized record response 

amplitudes were fit with Gaussian functions, whose peaks reflect discrete conductance levels: y 

= ∑
 
i=1...n (Ai/(wi*sqrt(π/2)))*exp(-2*((x-xci)/wi)

2
) where A = area, xc = centre of the peak, w = 

error associated with xc. Open probability was calculated for each patch containing GluA2 MKT 

as the percentage of open time in the idealized record.  

Fitting of Conductance Voltage Relationships 

Agonist-evoked membrane conductance (G) was calculated using the equation: G = I / (V 

– Vrev), where I is the current at V holding potential, and Vrev is the reversal potential. 

Conductance-voltage (G/V) relationships were fit using Origin 7 (OriginLab) with two different 

equations (Bowie et al., 1998). For recordings without internal polyamines, y = (1 + (G0 – 

1)*exp(x/V)) was used, where G0 is the minimal conductance and V is the holding potential. For 

recordings with internal polyamines, y = Gmax / (1 + [PA]/(g*exp(x/h) + L*exp(x/k))) was used, 

where Gmax is the maximal conductance and [PA] is the concentration of polyamine (in µM), 

such that the polyamine dissociation constant, Kd = g*exp(V/h) + L*exp(V/k) (see Bowie et al., 

1998). For each receptor studied, the Kd(0 mV) and the voltage-dependent rates h an k are 

reported (Table S2.3). Conductance-voltage data from patch recordings with internal polyamines 

were corrected based on the average conductance profile of the same receptor without 

polyamines. In some cases, residual polyamine block was detected during outside-out patch 

recordings, despite the presence of 10 mM ATP to chelate polyamines in the patch pipette. To 

eliminate this block during control experiments, a train of L-Glu pulses at -80 mV were delivered 

prior to the test pulse, as described previously (Rozov et al., 1998). 
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Molecular dynamics simulations  

The GluA2 flip, R/G unedited (PDB: 2UXA; Greger et al., 2006) and K759M/T765K 

mutant LBD dimers were used for constructing models for MD simulations. The wildtype 

structure was obtained from the Research Collaboratory for Structural Bioinformatics (RCSB) 

protein data bank (Berman et al., 2000). For the wildtype structure, chains A and C were used, 

and for the K759M/T765K mutant structure, chains A and B were used. Zinc ions were removed 

in both cases before simulation setup, and for all simulations based on the 2UXA structure, the 

R764G mutation was introduced. Missing atoms were added in PyMOL (The PyMOL Molecular 

Graphics System, Version 1.4, Schrödinger) and missing residues were added using Modeller 

Version 9.12 (Sali & Blundell, 1993).  The LBD dimer was solvated in a cubic water box with 

dimensions (100 Å)
3
 using the TIP3P water model (Jorgensen et al., 1983), and subsequently the 

system was neutralized and 150 mM NaCl or LiCl was added. Mutations were imposed manually 

prior to simulation setup, either by editing/deleting atoms in the pdb-file or by using the mutate 

function of PyMOL (The PyMOL Molecular Graphics System, Version 1.4, Schrödinger) and 

adjusting the side chain rotamer.  

MD simulations were performed using Gromacs 4.6 (Hess et al., 2008) with the OPLS 

all-atom force field (Jorgensen et al., 1996; Kaminski et al., 2001). For MD simulations, the 

systems were first energy minimized until the maximum force on an atom was less than 100 

kJ/mol/nm. Following energy minimization, a 200 ps restrained simulation with position 

restraints on protein heavy-atoms with a force constant of 1000 kJ mol
-1

 nm
-2

 was performed in 

the NVT ensemble with a temperature of 300 K maintained by a Berendsen thermostat 

(Berendsen et al., 1984). Periodic boundary conditions were employed and van der Waals 

interactions were cut off at 10 Å. Long-range electrostatics were accounted for by the Particle-
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Mesh Ewald method (Essmann et al., 1995). All bonds were treated as constraints using the 

LINCS algorithm (Hess, 2008), allowing a time step of 2 fs. Subsequently, another 200 ps 

restrained simulation was performed as above but in the NPT ensemble at a pressure of 1 bar, 

maintained by a Berendsen barostat (Berendsen et al., 1984). Following this, 100 ns of 

production run were performed at 300 K and 1 bar pressure using the Berendsen thermostat and 

barostat, respectively (Berendsen et al., 1984). Two to four repeats for each wildtype or mutant 

dimer were produced. Analyses were performed using VMD (Humphrey et al., 1996) and 

Gromacs (Hess et al., 2008).  

X-ray crystallography  

The GluA2 (flip) K759M/T765K LBD construct was generated from the wildtype GluA2 

LBD (provided by Ingo Greger, Cambridge, UK) using the Quikchange protocol (Stratagene). 

Induction and expression (1 mM IPTG, 20 h at 24°C) were followed by protoplast formation and 

freeze-thaw lysis. Briefly, cell pellets were incubated in high sucrose buffer (20 % (w/v) sucrose, 

25 mM HEPES pH 8.0, 5 mM EDTA, 0.25 mg/ml lysozyme) for 45 min at room temperature, 

spun (2,000x g, 30 min, 4°C) and the pellets frozen at -80°C. These were thawed into 25 mM 

HEPES pH 7.5, 150 mM NaCl, 5mM L-Glu, 0.25 U/ml benzonase (Sigma), incubated (30 min at 

room temperature) and spun (18,500x g, 30 min, 4°C).  Purification of the resulting supernatant 

on nickel-affinity and HiTrap-Q columns was performed as described previously (Nayeem et al., 

2011). Crystals were grown in hanging-drops by mixing purified protein (5-10 mg/ml in 25mM 

HEPES, 150 mM NaCl, 5 mM L-Glu) in a 1:1 ratio with well solution containing either lithium 

(20-22 % PEG 4,000, 200 mM lithium sulfate, 100 mM acetate pH 5.0; grown at 6°C) or zinc 

ions (12-15 % PEG 8,000, 200 mM zinc acetate, 100 mM MES pH 6.0; grown at 23°C). Crystals 
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grew in 1-3 weeks and were cryo-protected by briefly soaking in well solution containing 20-

22.5 % glycerol prior to plunge-freezing in liquid N2.  

Diffraction data were collected at 100 K on Diamond beamline I03 at an energy of 

12,700 eV (Didcot, UK; Pilatus3 6M detector). Diffraction limits were chosen based on a 

combination of I / σI > 1, CC(1/2) > 0.5, and completeness in the outer shell  > 90%. Data 

processing was performed using either XDS/XSCALE (lithium form) or XDS/AIMLESS (zinc 

form). Molecular replacement in PHASER used the 2UXA GluA2i LBD structure as a model, 

modified with residues K759 and T765 truncated to alanine. Refinement was performed using a 

combination of REFMAC5 (Murshudov et al., 1997) and PHENIX.REFINE (Adams et al., 

2002). For the zinc structure PHASER was used for SAD-MR to locate the five zinc ions, and 

for map generation either map sharpening (REFMAC5) or feature-enhanced maps 

(PHENIX.REFINE) were used. TLS groups were identified using the TLSMD server (Painter & 

Merritt, 2006). In all cases model visualisation and manipulation was done using COOT (Emsley 

et al., 2010), and figures were generated using CCP4MG (McNicholas et al., 2011). 

Ramachandran statistics were 99.2/0.8/0.0 (% favoured/allowed/outlier) for the zinc form and 

99.0/1.0/0.0 for the lithium form. 

Statistical methods  

Results are expressed as mean ± SEM. Statistical analyses of sample means were 

performed using two-tailed paired or two sample (assuming unequal variance) t tests. p < 0.05 

was considered to be statistically significant. 
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SUPPLEMENTAL FIGURES 

 

 

Figure S2.1 Functional properties of GluA2 receptors in different external ionic conditions. 

Supplemental data associated with Figure 2.1.  

Since cation substitution experiments at GluA1 AMPARs do not affect the time course of 

channel activation (Bowie, 2002), we have explored whether GluA2 AMPARs are sensitive to 

other cation species beside lithium (i.e. potassium), and whether any structural features account 

for the difference in ion modulation between AMPAR subunits. One difference between GluA1 

and GluA2 AMPARs is the R/G RNA editing site, located at the apex of the LBD, adjacent to 

the electronegative pocket on the same and opposing (across the dimer interface) subunits. This 

residue is edited (i.e. Gly) in GluA2, but unedited (i.e. Arg) in GluA1 (Lomeli et al., 1994). To 

determine whether the editing state of the R/G site affects lithium modulation of GluA2, we 

measured desensitization kinetics in the GluA2 G764R mutant.  
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(A) Current decay time constants (left, grey) and equilibrium to peak current ratios (right, blue) 

for wildtype GluA2 (top) and K759M (bottom) mutant receptors in the presence of different 

cation species. Data are mean ± SEM, from the number of independent patch experiments 

indicated.   

(B) Typical GluA2 unitary current events elicited by 30 mM L-Glu in NaCl (left) (Patch 

#140128p7) and LiCl (right) (Patch # 140121p10) external solutions. Below is an average of 

several individual sweeps, including a single, exponential function fit (red) of the current decay.  

(C) Typical current responses elicited by 10 mM L-Glu on GluA2 G764R mutant receptors in 

external NaCl and LiCl (Patch # 150203p3).  

(D) Average current decay time constants for GluA2 G764R receptors. Consistent with the 

behaviour of GluA1 receptors, the slowing of wildtype GluA2 receptor decay kinetics observed 

with lithium was almost entirely eliminated in G764R mutant receptors, which exhibited 

desensitization time constants of 7.3 ± 0.2 ms (n = 5) in NaCl and 8.5 ± 0.4 ms (n = 5) in LiCl. 

Data are mean ± SEM, from the number of independent patch experiments indicated. 
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Figure S2.2 Surface expression of AMPAR subunits harbouring an equivalent Lys to Met 

mutation at the electronegative pocket. Supplemental data associated with Figure 2.2. 

(A) TIRF images of HEK293T cells transfected with GFP-tagged wildtype and mutant GluA1 

and GluA2 receptors exhibit reversible attenuation of the fluorescence signal between pH 7.5 and 

5.45 when subunits are expressed on the plasma membrane (scale bar = 20 µm).  

(B) Individual, time-resolved fluorescence profiles for single cells expressing either wildtype 

GluA1 (top) or the K752M mutant (bottom).  

(C) Bar graph tabulating the change in fluorescent signal observed for cells expressing wildtype 

and mutant AMPARs. Data are mean ± SEM, from five (GluA1 K752M), ten (wildtype GluA1), 

thirteen (GluA2 K759M), or eighteen (wildtype GluA2) individual cell imaging experiments for 

each receptor. 
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Figure S2.3 Lithium binding properties of the GluA2 K514M/N768T mutant receptor. 

Supplemental data associated with Figure 2.3. 

(A and B) Data from MD simulations reporting the interaction distance between residue Glu507 

or Asp511and the nearest lithium ion, for K514M/N768T (A) and K514M/K759M/N768T (B) 

mutant GluA2 receptors. Data from the triple mutant (i.e. K514M/N768T + K759M) was 

included to take advantage of the increased frequency of lithium binding measured in prior 

simulations following addition of the K759M mutation (Figure 1). Distance was measured from 

the sidechain oxygen atom closest to lithium on the residues indicated. Frequency is normalized 

(bin size = 0.2 Å, cumulative frequency = 1.0) and averaged from two simulation repeats of 100 

ns for each receptor. Values for each chain (A and B) in the LBD dimer are shown. 
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Figure S2.4 Structure, function, and surface expression of the GluA2 T765K mutant series of 

receptors. Supplemental data associated with Figure 2.4. 

Our previous work has established that GluK2 KAR desensitization is abolished by the D776K 

mutation, which acts as a cross-dimer electrostatic tether onto the cation binding pocket (Nayeem 

et al., 2009; Nayeem et al., 2011; Dawe et al., 2013). We created a series of mutants 

incorporating the equivalent mutation in GluA2, namely T765K, in the hopes of achieving a 

similar tether between GluA2 subunits. Perhaps because Lys759 interferes with the tethering of 

the mutant lysine at the electronegative pocket of GluA2 (Figure 1), the addition of the K759M 

mutation was required atop T765K to prolong the time course of current responses. As such, we 

focussed our analysis on GluA2 K759M/T765K, for which we were able to crystalize a 
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crosslinked LBD dimer, and also GluA2 K759M/T765K/N768T (MKT), which showed little, if 

any, detectable current decay over 250 ms L-Glu applications. Nevertheless, kinetic analysis of 

GluA2 MKT was made difficult due to its greatly diminished surface expression. 

(A) Time constants of current decay (left, grey) and equilibrium to peak current ratio (right, blue) 

for the GluA2 T765K series of mutants. Data are mean ± SEM, from the number of independent 

patch experiments indicated. 

(B) TIRF images of HEK293T cells transfected with wildtype GluA2 or one of several mutant 

receptors possessing Lys at the 765 position. Reversible attenuation of the GFP fluorescence 

signal occurs between pH 7.5 and 5.45 when subunits are expressed on the plasma membrane 

(scale bar = 20 µm).  

(C) Bar graph tabulating the change in fluorescent signal observed for cells expressing wildtype 

and mutant AMPARs. Data are mean ± SEM, from the number of independent patch 

experiments indicated. 

(D) View of protomer A (orange), with the two mutated residues shown with associated electron 

density (|2Fobs - Fcalc|αcalc; pink mesh, contoured at 1.5σ). The L-Glu ligand is shown in black 

space-fill. Part of protomer B (teal) can be seen to the right, highlighting the absence of the 

biological dimer from this crystal form.  

(E) Closer view of protomer A (orange) from approximately the viewpoint shown in Figure 4. 

The modeled lithium ion (grey sphere) is shown, along with an interacting water (W1) and other 

atoms within the electronegative pocket. Electron density (|2Fobs - Fcalc|αcalc) is shown contoured 

at 2σ around the displayed atoms (pink mesh) with the exception of the lithium ion, where it is 

displayed at 1σ (grey mesh). Contacts between the lithium ion and other atoms are shown as 

dashed lines. 
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Figure S2.5 Stereo views of composite omit maps of the GluA2 K759M/T765K LBD, generated 

using PHENIX. Supplemental data associated with Figure 2.4.  

(A)  View of the mutant T765K residue on protomer B of the zinc crystal form, interacting with 

residues in the electronegative pocket of protomer A. Residue and density labelling is maintained 

as for Figure 4, with contours displayed at 1.2 σ.  

(B) View of the electronegative binding pocket on protomer A of the lithium crystal form. 

Residue and density labelling is maintained as for Supplemental Figure 4, with contours 

displayed at 1.5 σ (or 0.8 σ around the lithium ion). 
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     Helix D    Helix J 

                AAAAAA                 AAAAAAAAAAA 
NP_113796.1 GluA1  494 TITLVREEVIDFSKP 754 SALRNPVNLAVLKL 

NP_058957.1 GluA2  501 TITLVREEVIDFSKP 761 SSLGTPVNLAVLKL 

NP_116785.2 GluA3  504 TITLVREEVIDFSKP 766 SALGTPVNLAVLKL 

NP_058959.2 GluA4  502 TITLVREEVIDFSKP 762 SSLRTPVNLAVLKL 

 

NP_058937.1 GluK1  533 TITYVREKVIDFSKP 787 SPYRDKITIAILQL 

NP_062182.1 GluK2  518 AITYVREKVIDFSKP 772 SPYRDKITIAILQL 

NP_852038.2 GluK3  520 TITHVREKAIDFSKP 773 SPYRDKITIAILQL 

NP_036704.1 GluK4  502 TITAEREKVIDFSKP 757 SVFRDEFDLAILQL 

NP_113696.1 GluK5  501 TITAEREKVIDFSKP 756 SPFRDEITLAILQL 

 

NP_058706.1 GluN1  518 TINNERAQYIEFSKP   766 SPWKQNVSLSILKS 

NP_036705.3 GluN2A 513 TINEERSEVVDFSVP  769 SPWKRQIDLALLQF 

NP_036706.1 GluN2B 514 TINEERSEVVDFSVP  770 SGWKRQVDLAILQL 

NP_036707.3 GluN2C 524 TINEERSEIIDFSVP  780 SHWKRAIDLALLQL 

NP_073634.1 GluN2D 538 TINEERSEIVDFSVP  794 SRWKRPIDLALLQF 

NP_612555.1 GluN3A 633 SINTARSQVIDFTSP  881 SPLTSNISELISQY 

NP_579842.2  GluN3B 524 SINSARSQVVDFTSP 781 SPLTSNLSEFISRY  

 

Figure S2.6 Amino acid sequence alignment of iGluRs at the apical LBD dimer interface. 

Supplemental data associated with Figure 2.5.  

Amino acid sequences of iGluR subunits from R. norvegicus, aligned over two segments of the 

LBD. The NCBI accession code is shown at left. For AMPAR subunits, the flip isoform was 

selected. Residues participating in cross-dimer electrostatic interactions at the apex of the GluA2 

LBD are highlighted magenta. When these residues are not conserved with the equivalent 

AMPAR residue they are highlighted cyan. The conserved Phe residue at position 512 could not 

be mutated alongside other resides in the GluA2 AAA mutant, since its contribution to the 

electrostatic network is from a backbone oxygen atom. Nevertheless, both residues across the 

dimer interface that would be expected to interact with Phe512, namely Lys514 and Asn768, 

were truncated. 
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Figure S2.7 The GluA2 3D mutation does not attenuate TARP γ2 modulation of apparent 

agonist efficacy or channel block by spermine. Supplemental data associated with Figure 2.7.   

(A) Typical current responses to 10 mM L-Glu before (grey) and during CTZ exposure for 

wildtype GluA2 (Patch # 130217p8, dark grey), as well as co-expressed GluA2 + γ2 (Patch # 

150305p7, blue) and the GluA2 3D/γ2 (Patch # 150911p1, black) AMPAR-TARP fusion protein.  

(B) Mean CTZ potentiation of the receptors described in panel A. Values for GluA2 and GluA2 

+ γ2 correspond to those reported in Figures 5 and 6. Data are mean ± SEM, from eleven 

(GluA2), five (GluA2 + γ2), or six (GluA2 3D/γ2) independent patch experiments.  
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(C) Scaled current responses to 10 mM L-Glu (grey) and 1 mM KA for wildtype GluA2 (Patch # 

150317p3, dark grey), as well as GluA2/γ2 (Patch # 150316p10, blue) and GluA2 3D/γ2 (Patch # 

150511p6, black) AMPAR-TARP fusion proteins.  

(D) Mean 1mM KA response, as a percentage of the peak current yielded by 10 mM L-Glu, for 

the receptors in panel C, as well as GluA2 3D + γ2 (TARP co-expressed). Data are mean ± SEM, 

from five (GluA2 and GluA2 3D/γ2), six (GluA2/γ2) and seven (GluA2 3D + γ2) independent 

patch experiments.   

(E) Scaled current responses to 10 mM L-Glu at a range of membrane potentials (-100 to +100 

mV, Δ20 mV) for wildtype GluA2 (Patch # 150716p10, grey), as well as GluA2/γ2 (Patch # 

150723p11, blue) and GluA2 3D/γ2 (Patch # 150911p6, black) AMPAR-TARP fusion proteins.  

(F) Scaled current responses to 10 mM L-Glu at a range of membrane potentials (-100 to +100 

mV, Δ20 mV) with 100 µM spermine added to the internal recording solution for wildtype 

GluA2 (Patch # 150525p5, grey), as well as GluA2/γ2 (Patch # 150528p11, blue) and GluA2 

3D/γ2 (Patch # 150910p7, black) AMPAR-TARP fusion proteins. 

(G) Current-voltage plots with 100 µM internal spermine for wildtype GluA2 (white circles), as 

well as GluA2/γ2 (blue triangles) and GluA2 3D/γ2 (black triangles) AMPAR-TARP fusion 

proteins. Currents were normalized to the response at -100 mV (Irel = -1). Data are mean ± SEM, 

from six (GluA2, GluA2/γ2, and GluA2 3D/γ2) independent patch experiments.   

(H) Conductance-voltage plots with 100 µM internal spermine for wildtype GluA2 (white 

circles), as well as GluA2/γ2 (blue triangles) and GluA2 3D/γ2 (black triangles) AMPAR-TARP 

fusion proteins. Conductance is normalized to the fitted maximal conductance (Gmax), and 

corrected to account for the average conductance-voltage relationship in recordings without 

internal spermine (see Supplemental Experimental Procedures). Data are mean ± SEM, from six 

independent patch experiments for each condition (GluA2, GluA2/γ2, and GluA2 3D/γ2) with 

100µM spermine.  
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Table S2.1 Data collection and refinement statistics (molecular replacement) for GluA2 

K759M/T765K LBD crystal structures. Supplemental data associated with Figure 2.4.  

 

Data set GluA2 K759M/T765K 
zinc-form 

GluA2 K759M/T765K 
lithium-form 

Data collection   
Space group P 2 21 21 P 1 2 1 
Cell dimensions   
    a, b, c (Å) 46.38, 110.52, 167.26 67.32, 47.56, 96.75 

    α, β, γ ()  90, 90, 90 90, 95.65, 90 

Resolution (Å)  2.90-92.2 (2.90-3.08) 
a 

1.35-67.0 (1.35-1.39) 
Rmeas 0.225 (1.68) 0.074 (1.11) 
I / σI 4.5 (1.1) 10.92 (1.88) 
CC(1/2) 98.8 (73.9) 99.7 (62.2) 
Completeness (%) 100 (100) 94.7 (92.5) 
Redundancy 5.0 (5.1) 3.5 (3.6) 
   
Refinement   
Resolution (Å) 2.90 1.35 
No. reflections 36,525 126,864 
Rwork / Rfree 

b 
0.243 / 0.283 0.161 / 0.178 

No. atoms   
    Protein 5873 4143 
    Ligands (Glu only) 30 (30) 52 (20) 
    Ions 5 2 
    Water 0 688 
B-factors   
    Protein 97.1 23.2 
    Ligands (Glu only) 89.7 (89.7) 33.9 (15.4) 
    Ions 119.4 11.2 
R.m.s. deviations   
    Bond lengths (Å) 0.006 0.011 

    Bond angles () 1.035 1.391 

 

Data were collected from single crystals in each case.  
a
 Values in parentheses are for highest-resolution shell.  

b
 Tests sets for Rfree contained 5% (zinc-form) or 2% (lithium-form) of total reflections. 
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Table S2.2 Time course of desensitization and deactivation for wildtype and mutant GluA2 

receptors expressed alone, with auxiliary subunits, or as GluA2/γ2 fusion proteins. Supplemental 

data associated with Figures 2.6, 2.7, and 2.8.  

 
τfast τslow % fast τweighted τmonoexponential n 

AMPAR subunits             

GluA2             

desensitization 7.9 ± 0.7 36.8 ± 8.3 94 ± 1 9.2 ± 0.8 8.7 ± 0.71 9 

deactivation 0.61 ± 0.07 6.2 ± 0.9 96 ± 1 0.76 ± 0.08 0.67 ± 0.07  8 

3D mutant series             

GluA2/y2 
      desensitization 22.4 ± 2.4 133.0 ± 17.3 79 ± 3 45.7 ± 6.8 

 
11 

deactivation 1.4 ± 0.3 13.8 ± 2.2 84 ± 3 3.2 ± 0.4   9 

GluA2 3D/y2 
      desensitization 7.9 ± 0.9 32.3 ± 3.1 80 ± 3 12.7 ± 1.2 

 
8 

deactivation 0.83 ± 0.05 6.6 ± 1.2 93 ± 2 1.1 ± 0.1   8 

GluA2 3D + γ2 
      desensitization 5.8 ± 0.6 25.5 ± 3.7 76 ± 6 9.5 ± 0.4 

 
7 

deactivation 0.69 ± 0.05 16.4 ± 3.3 100 ± 0 0.74 ± 0.04 0.67 ± 0.07 7 

AAA mutant series 
      GluA2 + γ2             

desensitization 20.5 ± 3.6 86.1 ± 15.8 65 ± 7 39.0 ± 4.4   10 

GluA2 + γ7 
      desensitization 9.8 ± 1.0 58.7 ± 8.3 87 ± 1 16.0 ± 1.5 

 
7 

GluA2 AAA + γ2             

desensitization 2.5 ± 0.3 16.9 ± 1.4 73 ± 4 6.6 ± 0.9   8 

GluA2 AAA + γ7 
      desensitization 0.91 ± 0.10 27.0 ± 8.5 99 ± 0 1.1 ± 0.1 0.92 ± 0.10 6 

GluA2 AAA/3D + γ2             

desensitization 1.1 ± 0.1 14.6 ± 2.3 89 ± 2 2.4 ± 0.3 
 

7 

       

GluA2 receptors were activated by long application (250 or 500 ms) or short (1 ms) applications 

of 10 mM glutamate to measure desensitization and deactivation kinetics, respectively. In the 

presence of auxiliary subunits, current decay associated with desensitization and deactivation 

was fit using bi-exponential functions to obtain the components τfast and τslow. Weighted time 

constants (τweighted) were calculated based on the relative area fit by the fast and slow 

components. In cases where the τfast accounted for 94 % or more of the total area, the decay was 

instead fit by a monoexponential function, as reported as the value in the τmonoexponential column. 

The number of patches for each condition (n) is indicated, and all values are mean ± SEM. 
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Table S2.3 Spermine affinities of GluA2 receptors. Supplemental data associated with Figure 

2.7.  
 

Fit parameters of GluA2  G/V relationships 
  Receptor   Mean SEM n 

GluA2 Kd (0 mV) (μM) 2.7 0.4   

100 μM spermine h (mV) -17.3 0.6 6 

 
k (mV) 16.5 0.2   

0 μM spermine G0  1.09 
  

 
V 53.2 

  GluA2/γ2 Kd (0 mV) (μM) 16.5 1.3   

100 μM spermine h (mV) -14.0 1.0 6 

 
k (mV) 21.5 0.9   

0 μM spermine G0  1.14 
  

 
V 82.4 

  GluA2 3D/γ2 Kd (0 mV) (μM) 16.8 2.1   

100 μM spermine h (mV) -14.2 1.1 6 

 
k (mV) 25.2 0.6   

0 μM spermine G0  1.09 
  

 
V 74.0 

   

Affinities were obtained using responses evoked by 250 or 500 ms applications of 10 mM L-Glu. 

Values for ‘h’ and ‘k’ indicate the voltage dependency. The number of patches for each 

condition (n) is indicated, and all values are mean ± SEM. 
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FOREWORD TO CHAPTER THREE 

The final results chapter is the most collaborative study within my thesis. It combines 

electrophysiology, crystallography, AFM, and MD simulations to investigate how anions 

modulate the structure and function of GluA2 AMPARs. This manuscript could truly never have 

taken its current form without datasets from all these disciplines, as well as a few lucky breaks. 

Since AFM was not mentioned in the literature review, a point worth making here is that the 

technique has seldom been applied in the field of iGluR biophysics. From NMDARs it is known 

that the process of agonist binding -or likely desensitization, on the time scale of AFM 

measurement- induces an approximately 1 nm height reduction in GluN1/GluN2A (Suzuki et al., 

2013) and GluN1/GluN3 (Balasuriya et al., 2013) complexes reconstituted in lipid bilayers. 

Otherwise, little else has been measured by AFM from the other iGluR subfamilies, except 

resting-state height (Baranovic et al., 2013).  

 This chapter remains unpublished at the time of my thesis submission. However, we are 

hoping to rectify the situation over the next few months…  
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Regulation of AMPA receptor gating by  

anion-induced vertical compression of the apo state  
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Venskutonyte, Maria Musgaard, Mark R.P. Aurousseau, Philip C. Biggin, Jette Kastrup, J. 

Michael Edwardson, and Derek Bowie. 2016. 

Regulation of AMPA receptor gating by anion-induced vertical compression of the apo state.  

To be submitted to Neuron. 
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ABSTRACT 

AMPA-type ionotropic glutamate receptors (AMPARs) undergo global, conformational changes 

when bound by agonist molecules, coinciding with activation and/or desensitization. Yet little is 

known about the conformational flexibility of apo, or resting state AMPARs. Specifically, it is 

unclear whether “resting” receptors transition between different conformations under 

physiological conditions and how such conformational states might influence channel gating 

after agonist binding occurs. Here, we used a combination of atomic force microscopy imaging 

and electrophysiology to demonstrate that halide ion exchange alters the height of apo state 

GluA2i (flip isoform) AMPARs, as well as desensitization kinetics in L-glutamate. We also 

report crystal structures of bromide-bound GluA2 ligand-binding domain dimers and identify a 

common mechanism for anion modulation of receptor height and gating. Both types of 

modulation were severely attenuated in GluA2o (flop) AMPARs. Accordingly, we propose that 

anion-induced, isoform-specific conformational changes “prime” apo state AMPARs to respond 

in a specific manner to agonists. 

 

 

 

 

 

 

 

 

 



173 

 

INTRODUCTION 

Ionotropic glutamate receptors (iGluRs) constitute a major class of ligand-gated ion 

channels (LGICs) that mediates excitatory signaling in the vertebrate central nervous system 

(Traynelis et al., 2010). Though all iGluRs possess a tetrameric stoichiometry (Laube et al., 

1998; Rosenmund et al., 1998), they can be divided into two functional groups: rapidly-gating 

AMPA and kainate-selective receptors (AMPARs and KARs) that mediate the initial 

postsynaptic response to neurotransmitter molecules (Henley and Wilkinson, 2016), as well as 

slower-gating NMDA-selective receptors (NMDARs) known to induce several forms of synaptic 

plasticity (Paoletti et al., 2013).  Within the AMPAR subfamily, gating kinetics can be further 

regulated by subunit assembly, as well as the alternate splicing of flip and flop exons (Mosbacher 

et al., 1994). A number of studies have shed light on the structural mechanism of AMPAR 

activation and desensitization by reporting intact, high-resolution GluA2 structures in several, 

ligand-bound conformational states (i.e. (Durr et al., 2014; Meyerson et al., 2014; Yelshanskaya 

et al., 2014)). Nevertheless, structural information regarding the apo state remains scant and 

inconsistent, as the few published structures indicate an arrangement much like the antagonist-

bound and “pre-activated” forms (Durr et al., 2014; Yelshanskaya et al., 2016), while LRET 

measurements suggest a more dynamic LBD layer with an open dimer interface. Accordingly, it 

has remained unclear whether AMPARs exhibit much conformational flexibility in the absence 

of bound agonists. 

A recent study reported structures of the first intact, heteromeric AMPARs, obtained 

from single particle electron cryo-microscopy (cryo-EM) (Herguedas et al., 2016). Interestingly, 

the ligand-free GluA2/GluA3 structures could be segregated into distinct classes: a Y-shaped 

arrangement, consistent with the first tetrameric AMPAR crystal structure (Sobolevsky et al., 
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2009), as well as two, O-shaped arrangements, each possessing a compact amino-terminal 

domain (ATD) layer and separate ligand-binding domain (LBD) dimers, similar to previous 

cryo-EM images (i.e. (Midgett and Madden, 2008)). However, one of the O-shaped models 

curiously displayed a ruptured LBD dimer, strikingly reminiscent of the extreme >100° rotation 

detected in the pore-distal ‘B/D’ subunits of agonist-bound, desensitized GluK2 (Meyerson et al., 

2014) and GluA2 (Durr et al., 2014) structures. The idea that AMPARs can behave as though 

desensitized, but without agonist molecules bound, is not without precedent. Prior kinetic 

modeling of AMPARs has suggested such a state may account for incomplete recovery from 

desensitization (Robert and Howe, 2003), as some receptors recover on a much slower time scale 

than would be expected following agonist unbinding.  

Here, we explore the extent to which GluA2 AMPARs undergo conformational change in 

the absence of bound agonists, as well as the effect of such changes on channel gating. Because 

anions have previously been shown to regulate GluA1 desensitization kinetics (Bowie, 2002), we 

used anion substitution in the context of electrophysiology, atomic force microscopy (AFM), X-

ray crystallography, and molecular dynamics (MD) simulations to interrogate AMPAR 

behaviour in the presence and absence of the agonist L-Glu. Specifically, we report a relationship 

between halide radius and a compression of intact, apo state AMPARs that also correlates with 

the onset of desensitization. Furthermore, we isolate the site of action of anions to the LBD 

dimer interface. Mutations at this site, which corresponds to the flip/flop alternate splicing 

cassette, disrupt the structural and functional effects of halide ion substitution. Overall, our data 

identify a novel allosteric site that can “prime” AMPARs to respond in a specific manner upon 

agonist binding. 

 



175 

 

RESULTS 

The structure and function of intact GluA2 AMPARs is modified by external anions 

In light of recent evidence that apo state GluA2 AMPARs can alternate between resting 

and pseudo-desensitized conformations, we decided to re-evaluate the mechanism of allosteric 

modulators of AMPAR desensitization. Specifically, we asked whether such modulators solely 

influence state transitions following agonist binding, or also induce novel structural 

rearrangements prior to agonist binding. To address this question, we studied halide ions, as they 

have been previously demonstrated to weakly modulate GluA1 flip (GluA1i) desensitization in a 

graded manner (Bowie, 2002).  In fact, a correlation was found between the diameter of the 

halide ion comprising the external solution and the rate of GluA1i receptor desensitization 

(Bowie, 2002).  

To confirm that anions modulate GluA2i receptors in a similar manner to GluA1i 

receptors, we substituted external NaCl with other halide salts, and assessed both the time 

constant and overall extent of desensitization in L-Glu (Figures 3.1A and 3.1B). As for GluA1i, 

iodide and fluoride respectively yielded the fastest (τ = 1.6 ± 0.1 ms; n = 7) and slowest (τ = 9.2 

± 0.4 ms; n = 8) time constants of desensitization amongst the halides, with chloride (τ = 7.3 ± 

0.3 ms; n = 15) and bromide (τ = 4.3 ± 0.2 ms; n = 7) kinetics residing in between (Figure 3.1B). 

The relationship between ionic diameter and desensitization rate was also mirrored by an 

increase in the overall extent of desensitization, as reflected in the equilibrium to peak current 

ratio (Figure 3.1B). Meanwhile, the substitution of propanoate resulted in a slower time constant 

of desensitization (τ = 10.4 ± 0.8 ms; n = 7) than occurred in fluoride (Figure 1B), suggesting 

that halides in general may facilitate desensitization.  
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Figure 3.1 External anions modulate desensitization of GluA2 AMPARs in a graded manner 

(A) Typical current responses of wild-type GluA2i receptors (patch number 140228p6) to a 250 ms 

application of 10 mM L-Glu in the presence of external NaCl (black), NaBr (light blue), and NaF (grey). 

The responses are also scaled to the same peak amplitude (inset). The uppermost trace (black) shows the 

junction current, recorded with an open patch pipette after the experiment to monitor the profile of 

solution exchange. 

(B) Mean time constants of current decay after a 250 ms L-Glu application (τdes) (left axis), as well as 

mean equilibrium current amplitude (Iequilibrium) as a percentage of the peak response (right axis), in the 

presence of different external anions. Data are mean ± SEM, from seven (NaI, NaBr, NaProp), eight 

(NaF), or fifteen (NaCl) independent patch experiments. 

(C) Typical current response of wild-type GluA2i receptors (patch number 150825p10) to a 1 ms 

application of 10 mM L-Glu in the presence of external NaCl (black), NaBr (light blue), and NaF (grey). 

The responses are also scaled to the same peak amplitude (inset). The uppermost trace (black) shows the 

junction current, recorded with an open patch pipette after the experiment to monitor the profile of 

solution exchange.   

(D) Mean time constants of current decay after a 1 ms L-Glu application (τdeactivation), in the presence of 

different external anions. Data are mean ± SEM, from five (NaI), seven (NaBr, NaF) or twelve (NaCl) 

independent patch experiments. 

(E) Profile of recovery from desensitization for wild-type GluA2i receptors in external NaCl (top, black) 

and NaI (bottom, dark blue). The traces are from a two-pulse protocol, during which an initial 200 ms 

application of 10 mM L-Glu desensitized receptors and was then repeated (arrows) after allowing 

receptors to recover from desensitization for different time intervals. The amplitude of the second peak, or 

test response determines the time course of recovery from desensitization. Both conditions were recorded 

from the same patch experiment (patch number 151201p9). 

(F) Mean current elicited by the test pulse from the recovery protocol described above, relative to the 

initial peak response. The results were fitted with a Hodgkin-Huxley-type equation, and the time 

constants of recovery derived from the fitting are indicated for each ionic condition. Data are mean ± 

SEM, from six (NaI), seven (NaBr), or thirteen (NaCl) independent patch experiments. 



177 

 

Because the effect of anion species on AMPAR deactivation and recovery from 

desensitization has not been reported previously, we analyzed those properties as well. The time 

constant of deactivation did not exhibit significant changes between chloride and any other 

halide species (P > 0.65 in all cases), occurring near 0.5 ms in all conditions (Figures 3.1C and 

3.1D). However, the time constant of recovery from desensitization varied between anion 

species, becoming slower as ionic radius increased (Figures 3.1E and 3.1F). Accordingly, 

anions appear to selectively modulate GluA2i desensitization, rather than deactivation.  

Given the topology of AMPAR subunits, modulation by external anions could occur at 

the level of the ATD or LBD layers (or both). We therefore performed similar anion substitution 

experiments on a truncated GluA2i receptor, which lacked the ATD region. Mimicking the 

behaviour of full-length receptors, GluA2i ΔATD receptors exhibited faster entry into 

desensitization and slower recovery from desensitization as ionic radius increased (Figure S3.1). 

Therefore, anions appear to target the LBD (or adjacent pore linker regions) to modulate the 

desensitization kinetics of GluA2i receptors.  

Our next step was to investigate whether any structural perturbations were induced by 

external anion substitution. For this effort we used AFM to image to isolated receptor complexes 

that had been reconstituted in a lipid bilayer. AFM permitted reasonable temporal resolution of 

changes induced by agonists and/or allosteric modulators, specifically in regard to the height of 

bilayer-integrated receptors (Table S3.1). The selection of height as our measurement parameter 

was based on GluA2 crystal structures, which exhibit a vertical compression of the extracellular 

domains upon agonist binding (Durr et al., 2014), as well as previous AFM studies that reported 

the same behaviour in agonist-bound NMDARs (Balasuriya et al., 2014; Suzuki et al., 2013). 

HA-tagged GluA2i was isolated from detergent extracts of transfected HEK203T cells by anti-
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HA immunoaffinity chromatography. SDS-PAGE, followed by silver staining or 

immunoblotting using an anti-HA antibody, detected a single band at ~ 105 kDa, indicating the 

purity of the sample (Figure 3.2A). Isolated GluA2i was integrated into liposomes, which were 

then used to generate supported lipid bilayers. In contrast to protein-free bilayers, which were 

featureless when visualized by AFM (Figure 3.2B), bilayers containing GluA2i contained 

numerous particles (arrows, Figure 3.2C). A frequency distribution of heights of these particles 

had two peaks, at 4.7 ± 0.1 nm and 7.2 ± 0.2 nm (Figure 3.2D). We have previously shown for 

NMDA receptors that the higher peak represents the extracellular region of assembled receptors 

(Balasuriya et al., 2014; Suzuki et al., 2013). We therefore selected particles with heights 

between 5.5 and 8.5 nm for analysis. When the external solution in the imaging chamber was 

changed from NaCl to either NaBr or NaI, GluA2i receptors exhibited a height reduction of 0.74 

± 0.06 nm (n = 12) or 0.87 ± 0.11 nm (n = 13), respectively (Figures 3.2E and 3.2G). A smaller 

height reduction was observed when the agonist L-Glu (10 mM) was added to NaBr (0.25 ± 0.05 

nm; n = 14) or NaI (0.18 ± 0.06 nm; n = 12) solutions (Figure 3.2G). In contrast, the addition of 

L-Glu to NaCl led to a much greater reduction in receptor height (0.69 ± 0.11 nm; n = 11; 

Figures 3.2F and 3.2H).  

To ensure that the final height of agonist-bound GluA2i receptors reflected that they were 

desensitized, rather than activated, we repeated the experiment in the presence of cyclothiazide 

(CTZ), a positive allosteric modulator of AMPARs. CTZ nearly completely eliminates AMPAR 

desensitization (Patneau et al., 1993; Yamada and Tang, 1993) by stabilizing receptors in an 

activated conformation (Sun et al., 2002). The L-Glu-induced compression of GluA2i was 

prevented by CTZ, as the mean change in height was -0.03 ± 0.07 nm (n = 14; Figure 3.2I). A 

similar lack of response to L-Glu was observed in the presence of the competitive antagonist 
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CNQX (-0.10 ± 0.07 nm; n = 12; not shown), suggesting that the height reductions observed in 

L-Glu correspond to receptors transitioning to desensitized states. Meanwhile, the height 

reductions induced by anion substitution (Figure 3.2G) indicate that apo state GluA2i receptors 

can undergo conformational changes of a similar amplitude to those that occur during gating. 

 

 

 

Figure 3.2 Effect of anions on GluA2i receptor height 
(A) Silver stain and immunoblot (using an anti-HA antibody) of a sample of isolated GluA2i receptors. 

Representative AFM image of a protein-free supported lipid bilayer. Height range, 10 nm; scale bar, 400 

nm. 
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(B and C) AFM images of supported lipid bilayers, either protein-free or containing GluA2i receptors 

(arrows). Height range, 10 nm; scale bar, 400 nm. 

(D) Frequency distribution of heights of particles in supported lipid bilayers. 

(E) Effect of a buffer switch from NaCl to NaI-containing solution on the height of an individual receptor. 

Top panels: AFM images of the same area of bilayer before and after buffer switch. The section taken 

through the receptor is indicated. Height range, 8.9 nm; scale bar, 400 nm Bottom panels: Height profiles 

through the section indicated in the AFM images. 

(F) Effect of L-Glu on the height of an individual receptor. Top panels: AFM images of the same area of 

bilayer before and after buffer switch. The section taken through the receptor is indicated. Height range, 

10.0 nm; scale bar, 400 nm. Bottom panels: Height profiles through the section indicated in the AFM 

images. 

(G) Reductions in height of GluA2i receptors in response to anion switches. NaCl, NaBr and NaI were all 

at 100 mM. The numbers of individual receptor analysed are indicated. 

(H) Height reductions in response to 10 mM L-Glu in the presence of different anions. 

(I) Height reductions in response to L-Glu, as well as switching of solution to NaBr or NaI, in the 

presence of cyclothiazide (100 μM). 

Data are mean ± SEM from the number of experiments indicated in Table S3.1.  

 

Identification of anion interactions in the GluA2 LBD  

Our functional data suggest that external anions modulate AMPAR gating via 

interactions with the LBD (Figure S3.1). Therefore, we sought to crystallize a soluble construct 

of the GluA2 LBD (GluA2-LBD) in complex with halide ions. Four X-ray structures of GluA2-

LBD crystallized in presence of bromide ions were determined (Table S3.2), of which two were 

flop isoforms (GluA2o-LBD in NaBr and RbBr) and the remaining two were flip-like (GluA2o-

LBD N775S in NaBr and RbBr). Anomalous scattering data clearly indicated the location of the 

bromide ions within the dimer interface (Figures 3.3A and 3.3B). Here, the GluA2o-LBD 

N775S structure, which was crystallized with RbBr in space group C2 and solved at 1.8 Å 

resolution, will be used as a representative structure for detailed analysis of the GluA2i anion 

binding site. In this structure, one GluA2o-LBD N775S molecule was found in the asymmetric 

unit of the crystal, though it formed a typical dimer with its symmetry mate.  
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Figure 3.3 Detection of bromide ions in the GluA2-LBD dimer interface 

(A) Side view of the GluA2o-LBD N775S dimer, RbBr form. Bromide ions are shown as purple spheres. 

(B) Anomalous difference electron density map from GluA2o-LBD, contoured at 12σ for bromide ions.  

(C) Close-up side view of the bromide binding sites in the GluA2o-LBD N775S dimer interface. Bromide 

ions are shown as purple spheres, water molecules as red spheres, and amino acid residues surrounding the 

binding sites are different colours (yellow or grey sticks) based on their subunit of origin. 

(D) The interior surface of the dimer interface is illustrated for one GluA2o-LBD N775S subunit. The 

Ser775 residues point toward water molecules (red) that surround the bromide ions.  

(E and F) The wild-type GluA2 flip structure (PDB: 2UXA; (Greger et al., 2006)) has a more intact 

dimer interface (E), compared with the GluA2o-LBD N775S structure (RbBr form), where a “fissure” 

appears in the surface representation at the level of the Glu507-Lys514 salt bridge (F).  
 

The anion binding site is located in a somewhat hydrophobic space, consisting of Pro515 

and Leu772 from one subunit, as well as Ile502 and Pro515 from the partner subunit. Beside 

these hydrophobic residues, each bromide makes polar contacts to multiple water molecules, 

while a lysine residue (Lys514) caps the binding site, within 5 Å of bromide (Figures 3.3C and 
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3.3D). Interestingly, there is additional solvent-exposed surface, extending upward from 

bromide, along the midline of the dimer interface, in contrast with previous structures of GluA2i 

where bromide ions are not present (Figures 3.3E and 3.3F). This exposed area includes a salt 

bridge formed between Glu507 and Lys514, a key cross-dimer contact where mutations 

accelerate desensitization (Dawe et al., 2016; Horning and Mayer, 2004). As a result, it seems 

plausible that the binding of larger halide ions (i.e. bromide and iodide) could facilitate GluA2 

desensitization by reducing dimer stability at the LBD apex.  

It is also worth noting that LBD structures crystallized in both anions possessed 

additional electron density in the vicinity of the anion binding site (data not shown), perhaps 

corresponding to other anions inhabiting the dimer interface. This observation, coupled with the 

absence of a well-formed anion binding pocket, led us to suspect that anions might not reside at 

one, discrete site. Accordingly, we used MD simulations to augment our structural data, 

identifying regions of the GluA2i LBD which have a higher probability of interaction with 

anions (Figure 3.4). Numerous regions of chloride density were predicted on the outward-facing 

surface of the LBD, typically near basic amino acid residues (Figures 3.4A and 3.4B). In 

addition, a few residues in the LBD dimer interface also came into close proximity (i.e. within 4 

Å) with chloride (Figure 3.4C), of which the only hydrophobic residue was Leu504. This 

position was particularly interesting, given that larger halide ions are known to participate in 

hydrophobic interactions, but also because AMPAR desensitization is strongly regulated by its 

sidechain composition. Notably, the introduction of tyrosine at the 504 position (or its equivalent 

in other AMPAR subunits) results in a non-desensitizing phenotype (Stern-Bach et al., 1998; Sun 

et al., 2002). In contrast to Leu504, no chloride interaction was predicted near Ser775 (Figure 

3.4C), at odds with the bromide and chloride densities in the crystal structures. The inability of 
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MD simulation to reproduce the same anion binding sites in either additive or polarizable force 

fields could be due to the nature of the force fields themselves, which were unable to capture the 

hydrophobic properties of the halide ions.  

Figure 3.4 MD simulations predict anion interactions with several residues in the LBD dimer 

interface 

(A) Isosurface representation of chloride ion density (pink), as predicted from an MD simulation of the 

GluA2i LBD dimer. The density is averaged from 200 ns of one simulation repeat.  

(B) Side view of the dimer, highlighting residues (sphere form) that exhibited interactions with one or 

more chloride ions for over 10% of the total simulation time, which was comprised of 100 ns from each 

of four simulation repeats. Darker shading of residues indicates more prolonged anion interactions, while 

Leu504 is highlighted orange.  

(C) Radial distribution function (RDF), indicating the probability of a chloride ion at various distances 

from specific residues in the LBD dimer interface. Values were calculated from the same set of 

simulation repeats as in panel B. 

 

MD simulations may also have been hindered by the much weaker electron density of 

bromide ions in the flip-like GluA2o-LBD N775S structure, despite both GluA2 isoforms having 

identical anion binding sites. Since the serine or asparagine residues at position 775 project 

toward water molecules, which in turn interact with bromide ions (Figure 3.3D), one possibility 

is that this position regulates anion binding. More commonly, position 775 is known for forming 

part of the CTZ binding pocket (Figure S3.3), as the modulator binds with higher apparent 

affinity and more profoundly attenuates desensitization of serine-containing (i.e. flip) AMPARs 

(Partin et al., 1995). In NaBr and NaI-based external solutions, CTZ produced the same 

functional effects on GluA2i current responses as in NaCl (Figure S3.3), suggesting that the 
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compound can out-compete anions, or that anions act at discrete sites. To resolve this issue, it 

was necessary to determine whether anion interactions in the dimer interface were in fact 

responsible for modulating receptor desensitization. 

Allosteric anions “prime” GluA2 receptors for accelerated desensitization 

Taken together, our crystallographic data and MD simulations indicate that anions may 

form multiple, electrostatic interactions throughout the GluA2 LBD dimer interface, and that 

anion stability may be regulated by flip/flop editing. In an effort to link the functional effects of 

anions to their putative binding sites in the dimer interface, we performed external anion 

substitution experiments on GluA2o receptors (Figure 3.5), as they contain a bulkier residue 

(asparagine) at position 775, close to the bromide density. We also assessed the mutation GluA2i 

L504A, as computational analysis predicted another region of anion density just below Leu504 

(Figure 3.4). If these positions actually influence the anion binding environment, one would 

expect functional modulation of AMPARs by anions to be attenuated or enhanced, when they are 

alternately transcribed or mutated.  

As opposed to GluA2i receptors, which had quite variable desensitization kinetics in 

different halide ion species (Figure 3.5A), GluA2o receptors exhibited a more consistent 

phenotype (Figure 3.5B), though the trend of faster desensitization in the presence of larger 

anions persisted (Figures 3.5E and 3.5F). Specifically, the time constant of GluA2o 

desensitization was 0.8 ± 0.05 ms (n = 6) in iodide and 1.7 ± 0.1 ms (n = 6) in fluoride, an 

approximately two-fold change. The same time constant for GluA2i in fluoride was about six-

fold slower than that of iodide. To be sure that the reduced anion modulation of GluA2o was due 

to position 775, we tested the mutation GluA2i S775N (Figure 3.5C), since two other residues in 

the LBD dimer interface (Thr765 and Pro766) also differ in flip and flop isoforms. Consistent 

with the flop phenotype, the time constants of GluA2i S775N desensitization in iodide and 
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fluoride were, respectively, 3.6 ± 0.5 ms (n = 6) and 5.8 ± 0.4 ms (n = 6) (Figure 3.5E). Again, 

this equates to nearly a two-fold change. As a result, the reduction in anion modulation of 

desensitization rates moving from flip to flop-type GluA2 AMPARs is attributable to the 

presence of an asparagine residue at position 775.   

 
Figure 3.5 Flip/flop editing at LBD residues disrupts anion modulation of desensitization 

(A-D) Typical current responses of wildtype GluA2i (A, patch number 151123p15) and wildtype GluA2o 

(B, patch number 160218p14), as well as GluA2i S775N (C, patch number 160119p3) and GluA2i L504A 

(D, 160215p10) mutant receptors to a 250 ms application of 10 mM L-Glu in the presence of external 

NaCl (black) and NaI (dark blue). The responses of the same receptors in NaI (dark blue), NaBr (light 

blue), NaCl (black), and NaF (grey) are also scaled to the same peak amplitude (inset). The responses in 

NaBr and NaF are from different patches, where the initial time constant of desensitization measured in 

NaCl was similar to those patches listed above. The uppermost trace (black) shows the junction current, 

recorded with an open patch pipette after the experiment to monitor the profile of solution exchange. 

(E) Mean time constants of current decay after a 250 ms L-Glu application (τdes) for the receptors 

described in panels A-D, in the presence of different external anions. Data are mean ± SEM, from the 
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number of independent patch experiments that follows: GluA2i NaCl (15), NaF (8), other anions (7); 

GluA2o NaCl (12), other anions (6); GluA2i S775N NaCl (12), other anions (6); GluA2i L504A NaCl (10), 

other anions (5). 

(F) Relative values of τdes (NaCl = 1) for the receptors described in panels A-D, plotted against the ionic 

radius of different halide ions, in which desensitization was measured. 

 

It is not entirely clear why GluA2o receptors were less modulated by anions than their 

GluA2i counterparts, especially given the greater bromide density in the flop structures (Figure 

3.3). One possible explanation is that a hydrogen bond formed between Asn775 and Ser750 

(Figure S3.5), which cannot occur in flip receptors, counteracts the ability of halide ions to break 

apart the flop dimer interface. Alternatively, the bromide densities reported in the crystal 

structures may not represent the site of functional modulation by halide ions. For example, the 

ions may occupy a secondary site in a less stable manner (i.e. around Leu504), which in turn 

affects entry into desensitization. 

A more unique phenotype was observed for GluA2i L504A receptors, as there was little 

deviation in the time course of desensitization between chloride, bromide, and iodide (τ ~ 15-20 

ms), but fluoride substitution led to significantly faster desensitization (τ = 5.7 ± 0.9 ms; n = 5)  

(Figures 3.5D and 3.5E). Accordingly, the relationship between anion radius and desensitization 

rate was inverted for this mutant receptor (Figure 3.5F). The fact that two separate mutations 

(i.e. S775N or L504A) alter how anions regulate GluA2 desensitization supports the existence of 

multiple, discrete binding sites, or a large, individual site that is more diffuse in nature. In either 

case, both mutations are consistent with the functional interaction of anions at the LBD dimer 

interface. Yet the possibility of additional anion interactions is supported by the inability of 

either the S775N or L504A mutations to influence the relationship between halide ion size and 

the rate of recovery from desensitization (Figure S3.6). Given the numerous anion densities 
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predicted by MD simulations (Figure 3.4), any number of sites on the exterior surface of the 

GluA2 LBD may facilitate anion modulation of recovery kinetics. 

Limiting our focus to the LBD dimer interface, which affected anion regulation of entry 

into desensitization, we next addressed whether this region also accounts for the vertical 

compression of receptors, observed in the absence of agonist molecules. If the same GluA2 

receptors that exhibited reduced anion modulation of desensitization (i.e. GluA2o and GluA2i 

L504A) also exhibited smaller height reductions upon changing from NaCl to NaBr or NaI 

solutions, there would be a strong indication that the two effects are related. In this sense, the 

accelerated desensitization of GluA2i receptors that occurs in the presence of large halide ions 

would be a consequence of the vertical compression in the extracellular domains. However, the 

compression could also be mediated at another site in the ATD or LBD, and might have no 

influence over gating behaviour.  

Consistent with the coupling of structural and functional effects induced by anion 

substitution, the height reductions in NaBr (0.06 ± 0.06 nm; n = 12) and NaI (0.12 ± 0.06 nm; n 

= 15) were almost entirely eliminated for GluA2o receptors that were purified and integrated into 

lipid bilayers (Figures 3.6A and 3.6B). At the same time, a greater GluA2o height reduction 

occurred when L-Glu was applied in the NaBr (0.70 ± 0.14 nm; n = 10) or NaI (0.59 ± 0.11 nm; 

n = 11) backgrounds, of a similar amplitude to that of agonist-bound GluA2i (~ 0.7 nm) and 

GluA2o (0.61 ± 0.07 nm; n = 10) receptors in NaCl (Figure 3.6C). Consequently, the combined 

height reductions caused by NaBr or NaI anion substitution and L-Glu application range from 

roughly 0.7 to 1.0 nm in flip and flop-type receptors. The main difference between the isoforms 

is that a majority of the total compression is due to anions in GluA2i receptors, and L-Glu in 

GluA2o receptors.  Interestingly, the height profile of GluA2o receptors was mirrored by GluA2i 



188 

 

L504A receptors, which displayed minimal compression in NaBr and NaI (< 0.1 nm), compared 

to that induced by L-Glu application in any of the ionic species tested (> 0.6 nm; Figures 3.6D-

3.6F).   

Figure 3.6 Effect of anions on GluA2o and GluA2i L504A receptor height 

(A) Silver stain and immunoblot (using an anti-HA antibody) of a sample of isolated GluA2o receptors. 

(B) Reductions in height of GluA2o receptors in response to anion switches. NaCl, NaBr and NaI were all 

at 100 mM. The numbers of individual receptor analyzed are indicated. 

(C) Height reductions of GluA2o receptors in response to glutamate (10 mM) in the presence of different 

anions. 

(D) Silver stain and immunoblot (using an anti-HA antibody) of a sample of isolated GluA2i 504A. 

(E) Reductions in height of GluA2i 504A receptors in response to anion switches. 

(F) Height reductions of GluA2i 504A receptors in response to glutamate (10 mM) in the presence of 

different anions. 

Data are mean ± SEM from the number of experiments indicated in Table S3.1.  
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 In conjunction, our electrophysiology and AFM data indicate that bromide and iodide ions 

selectively induce vertical compression in flip, but not flop-type GluA2 AMPARs, and that this 

conformational change results in accelerated desensitization, when compared to standard (i.e. 

NaCl) ionic conditions. This assertion is based on the fact that the same mutations, in the vicinity 

where we detected anion binding (Figure 3.3), can attenuate or eliminate both effects. We 

therefore propose that anions, as allosteric modulators, can “prime” certain AMPAR subtypes to 

respond in a specific manner upon agonist binding. Concurrent with this idea, distinct apo state 

conformations must exist, and the equilibrium between them must be altered by the anion 

composition of the external milieu.  
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DISCUSSION 

This study advances our understanding of AMPARs in two fundamental ways. First, we 

demonstrate that intact, apo state GluA2i AMPARs can transition between discrete structural 

conformations, which in turn regulate their gating behaviour in the presence of agonist 

molecules. Specifically, we identified a common set of interactions between external halide ions 

and the LBD dimer interface that govern both the height of receptor complexes and the time 

course of entry into desensitization. The mutation of key residues in the dimer interface strongly 

attenuates both effects. As such, halide ions can be viewed as “priming” AMPARs to respond in 

a particular manner, once agonist molecules bind. Second, we show that the priming effect is 

present in flip, but not flop isoforms of GluA2 AMPARs. The reason why these two isoform 

exist simultaneously in the central nervous system is currently unknown. However, our data 

point toward a potential mechanism by which alternative splicing could shape glutamatergic 

signaling in the nervous system. 

Understanding the functional modulation of AMPARs by external anions 

Our electrophysiological data reveal that GluA1i (Bowie, 2002) and GluA2i AMPAR 

desensitization can be modulated in a bi-directional manner by different halide ion species. 

Bromide and iodide accelerate entry into desensitization (versus chloride), while fluoride slows 

this process. Therefore, the effect of anion binding in general could be to destabilize the LBD 

dimer, promoting the subunit separation that accompanies desensitization (Durr et al., 2014; 

Meyerson et al., 2014). In this case, iodide would be reasoned to have the strongest modulatory 

effect on the LBD. An alternative possibility we cannot entirely discount is that anions in fact 

stabilize the LBD dimer, with species of smaller ionic radius (i.e. fluoride) having the most 

profound effect. Nonetheless, several pieces of evidence support the former explanation. The fact 
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that electron density for bromide was readily observed in the NaBr and RbBr crystal structures 

suggests that larger halide ions can easily access the dimer interface. Furthermore, the addition of 

a negatively charged aspartate residue at position 775, which may mimic the electrostatic effect 

of a bound anion in the same region of the dimer interface, led to much faster desensitization in a 

previous study (Sun et al., 2002), and also when we tested the mutant (data not shown). Finally, 

an inter-subunit anion binding site has also been described for another LGIC family, namely the 

acid-sensing ion channels (ASICs) (Jasti et al., 2007). Interestingly, experiments on the ASIC1 

subunit have revealed that larger anions in the external environment accelerate desensitization 

(Kusama et al., 2010), while deactivation is largely unaffected (MacLean and Jayaraman, 2016). 

In short, ASIC1 behaves quite similarly to the phenotype we observed in GluA2i AMPARs. It is 

tempting to speculate that, as a general rule, halide ions destabilize protein complexes, forming 

contacts with both polar and non-polar residues (Dauter and Dauter, 2001) that disrupt important 

endogenous interactions between subunits. However, KARs utilize the binding of a single 

chloride ion in the LBD dimer interface (Plested and Mayer, 2007) to help stabilize the dimer 

assembly (in conjunction with allosteric sodium ions), as both larger (i.e. NaI) and smaller (i.e. 

NaF) sodium-paired halides accelerate GluK2 desensitization (Bowie, 2002). Given that the 

distinct anion binding sites of AMPAR and KAR subunits produce quite different functional 

effects when occupied, mechanisms of anion modulation are likely to be highly dependent on the 

micro-environment surrounding an anion.   

The occurrence of multiple apo states in AMPARs 

A recent structural investigation of intact, apo state AMPARs revealed that (at least) two, 

distinct structural conformations are possible, while accompanying computational modelling 

suggested that receptors are capable of substantial vertical extension and compression 
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(Herguedas et al., 2016). Though such conformational flexibility is intriguing, a molecular 

mechanism that could account for structural transitions within the apo state has remained elusive. 

Here, we have identified that external anions (i.e. bromide and iodide), acting at the LBD dimer 

interface, can induce height changes in GluA2i receptors, without agonists or competitive 

antagonists present. Because AFM measurements cannot report more detailed structural 

rearrangements, it is unclear whether compressed GluA2i receptors adopt a pseudo-desensitized 

conformation (e.g. (Herguedas et al., 2016)), or retain an intact dimer arrangement in the LBD 

layer. If a rupture of one or more LBD dimers did coincide with height compression, would those 

receptors behave as though they were desensitized, and be unable to respond to L-Glu 

application? Within the total receptor population, L-Glu-evoked responses were still observed in 

NaBr and NaI, suggesting that this is not the case. More convincingly, CTZ potentiation, an 

indicator of AMPAR channel open probability (see (Cho et al., 2007)) was consistent across 

halide ion species (Figure S3.3), indicating that changes in the fraction of activation-capable 

receptors did not occur.  

Different regulation of flip and flop AMPAR isoforms by anions 

 Despite the fact that flip and flop AMPAR isoforms differ by a mere ten amino acids, 

there are numerous instances of brain region-specific flip/flop expression for individual AMPAR 

subunits (Sommer et al., 1990), indicative that the transcription of one isoform over another is 

important for neuronal signaling. In addition, flip/flop alternate splicing is under developmental 

regulation, as flip isoforms can be detected from embryonic stages onward, whereas flop 

isoforms are upregulated postnatally (Monyer et al., 1991). The advantage conferred by 

possessing both flip and flop isoforms could be related to their different functional 

characteristics, such as faster desensitization in flop isoforms (Mosbacher et al., 1994), or 
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variability in their assembly and surface expression (Greger et al., 2006). Indeed, these factors 

appear to come together, as differences in alternative splicing have been proposed to alter 

AMPAR subunit composition and re-shape the profile of the AMPAR-mediated postsynaptic 

potentials following activity deprivation (Penn et al., 2012). Yet, there have been no clear 

illustrations of a property that is entirely unique to one isoform or another.  

 We found that the anion-induced regulation of receptor compression and accelerated 

desensitization occurs in GluA2i, but much less so in GluA2o receptors. As a result, there is a 

means of selectively regulating the gating of flip isoform AMPARs. To what extent flip subunit-

containing AMPARs may undergo vertical extension and compression in vivo is unclear, because 

the bromide and iodide ions we used to induce compression were not assessed at physiological 

concentrations. Typically, bromide is found at trace levels in serum, becoming toxic above 10 

mM (Sourkes, 1991), while serum iodide concentrations are in the 50 nM range (Saller et al., 

1998). At the same time, it is still feasible that some endogenous molecule may act in a manner 

similar to bromide and iodide ions. Bicarbonate, phosphate, and sulfate ions, along with organic 

anions, combine with chloride to dictate the ionic environment of the blood (Kraut and Madias, 

2007), meaning several other charged molecules could act as modulators. Another possibility is 

that apo state GluA2i receptors did undergo dynamic rearrangements with chloride bound, but 

they were too brief to detect based on the AFM scan rate (~ 20 Hz), whereas the equilibrium 

between different states was altered in the presence of other anions. Ultimately, more 

investigation will be required to decipher the nature of distinct apo state conformations in 

AMPARs, and why they display isoform selectivity. 
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METHODS  

Electrophysiology 

HEK293 cells were used to recombinantly express GluA2 AMPAR subunits for outside-

out patch recordings. Unless otherwise noted, the Q/R unedited, flip isoform of subunits was 

used, and residue numbering includes the signal peptide. Mutant receptors were generated using 

site-directed mutagenesis. External and internal recording solutions typically contained (in mM): 

150 NaX (X = halide ion), 5 HEPES, 0.1 CaCl2, 0.1 MgCl2, and 2% phenol red at pH 7.4, and 

115 NaCl, 10 NaF, 5 HEPES, 5 Na4BAPTA, 0.5 CaCl2, 1 MgCl2, and 10 Na2ATP at pH 7.4, 

respectively. Sucrose was supplemented to maintain the osmotic pressure at 300 mOsm. L-Glu 

was typically applied at 10 mM and CTZ at 100 µM.  

Recording pipettes were comprised of borosilicate glass (3-5 MΩ, King Precision Glass, 

Inc.) coated with dental wax. The reference electrode was connected to the bath via an agar 

bridge of 3M KCl. Agonist solutions were applied using a piezo-stack driven perfusion system, 

and measured solution exchange time was under 400 µs. Series resistances (3-15 MΩ) were 

routinely compensated by 95%. All recordings were performed using an Axopatch 200B 

amplifier (Molecular Devices, LLC). Current records were low-pass filtered by an 8-pole Bessel 

filter at 10 kHz and sampled at 25-50 kHz. Data were acquired using pClamp9 software 

(Molecular Devices, LLC) and illustrated using Origin 7 (OriginLab Corp.). 

Electrophysiological data were analyzed using Clampfit 10.5 (Molecular Devices, LLC). 

To measure deactivation and entry into desensitization, current decay rates were fitted using 1
st
 

or 2
nd

 order exponential functions of the form y = Ai *exp(-x/τi). Where two exponential 

components were used, time constants are expressed as a weighted mean. To measure recovery 

from desensitization, a two-pulse protocol was delivered using variable interpulse intervals, and 
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the peak amplitude of the second pulse was expressed as a fraction of the first peak. Recovery 

data were fitted with the Hodgkin-Huxley equation y = N0+(1-N0)*(1-exp(-krec*x))^n, where N0 

is the equilibrium response at the end of the first pulse, krec is the recovery rate, and n is an 

exponent that reflects the number of kinetic transitions contributing to the recovery time course. 

The value of n was set to 2 (see (Robert et al., 2005)).  

AMPA receptor purification and AFM imaging 

GluA2 receptors (GluA2i, GluA2o, and GluA2i L504A) used in AFM imaging included a 

hemagglutinin (HA) tag, added by site-directed mutagenesis, to facilitate protein purification. 

The HA tag contained the residues YPYDVPDYA, located after the first amino acid following 

the signal peptide (i.e. between residues 22 and 32). GluA2-encoding cDNA was transfected into 

HEK293T cells using calcium phosphate precipitation. In all cases, 250 μg of DNA was used to 

transfect 5 x 162 cm
2
 flasks. After transfection, cells were incubated for 48 h at 37 °C to allow 

protein expression, and then solubilized in 1% (v/v) Triton X-100 for 1 h at 4 °C before 

centrifugation at 62,000 g in order to remove all insoluble material. HA-tagged GluA2 was 

isolated using anti-HA immunoaffinity chromatography, and the isolated sample was analysed 

using SDS-PAGE followed by silver staining and immunoblotting with a mouse monoclonal 

anti-HA antibody (Covance). 

Chloroform solutions of L-α-phosphatidylcholine (PC) and brain L-α-phosphatidylserine 

(PS; Avanti Polar Lipids) were mixed at a molar ratio of 3:1. The chloroform was then 

evaporated under a stream of nitrogen gas, and the lipids were mixed with 200 μl of purified 

receptor in 2% 3-[(3-cholamidopropyl) dimethylammonio] propanesulfonate (Sigma). The 

mixture was dialysed at 4 °C against HEPES-buffered saline (HBS; 100 mM NaCl; 20 mM 

HEPES-NaOH, pH 7.6) for 2 days, with several buffer changes. The resulting liposome 
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suspension was deposited onto freshly cleaved mica disks. After a 5-min adsorption, the sample 

was rinsed with HBS containing 1 mM CaCl2 to remove unadsorbed liposomes, and then 

transferred to the atomic force microscope. 

AFM imaging under fluid was carried out at room temperature (20 °C) using a Bruker-

AXS FastScan Dimension atomic force microscope. The instrument was set to perform in micro-

volume fluid mode to facilitate buffer exchanges while imaging. All images were collected in 

‘tapping’ mode, using the B triangle of SNL-10 silicon nitride probes (Bruker). The cantilevers, 

with a typical spring constant of 0.25 N/m, were tuned to set a resonance frequency of 110-140 

kHz. The microscope was engaged with a 2-μm scan area to allow for tuning. The setpoint was 

adjusted to the highest setting that allowed imaging with little noise, to minimize the force 

applied to the sample. Images were captured at a scan rate of 20 Hz, and with 512 scan lines per 

area. Individual particles in the images were identified, and particles with heights between 5.5 

and 9.5 nm were taken to represent assembled AMPA receptors. Cross-sections were taken at the 

highest point of each receptor to generate height profiles. Data analysis was performed using the 

Nanoscope analysis 1.5 software. 

Crystallization 

Wildtype GluA2o and N775S (flip-like) mutant LBDs were expressed and purified as 

described previously (Krintel et al., 2014). Crystallization was performed using the vapour 

diffusion hanging drop method at 6 
o
C. The crystallization drop consisted of 1 μl GluA2o-LBD 

solution (5-10 mg/ml) in a buffer containing 10 mM HEPES, 20 mM NaCl, 1 mM EDTA (pH 

7.0), and 1 μl of reservoir solution. Before setting up the crystallization drops, the protein 

solution was mixed with L-Glu to a final concentration of 4 mM (RbBr) or 10 mM (NaBr and 

NaCl), and alkali halide salts to a final concentration of 300 mM. The GluA2o-LBD N775S 
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mutant solution used for crystallization was 4-5 mg/ml and the same buffer contained 0.7 mM or 

4 mM L-Glu accompanying 300 mM NaBr or RbBr, respectively. Crystals used for diffraction 

data collection were obtained at conditions consisting of 18-24.4% PEG4000, 0.2-0.3 M Li2SO4, 

and 0.1 M CH3COONa, pH 5.5 (GluA2o LBD with NaBr or RbBr), 0.1 M cacodylate, pH 6.5 

(GluA2o-LBD N775S with NaBr or RbBr), or phosphate citrate, pH 4.5 (GluA2o-LBD with 

NaCl). 

Data collection and structure determination 

All X-ray diffraction data on GluA2 LBD crystals were collected at Max-Lab beamline 

I911-3 (Lund, Sweden) (Ursby et al., 2013) at 100 K using the following wavelengths (Å): 

0.91949 (GluA2o NaBr); 0.79999 (GluA2o RbBr); 0.91976 (GluA2o-LBD N775S  RbBr); 1.0000 

(GluA2o-LBD N775S NaBr and GluA2o-LBD NaCl). Diffraction images were processed in XDS 

(Kabsch, 2010) or Mosflm within the CCP4 programme suite (Winn et al., 2011). Data were 

scaled and merged using SCALA (Evans, 2006) and the structures were solved by molecular 

replacement in Phaser (McCoy et al., 2007) within CCP4, using GluA2-LBD structures as search 

models (PDB: 3DP6, (Ahmed et al., 2009); and PDB: 4O3A, molA, (Krintel et al., 2014)). 

Initially, the structures were rebuilt in AutoBuild (Terwilliger et al., 2008) within Phenix (Adams 

et al., 2010). Structures were further improved using Coot (Emsley et al., 2010) and refinement 

in Phenix (Afonine et al., 2012). All three refined structures displayed good quality indicators as 

calculated by MolProbity (Chen et al., 2010) within Phenix, with over 98% of residues within 

Ramachandran favoured regions. Figures were prepared with the PyMOL Molecular Graphics 

System (Version 1.7.4, Schrödinger, LLC). 
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MD Simulations 

The GluA2i (PDB: 2UXA; (Greger et al., 2006)) LBD dimer, comprised of chains A and 

C, was used for constructing models for MD simulations. Missing atoms were added in PyMOL 

(Version 1.4) and missing residues were added using Modeller Version 9.12 (Sali and Blundell, 

1993). The R764G mutation was imposed prior to simulation. The LBD dimer was solvated in a 

cubic water box with dimensions (100 Å)
3
 using the TIP3P water model (Jorgensen et al., 1983), 

and subsequently the system was neutralized and 150 mM NaCl was added. MD simulations 

were performed using Gromacs 4.6 (Hess et al., 2008) with the OPLS all-atom force field 

(Jorgensen et al., 1996; Kaminski et al., 2001) as described previously (Dawe et al., 2016). Four 

simulation repeats were produced (a-d), with all being 100 ns, except repeat C, which was 

extended to 200 ns. Analyses were performed using VMD (Humphrey et al., 1996) and Gromacs 

(Hess et al., 2008). Atomic radial pair distribution functions were calculated over the two LBD 

chains for 2000 frames (500 frames from each simulation), using chloride ions as one selection 

and a specific residue (without hydrogen atoms) as the other selection. 

Statistical Methods 

Results are expressed as mean ± SEM. Statistical analyses of sample means were 

performed using unpaired two-sample t tests (assuming unequal variance). A p value < 0.05 was 

considered significant. 
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SUPPLEMENTAL INFORMATION 

 

Figure S3.1 Functional modulation of GluA2 by external anions is mediated by the LBD. 

Supplemental data associated with Figure 3.1.   

(A) Typical current responses of GluA2i ΔATD receptors (patch number 150825p1) to a 250 ms 

application of 10 mM L-Glu in the presence of external NaCl (black), NaBr (light blue), and NaF 

(grey). The responses are also scaled to the same peak amplitude (inset). The uppermost trace 

(black) shows the junction current, recorded with an open patch pipette after the experiment to 

monitor the profile of solution exchange. 

(B) Mean time constants of current decay after a 250 ms L-Glu application (τdes) (left axis), as 

well as mean equilibrium current amplitude (Iequilibrium) as a percentage of the peak response 

(right axis), in the presence of different external anions. Data are mean ± SEM, from six 

independent patch experiments. 

(C) Profile of recovery from desensitization for GluA2i ΔATD receptors in external NaCl (top, 

black) and NaI (bottom, dark blue). The traces are from a two-pulse protocol, during which an 

initial 200 ms application of 10 mM L-Glu desensitized receptors and was then repeated after 

allowing receptors to recover from desensitization for different time intervals. The amplitude of 

the second peak, or test response determines the time course of recovery from desensitization. 

Both conditions were recorded from the same patch experiment (patch number 160428p11). 

(D) Mean time constants of recovery from desensitization for wild-type GluA2i (circle) and 

GluA2i ΔATD (square) receptors, derived from the protocol described above after the relative 

amplitude of the test pulse was fitted with a Hodgkin-Huxley-type equation. Data are mean ± 

SEM, from six (NaI), seven (NaBr), or thirteen (NaCl) patch experiments for wild-type GluA2i, 

or from four (NaI), six (NaBr), or ten (NaCl) independent patch experiments for GluA2i ΔATD. 

 



201 

 

Figure S3.3 GluA2 sensitivity to cyclothiazide persists in different external anions. 

Supplemental data associated with Figure 3.3. 

(A) Side (left) and top (right) views of the GluA2o-LBD N775S dimer (PDB: 3H6T; (Hald et al., 

2009)), showing two CTZ molecules (yellow spheres) bound in the dimer interface. 

(B) Close-up view of an alignment between the CTZ-bound LBD shown in panel A (faint 

yellow) and the GluA2o-LBD N775S crystallized in the presence of RbBr (orange/teal).  

(C) Response of GluA2i receptors to a sustained (250 ms) application of 10 mM L-Glu in 

different external halide ions, prior to the application of CTZ (black) and during (blue) CTZ 

exposure. Responses in NaCl (patch number 160516p4), NaBr (patch number 160512p4), and 

NaI (patch number 160510p4) were obtained from separate patch experiments.  

(D) Mean equilibrium current amplitude (Iequilibrium) of GluA2i receptors, as a percentage of the 

peak response (left axis, grey), in NaCl prior to CTZ application (Con.), or various halide ions in 

the presence of CTZ. The potentiation of the peak current response induced by CTZ in the same 

set of ionic conditions is also shown (right axis, blue). Data are mean ± SEM, from six (NaCl, 

NaI) or seven (NaBr) independent patch experiments.  
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Figure S3.5 A hydrogen bond could account for reduced anion sensitivity in GluA2o receptors. 

Supplemental data associated with Figure 3.5. 

(A and B) Top views of the GluA2o-LBD N775S, or flip-like, dimer (A) and the GluA2o-LBD 

(B) dimer are depicted, including a hydrogen bond between residues Ser750 and Asn775 in the 

latter structure. The two subunits are coloured as orange or teal with surface representation also 

shown (grey).  
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Figure S3.6 The GluA2i S775N and L504A mutations do not influence anion sensitivity of 

recovery from desensitization. Supplemental data associated with Figure 3.5. 

(A-D) Profile of recovery from desensitization is shown for GluA2i L504A in external NaCl (A) 

and NaI (C, patch number 160331p9) as well as GluA2i S775N in external NaCl (B) and NaI (D, 

patch number 160401p15). The traces are from a two-pulse protocol, during which an initial 200 

ms application of 10 mM L-Glu desensitized receptors and was then repeated (black arrows) 

after allowing receptors to recover from desensitization for different time intervals. The 

amplitude of the second peak, or test response determines the time course of recovery from 

desensitization. 

(E and F) Mean current elicited by the test pulse from the recovery protocol described above, 

relative to the initial peak response, for GluA2i L504A (E) and GluA2i S775N (F) mutant 

receptors. The results were fitted with a Hodgkin-Huxley-type equation. Data are mean ± SEM, 

from six (NaI, NaBr) or twelve (NaCl) patch experiments for GluA2i L504A, or from five (NaI, 

NaBr), or nine (NaCl) independent patch experiments for GluA2i S775N. 

(G) Mean time constants of recovery from desensitization for wild-type GluA2i, as well as 

L504A and S775N mutant receptors, derived from the recovery protocol described above. Data 

are mean ± SEM, from the same number of independent patch experiments indicated for panels 

E and F. 
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Table S3.1 Changes in GluA2 receptor height measured by AFM.  

 
 Height Reduction N 

GluA2i Condition 
  

Ion Substitution NaBr 0.74 ± 0.06 12 

 
NaI 0.87 ± 0.11 13 

L-Glu  NaCl 0.69 ± 0.11 11 

 NaBr 0.25 ± 0.05 14 

 NaI 0.18 ± 0.06 12 

CTZ (background) NaCl+L-Glu -0.03 ± 0.07 14 

 NaCl to NaBr 0.45 ± 0.19 6 

 NaCl to NaI 0.66 ± 0.05 13 

CNQX (background) NaCl+L-Glu -0.10 ± 0.07 12 

GluA2o  
  

Ion Substitution NaBr 0.06 ± 0.06 12 

 
NaI 0.12 ± 0.06 15 

L-Glu NaCl 0.61 ± 0.07 10 

 
NaBr 0.70 ± 0.14 10 

 
NaI 0.59 ± 0.11 11 

GluA2i L504A  
  

Ion Substitution NaBr 0.08 ± 0.06 15 

 
NaI 0.04 ± 0.13 10 

L-Glu NaCl 0.69 ± 0.07 14 

 
NaBr 0.62 ± 0.11 10 

 
NaI 0.74 ± 0.10 10 

    

        

Cyclothiazide (CTZ) was present at 100 μM in the background, while CNQX was present at 500 

μM to ensure saturation of receptors. The number of receptors measured in each condition (N) is 

indicated, and values are reported as mean ± SEM. 
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Table S3.2 Data collection and refinement statistics for GluA2 LBD structures.  

 GluA2o  
NaBr 

GluA2o  
RbBr 

GluA2o  
NaCl

*
 

GluA2o N775S  
RbBr 

GluA2o N775S  
NaBr

*
 

Data collection      
Space group P2 P 21 21 2 P2 C2 C2 
Cell dimensions      
(a,b,c,β) 

(Å, )  
104.8, 47.6,  
124.15, 113.4 

64.1,90.8,  
47.8, 90.0 

67.0, 47.2,  
95.8, 95.6 

123.0, 47.5,  
49.8, 110.2 

122.7, 47.5,  
49.7, 110.1 

Resolution (Å) 
 

39.1-2.00 
(2.11-2.00) 

30.3-1.68  
(1.77-1.68) 

47.7-1.48  
(1.56-1.48) 

46.8-1.75  
(1.84-1.75) 

46.7-1.60 
(1.69-1.60) 

Rmerge (%) 10.5 (29.0) 10.1 (38.2) 5.1 (35.5) 7.4 (37.3) 5.0 (41.4) 
I/σI 5.4 (2.3) 5.4 (1.9) 10.7 (2.1) 7.5 (1.8) 12.3 (1.9) 
Completeness (%) 100 (100) 100 (100) 97.6 (83.6)  100 (100) 99.8 (98.5) 
Redundancy 6.0 (6.0) 8.1 (8.2) 4.8 (2.5) 5.0 (4.7) 4.0 (2.9) 
      
Refinement      
Resolution (Å) 37.97-2.00 30.21-1.68  34.35-1.75  
No. reflections 76965 32476  27413  
Rwork / Rfree (%) 17.25/22.47 11.49/16.60  12.16/19.87  
No. atoms      
    Protein 8289 2130  2089  
    Ligand/ion 116 43  30  
    Water 734 383  323  
B-factors (Å

2
)      

    Protein 27.87 12.26  20.85  
    Ligand/ions 51.80 40.21  55.29  
    Water 30.02 29.78  35.65  
R.m.s. deviations      
    Bond lengths (Å) 0.024 0.010  0.009  
    Bond angles () 1.11 1.20  1.18  

Values in parentheses are for highest-resolution shell. *After data collection, the structure was 

solved by molecular replacement in PHASER and initially refined using AutoBuild in Phenix. 

After inspection of possible sodium in potential cation binding sites, no further refinements were 

carried out as the structures were considered redundant.
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DISCUSSION 

 A few topics pertaining to my research were too broad in scope to discuss in the 

manuscripts that comprise the results chapters of this thesis. I will attempt to address some of 

them here in three subsections. Moreover, at the end of each subsection, I will also suggest some 

experiments that could be done to shed light on the issues at hand. It is my hope that this broader 

discussion enagages readers who may not see the direct appeal of ion channel biophysics, but 

still appreciate the importance of studying the iGluR protein family.  

First, underlying all of my electrophysiological measurements is the fast gating of 

AMPAR and KAR complexes. The ability of a protein to bind another molecule and open an ion 

channel within a fraction of a millisecond is no trivial feat. Of course, this speed has not always 

been present in iGluR progenitors, and it is worthwhile to consider how and why they evolved 

faster activation and desensitization. On a related subject, what are the consequences if AMPAR 

desensitization is attenuated or blocked entirely? In order to justify the study of desensitization in 

excruciating structural detail, I think it is useful to explain why the process is critical in vivo. As 

it turns out, there have also been interesting therapeutic benefits derived from synthetic 

molecules that modulate (i.e. inhibit) AMPAR desensitization. Finally, the use of ions as an 

experimental tool to investigate channel gating is prevalent throughout my thesis. Similar to 

AMPARs and KARs, many other membrane proteins are modulated by external ions. I will tour 

through several LGIC and GPCR families to explore this common mode of allosteric regulation, 

and how it fulfills unique functions to fine-tune protein activity. 
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1. The evolution of fast gating in AMPARs 

 All of the critical functions of the nervous system, including sensory perception, 

movement, learning, and memory, are dependent upon signal processing -usually of a chemical 

nature- at synaptic connections (Jessell & Kandel, 1993). As a functional unit, the chemical 

synapse can be thought of as a series of rapid reactions: the action potential, followed by 

calcium-mediated vesicular release, neurotransmitter receptor activation, and transmitter removal 

from the synaptic cleft. It is necessary for all of these steps to involve low-affinity interactions, 

or else the rapid cycle of neurotransmission, and by extension the function of the nervous 

system, would grind to a halt (Dunant & Bloc, 2003). If AMPAR affinity for glutamate was even 

ten-fold higher, receptors might still be agonist-bound at the time of the next vesicular release 

(due to slow deactivation or recovery from desensitization), rendering them unable to “sense” the 

second round of glutamate. As a result, some information relayed by presynaptic axons would 

either be lost or improperly integrated on the postsynaptic side, rendering high-frequency signal 

transduction ineffective.  

Given the central importance of AMPARs for rapid information processing in 

mammalian neurons, it is interesting that iGluR genes encoding functional ion channels are also 

found in plants (Lam et al., 1998; Tapken et al., 2013), as well as prokaryotes (Chen et al., 1999). 

The occurrence of iGluRs prior to the evolution of the animal nervous system means that their 

ancestral versions likely had entirely different functions. For example, exogenous glutamate 

application modulates root growth in Arabidopsis (Walch-Liu et al., 2006), while the iGluRs of 

the primitive animal Trichoplax have been speculated to sense the amino acid as a nutrient signal 

in the surrounding environment (Jorgensen, 2014). Even if their physiological roles are unclear, a 

number of iGluRs from diverse animal and plant phyla have been functionally characterized; 



209 

 

illuminating the evolutionary changes these proteins have undergone to suit the modern, 

mammalian brain.  

The first prokaryotic iGluR to be studied in isolation was “GluR0” from the 

cyanobacterium Synechocystis, and though it responds to glutamate, its pore is selective for 

potassium ions (Chen et al., 1999). This selectively is not entirely surprising, as earlier sequence 

analysis had been used to argue that iGluRs likely arose when the pore of a potassium channel 

precursor was incorporated into an amino acid-binding protein (Wo & Oswald, 1995). Perhaps 

more unexpected was the slow gating of GluR0, which activated and deactivated over an 

approximately ten-fold greater time scale than mammalian GluA2 (Chen et al., 1999). Since then 

iGluRs from other primitive animals, including the rotifer Adineta vaga (Lomash et al., 2013) 

and comb jelly Mnemiopsis leidyi (Alberstein et al., 2015), have been shown to possess 

extremely slow gating kinetics, with recovery from desensitization on the scale of minutes. 

Although rotifers possess a simple nervous system, A. vaga GluR1 is not thought to be a 

neurotransmitter receptor, because it exhibits little agonist specificity, activating in response to 

several polar and hydrophobic amino acids (Janovjak et al., 2011). In contrast, the nematode 

Caenorhabditis elegans possesses iGluRs with greater biophysical similarity to their mammalian 

counterparts, desensitizing in tens of milliseconds and recovering over several seconds (Mellem 

et al., 2002). Could these more rapid state transitions reflect the fact C. elegans uses glutamate as 

a bona fide neurotransmitter to mediate withdrawal movements in response to mechanical 

stimulation (Brockie & Maricq, 2006)?  

A correlation appears to exist between the presence and/or utility of the nervous system 

in animals and the time scale of iGluR gating -though the number of species whose receptors 

have been examined recombinantly is still rather small. Since iGluRs were present in the 
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precursor species to modern animals, it is interesting that they have been subsequently lost in 

Porifera (sponges), which do not possess a nervous system (Srivastava et al., 2010). 

Alternatively, for more complex animals, it seems as though iGluRs were useful to keep around, 

especially for CNS signaling. Indeed, a sharp increase in the number of iGluR genes occurred 

between the common ancestor of chordates and that of vertebrates (Liebeskind et al., 2015), a 

subgroup that uniquely concentrates command of the nervous system at the brain. One can 

imagine that as the vertebrate brain evolved to house more complex neuronal circuitry, along 

with an expanding number of synapses, rapid neurotransmitter processing was required to 

maintain timely responses to incoming information. Not unrelated to that idea, there may also 

have been selective pressure to develop faster reactions to external stimuli as predator-prey 

interactions intensified and survival was at stake. In any case, ancestral iGluRs -or what would 

become AMPARs- seem to have been selected as an ion channel template though which 

evolution engineered faster chemical neurotransmission.   

Because the LBD of several primitive iGluRs has been crystallized, it is possible to 

speculate on the structural changes that this domain has undergone to accommodate faster gating.  

For instance, it has been noted that within the agonist-binding cleft of mammalian AMPARs, 

cleft closure is mediated by a network of D1-D2 hydrogen bonds, involving either water 

molecules or direct interactions between amino acids (Zhang et al., 2008). Yet in the M. leidyi 

structure, a cross-cleft salt bridge that is absent from other iGluRs contributes to high apparent 

agonist affinity and slow recovery from desensitization (Yu et al., 2016). Accordingly, the 

replacement of fixed, chemical interactions with bonding to free water molecules could have 

served to reduce agonist affinity and permit rapid neurotransmitter unbinding at the synapse 

(Plested, 2016). A second adaptation for speed appears to be a modification of cross-dimer 
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interactions, which may in turn account for faster desensitization. Remarkably, Synechocystis 

GluR0 and A.vaga GluR1 both possess a lysine at the equivalent position of the mutant residue 

in GluK2 D776K, which does not exhibit desensitization (Nayeem et al., 2009; Dawe et al., 

2013, results chapter 1). In all three cases, the lysine would be expected to form contacts with 

negatively charged groups on the opposing subunit, and based on the KAR mutant phenotype, 

the location of the lysine appears to be a very strong position from which to hold together the 

dimer. The electrostatic interactions that form interface of wildtype GluA2 and GluK2 are 

somewhat lower, and they are sufficiently unstable that a few key mutations (GluA2) or the 

removal of allosteric ions (GluK2) leaves little time for activation before the onset of 

desensitization (Dawe et al., 2016, results chapter 2). In this sense, the modern iGluR interfaces 

could be described cynically as “built to fail,” at least after glutamate has bound for a few 

milliseconds. 

Because a systematic structural comparison of iGluR LBDs across extant animal species 

is currently unavailable, it is useful to pinpoint some experiments that might corroborate the 

informal hypothesis above: less stable inter-domain and inter-subunit interactions have provided 

the structural flexibility to achieve the rapid iGluR gating cycle of modern mammals. One 

investigative approach might be to introduce mutations in the LBD dimer interface that convert 

mammalian residues to their more primitive counterparts, and simultaneously measure the 

consequences for channel function, as well as dimer assembly, via ultracentrifugation. If such 

perturbations produced lower dissociation constants of dimerization they would support an 

evolutionary path that relied on weakening of the dimer interface to achieve faster 

desensitization. Likewise, mutations that form stronger cross-cleft interactions and increase 

apparent agonist affinity (like the salt bridge in M. leidyi) would be interesting to examine in 
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recombinant systems and also in vivo. Presumably, there would be some deficit in high-

frequency synaptic transmission, since agonist unbinding would be too slow to allow recovery to 

a resting state capable of response to further rounds of neurotransmitter release. In this regard, a 

link could be provided between the nature of the agonist-binding cleft and the suitability of 

iGluRs for fast neuronal signaling.  

 

2. The role of AMPAR desensitization in vivo  

The rate of desensitization is known to shape how iGluRs respond to high-frequency 

synaptic transmission (i.e. Raman & Trusell, 1995). At the same time, if neurotransmitter 

molecules can unbind from their receptors prior to the onset of desensitization, a greater 

proportion of receptors should remain in a naïve state that is capable of responding to the next 

vesicular release. For GluA2 AMPARs this scenario is indeed relevant, because desensitization 

occurs at a relatively slow rate, ensuring that sizeable responses to 1 ms glutamate pulses can be 

maintained, even at high (i.e. 100 Hz) frequencies (Rozov et al., 1998). In contrast, the time 

constant of GluA1 desensitization (~ 2.0-2.5 ms) is fast enough (Bowie, 2002) that a 1 ms 

glutamate pulse will desensitize many receptors, and responses to high-frequency stimulation are 

subject to the rate of recovery from desensitization (Rozov et al., 1998). As such, ESPC 

amplitudes become depressed when measured in quick succession (Trussell et al., 1993), 

probably due to the large contribution of heteromeric AMPARs. By (almost) eliminating 

desensitization, CTZ can drastically reduce this paired-pulse depression (Trussell et al., 1993), 

though the synaptic effects of such drugs are predictable. A more interesting problem arises from 

the consequences of attenuating AMPAR desensitization, when assessed at the level of the entire 
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nervous system.  As it turns out, numerous groups have addressed this question using 

pharmacological agents that prevent desensitization, as well as genetic manipulations.  

A relatively straight-forward intervention involving the injection of CTZ into the brains 

of freely moving rats produced seizure activity (Kong et al., 2010), as might be expected if 

neuronal excitation is totally unfettered.  In spite of this observation, it is not clear if the removal 

of AMPAR desensitization was the culprit, because CTZ also directly inhibits GABA-A 

receptors (Deng & Chen, 2003), which could still cause greater net excitation. Another 

confounding action of CTZ is that it doubles the time constant of deactivation (after a 1 ms 

glutamate pulse) for recombinant AMPARs (Partin et al., 1996), and accordingly slows EPSC 

decay (Trussell et al., 1993). As mentioned above, the increase in apparent affinity of CTZ-

bound AMPARs for glutamate could be detrimental for the maintenance of high-frequency 

glutamatergic signaling. However, an alternative to drug injection was realized with the creation 

of a heterozygous GluA2 L/Y mutant mouse -the homozygous mutation was lethal (Christie et 

al., 2010). Perhaps because the non-desensitizing L/Y mutation was only present in one AMPAR 

gene, its effects were attenuated, but importantly, basal synaptic transmission was relatively 

normal, including EPSC decay rate. Interestingly, these mice also displayed frequent seizures 

and died within a few weeks after birth (Christie et al., 2010). An even more extreme, 

constitutively active receptor, produced by the “Lurcher” mutation near the channel pore, can 

also be thought of as restricting desensitization (Klein & Howe, 2004), and results in lethality 

after birth because of excitotoxic cell death. As such, there seems to be a consistent, epileptic 

and/or excitotoxic phenotype associated with reduced AMPAR desensitization, though to what 

extent individual receptors resisted desensitization is unclear from these in vivo studies.   
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There has also been great interest in molecules that reduce AMPAR desensitization for 

therapeutic use. Just about any chemical will be toxic at a high enough dose, but that does not 

preclude such chemicals being beneficial under other conditions. CTZ itself does not readily 

cross the blood-brain barrier, preventing its use in neurological interventions (Black, 2005). 

Nevertheless, several compounds with similar binding sites and functional effects have been 

investigated as cognitive enhancers. Aniracetam has long been approved for clinical use in some 

jurisdictions, as there are numerous studies reporting its ability to alleviate cognitive deficits in 

conditions like Alzheimer’s disease, at least to a moderate extent (Lee & Benfield, 1994). Based 

on the promise of finding a more potent and/or efficacious derivative of aniracetam, the CX class 

of molecules known as “ampakines” was developed. CX-516 acts by slowing the deactivation 

and desensitization of neuronal AMPARs (Arai et al., 1996), and its application can improve 

memory in rodents (Granger et al., 1996), as well as human subjects (i.e. Lynch et al., 1996). 

Unfortunately, its short half-life and low potency have suppressed interest in its therapeutic 

application (Black, 2005). 

 Around the same time that ampakines first appeared, two AMPAR modulators from other 

structural classes were also investigated as cognitive enhancers. Specifically, the 

benzothiadiazide IDRA-21 (related to CTZ) and the sulfonylamino compound PEPA both 

potentiate AMPAR current responses, as well as improve rodent performance on the water maze 

task (Zivkovic et al., 1995; Sekiguchi et al., 1997; Sekiguchi et al., 2001). More sensitive 

electrophysiological examination revealed that IDRA-21 has the dual effects of slowing 

deactivation and blocking desensitization of neuronal AMPARs (Yamada et al., 1998). 

Meanwhile, PEPA reduces the extent of desensitization of recombinant AMPARs, but not their 

rate of desensitization or deactivation (Sekiguchi et al., 2002). Though their biophysical and 
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behavioural effects are broadly similar to the ampakines, IDRA-21 and PEPA were not put into 

clinical trials (Black, 2005). As a result, the search for a miracle AMPAR modulator is ongoing. 

  From a drug discovery perspective, it is encouraging that IDRA-21, PEPA, and CX-516 

were all crystallized in the LBD dimer interface of GluA2 AMPARs (Ptak et al., 2009; Ahmed et 

al., 2010; Krintel et al., 2013), where CTZ and aniracetam interact. One of the so-called “LY” 

compounds (created by Lilly), part of a class of biarylpropylsulfonamide AMPAR potentiators 

(Ornstein et al., 2000), binds in a similar manner to PEPA (Sobolevsky et al., 2009), and its 

companion molecules have exhibited diverse anti-depressant, neuroprotective, or cognitive 

effects in preclinical testing (Black, 2005). This suggests that the rational design of compounds 

targeting the LBD dimer interface may be a reasonable strategy to combat several neurological 

conditions. So far, four binding modes have been reported amongst AMPAR modulators that 

reside in the interface (Pohlsgaard et al., 2011), meaning many interactions could be exploited to 

engineer the ideal modulatory compound.  

 Returning to the original matter of the kinetics of AMPAR desensitization, it seems 

problematic that these receptors inactivate so rapidly, when there are many apparent benefits 

derived from synthetic molecules that hold together the LBD dimer interface and delay 

desensitization. Assuming that human AMPAR precursors evolved faster gating over time, why 

was a protein structure that maximized cognitive performance not selected for? It is possible that 

selective pressure for greater cognition was just not that great, or else achieved in other genes. 

Alternatively, the increased charge transfer gained by slowing AMPAR deactivation and 

desensitization might somehow occlude synaptic plasticity. Given the preservation of LTP and 

LTD in the presence of ampakines (Arai et al., 2004), as well as a normal LTP amplitude in the 

GluA2 L/Y mutant mouse (Christie et al., 2010), that possibility does not appear to be the case. 
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All the same, it is clear that AMPAR desensitization makes an important contribution to 

glutamatergic signaling, both in vitro and in vivo. In this regard, structural models of iGluR 

desensitization are relevant far outside the biophysical realm.  

One area where desensitization has not been thoroughly explored in vivo concerns flip 

versus flop alternative splicing. The only clear biophysical difference between the two isoforms 

appears to be the faster desensitization of flop-type receptors, for GluA2-4 subunits at least 

(Mosbacher et al., 1994). Because the three amino acid residues that contribute to this phenotype 

are known (Quirk et al., 2004), it would be fascinating to genetically convert one form to the 

other and gauge what, if any, synaptic and behavioural effects might arise. Though the design of 

this experiment is complicated, owing to multiple alternatively spliced residues across multiple 

subunits, a rigorous approach is likely required to determine why both isoforms exist 

simultaneously, rather than only one.   

Presumably, if mammals were to have only flip or flop AMPAR isoforms there would be 

negative consequences. In support of this idea, an increase in the ratio of flip versus flop mRNA 

has been associated with excitotoxic cell death in multiple studies (e.g. Pollard et al., 1993; Park 

et al., 2016). On a more functional level, changes in flip/flop mRNA expression coincided with 

an enhanced summation of EPSPs in response to neuronal activity deprivation (Penn et al., 

2012). Though the latter results were intriguing, it appears as though altered splicing itself did 

not achieve synaptic plasticity, but instead provided a means to influence subunit assembly. At 

this juncture, it is unknown why the composition of AMPAR complexes might be regulated 

through differential alternative splicing, when numerous other postsynaptic proteins can directly 

regulate the trafficking and localization of specific subunits. However, the role of flip/flop 

splicing is likely to become better understood through big-data approaches like transcriptomics, 
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which can quantify the abundance of each isoform, as well as more powerful genetic tools (i.e. 

CRISPR) to manipulate the isoforms. 

 

3. Allosteric ions as a tool to regulate agonist binding and gating 

 The occurrence of modulatory ion-binding sites outside the channel pore is by no means 

unique to iGluRs. In fact, there are far more known interactions between extracellular ions and 

membrane proteins than there is space to discuss them here -and probably many interactions still 

to be identified. The reason for this perhaps stems from the ubiquity of ions in the extracellular 

environment (i.e. sodium, chloride, and others), combined with the abundance of charged and 

polar amino acid residues on the solvent-facing surface of proteins. Because the ions are already 

present, and it is easy enough -in evolutionary terms, over millions of years- to engineer a protein 

surface or agonist-binding cavity, why not use them as an extra layer of regulation over protein 

signaling? In an attempt to provide a quick survey of the diverse mechanisms through which 

allosteric ions can influence protein behaviour, a few examples of their effects on agonist 

binding, as well as gating and signaling, at LGICs and GPCRs will be highlighted.   

3.1 Examples of allosteric ions at LGICs 

Multiple LGIC families have exploited extracellular zinc ions to regulate their 

responsiveness to agonists (i.e. NMDARs). Because zinc is released from synaptic vesicles at 

micromolar concentrations (Sensi et al., 2011) it could in theory be quite useful to tune receptor 

responses in conjunction with presynaptic activity. Along these lines, zinc potentiates ATP-

induced currents in neurons (Li et al., 1993) by causing a leftward shift in the D-R curves of 

several P2X receptor subunits (i.e. Brake et al., 1994; Soto et al., 1996). A structural picture of 

this modulation is beginning to emerge, as subunit-specific zinc-binding sites have been 
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identified at the inter-subunit interface of P2X2 (Nagaya et al., 2005), as well as the central cavity 

between the three subunits of P2X4 (Kasuya et al., 2016). For the latter site, MD simulations 

predict that zinc binding promotes channel opening by increasing the pore radius (Kasuya et al., 

2016). There is also a physiological importance of zinc in purinergic signaling, as P2X 

antagonists have been shown to prevent zinc-induced augmentation of LTP amplitude at the 

CA3-CA1 synapse (Lorca et al., 2011). 

A second LGIC target of zinc is the glycine receptor (GlyR), where low (~ 1 μM) and 

high (~ 100 μM) concentrations of the cation respectively potentiate and inhibit current 

responses (Bloomenthal et al., 1994; Laube et al., 1995). As with the P2X2 receptor, mutagenesis 

revealed a pair of N-terminal histidine residues on the GlyRα1 subunit to be responsible for 

coordinating zinc and mediating inhibition (Harvey et al., 1999), though other nearby residues 

have also been identified as forming a separate “potentiation site” (Laube et al., 2000). The 

inhibitory site is found at the inner subunit interface and thought to restrict multi-subunit 

rearrangements that coincide with activation (Miller et al., 2008). The potentiation site, 

meanwhile, faces outward (Miller et al., 2008). In order to assess the impact of GlyR potentiation 

by zinc in vivo, knockin mice with a point mutation at the potentiation site were generated. These 

mice turned out to be more prone to tremors and have an enhanced acoustic startle response, 

similar to hyperekplexia in humans (Hirzel et al., 2006). 

A third LGIC family, comprised of the acid-sensing ion channels (ASICs), has been 

investigated recently as a target of anion modulation. This line of research was spurred by the 

first ASIC crystal structure (of ASIC1a), which placed a single chloride ion in the large, 

extracellular domain of each subunit (Jasti et al., 2007). Electrophysiological characterization of 

the ASIC1a subunit determined that substitution of external chloride with larger anions 
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(bromide, iodide, and methanesulfonate) accelerated current decay during concentration jumps to 

low pH, establishing a relationship between ionic radius and desensitization rate (Kusama et al., 

2010). Moreover, the mutation of residues predicted to interact with chloride abolished the 

gating effect of anion substitution (Kusama et al., 2010). Despite this finding, anion modulation 

of the ASIC2a and ASIC3 subunits is largely insensitive to the same mutations, and does not 

follow the same size relationship as ASIC1a, perhaps accounting for the differential anion 

sensitivity of neuronal receptors, thought to be comprised of ASIC1a/ASIC3 heteromers 

(Kusama et al., 2013).  

3.2 Examples of allosteric ions at GPCRs 

Amongst class A GPCRs, there are numerous instances of agonist binding under 

allosteric regulation by sodium ions (Katrich et al., 2014). The phenomenon was first noted in 

native opioid receptors, for which agonist binding was inhibited at high sodium chloride 

concentrations (Pert et al., 1973). A similar effect occurs in adenosine receptors, but the sodium 

dependence of binding could be abolished through the mutation of a conserved aspartate residue 

in the second transmembrane helix (Barbhaiya et al., 1996).  Interestingly, this site has been 

identified through mutagenesis as an important mediator of sodium regulation in many class A 

GPCRs (Katrich et al., 2014). Yet it was using the A2A adenosine receptor that sodium was first 

crystallized within the central, water-filled cavity between the transmembrane helices, partially 

coordinated by the conserved aspartate (Liu et al., 2012). This A2A receptor was also bound by a 

competitive antagonist, and comparison with a previously crystallized agonist-bound receptor 

revealed that the sodium pocket is collapsed in the active state (Liu et al., 2012). Additional 

computational analysis has since been used to propose that agonists and sodium ions bind to 

entirely distinct conformational states of the receptor (Gutierrez de Teran et al., 2013)   
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Ions also regulate agonist binding at mGluRs, a subfamily of class C GPCRS. For the 

group I mGluR subunit mGluR1, increasing extracellular calcium enhances the agonist response 

(EC50 [Ca
2+

] ~ 5 mM), and in some cases has been claimed as sufficient to activate the receptor 

(Saunders et al., 1998; Kubo et al., 1998). Site-directed mutagenesis and computational 

modelling from existing structures have suggested that calcium resides adjacent to the agonist-

binding site, at the hinge of the extracellular domain (Kubo et al., 1998; Jiang et al., 2010). The 

assignment of this position is consistent with radioligand binding assays that have demonstrated 

quisqualate binding to mGluR1 is nearly eliminated, unless divalent ions are present in the buffer 

solutions (Kuang & Hampson, 2006).  

3.3 Ion binding at GluK2 and GluA2 receptors in relation to other membrane proteins 

Two themes seem to emerge from the brief, though by no means exhaustive, survey of 

allosteric ion binding at LGICs and GPCRs. The first is that ions are often found in the vicinity 

of LGIC subunit interfaces (e.g. Jasti et al., 2007; Miller et al., 2008; Kasuya et al., 2016). It 

could be that ions bound at inter-subunit interfaces are just more readily detectable, if they play a 

part in subunit assembly and stabilize protein interaction surfaces in a manner amenable to 

crystallization. An alternate view is that more ion-binding sites actually occur at interfaces, since 

they are better sites for allosteric modulation. Indeed, this should be the case for the dynamic 

LBD layer of AMPARs and KARs.  

The second, notable facet of ion interactions is that they often appear to regulate agonist 

binding in a positive or negative manner. For the GluK2 KAR, which has been carefully 

scrutinized in response to ion modulation, it is unclear that such regulation occurs. The sodium-

binding pocket of GluK2 is outside of the agonist-binding cleft (Plested et al., 2008), though the 

two sites are close to each other. Complicating this matter is that glutamate-evoked D-R curves 
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constructed in different external sodium chloride concentrations display a bell-shaped 

relationship between ion concentration and the EC50 value (Bowie, 2002). In other words, it is 

difficult to infer a simple cooperativity mechanism between agonists and allosteric ions from 

these data. To take a more extreme case, background glutamate can still desensitize wildtype 

GluK2 receptors in the absence of external monovalent ions, such that a concentration jump into 

150 mM sodium chloride will not produce any current response (Wong et al., 2006). 

Consequently, ion binding does not appear to be a prerequisite for agonist binding.  

As an alternative possibility, could sodium somehow facilitate agonist binding to GluK2 

KARs, as zinc does for P2X receptors? Increasing external sodium chloride concentration does 

slow GluK2 deactivation (Bowie, 2002), evidence of a greater apparent affinity for glutamate.  

However, a more plausible explanation for such behaviour is that desensitization becomes faster 

at lower ion concentrations, dominating the phenotype of a 1ms agonist pulse where deactivation 

would normally be measured. Data from MD simulations suggest that the initial structural 

rearrangements corresponding to desensitization occur when sodium is removed from LBD 

environment (Dawe et al., 2013, results chapter 1). All the same, it is unclear exactly how much 

faster these transitions might occur as ion concentrations are dropped from physiological levels. 

One experimental avenue that could provide more structural information about ion 

modulation of KAR gating is AFM. Since global conformational changes associated with 

AMPAR desensitization have been detected by AFM, as reported in this thesis (Dawe et al., 

2016, results chapter 3), it seems feasible that the method could also measure whether similar 

changes are induced by ion exchange at GluK2 KARs. One might expect that solution exchange 

between sodium and another, poorly binding cation species would produce vertical compression 

if receptors are transitioning to some conformationally unique inactive state -assuming there is a 
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resemblance to the compressed desensitized states observed across iGluR subfamilies. 

Alternatively, structural sensitivity to ions may only occur once agonist molecules are also 

bound, or manifest in different forms that are not so easily detected on a single axis of measure. 

For anions acting at GluA2 AMPARs, it is interesting that conformational changes 

occurred in the absence of agonists, while gating effects were specific to agonist-induced 

desensitization. Rather than being two unrelated phenomena, mutation of the same residues 

(produced by GluA2o splicing) attenuated both effects, suggesting that a single anion binding site 

is responsible for the structural and functional variation, even if desensitization kinetics are not 

causally related to receptor compression. Though bromide ions were crystallized in the GluA2 

LBD dimer interface, there were no positively charged residues coordinating the anions, distinct 

from the chloride-bound ASIC structure (Jasti et al., 2007). Nevertheless, anion substitution has 

similar functional effects on certain subunits within these protein families. Notably, for ASIC1a 

and GluA2 receptors alike, larger halide ions accelerate desensitization, despite minimal effects 

on deactivation (MacLean et al., 2016; Dawe et al., 2016, results chapter 3). Because both anion 

sites are located at an inter-subunit interface (Jasti et al., 2007; Dawe et al., 2016, results chapter 

3) it is possible that the anions act through a common mechanism to disrupt contacts that are 

critical for maintaining the activated subunit assembly. Of course, more will have to be learned 

about the structural mechanism of ASIC desensitization to pinpoint the precise role of anions in 

this process.  
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4. CONCLUSION 

In PART I of this thesis, I have revisited the literature describing glutamate receptors, 

which spans from the early characterization of glutamate-evoked currents in the CNS to quite 

recent, atomic-resolution structural mechanisms of receptor activation. I have also tried to relay 

how the biophysical properties of isolated iGluRs can explain the functional phenotype of 

synaptic iGluRs. Within PART II of this thesis are three results chapters that contain my 

experimental observations. Using patch-clamp electrophysiology to measure currents from 

recombinantly expressed iGluR subunits, I have been able to demonstrate that interactions at the 

apex of the LBD are critical to keep glutamate-bound AMPARs and KARs in an activated (i.e. 

open-channel) conformation, defined by intact LBD dimers. For KARs, allosteric sodium ion 

binding fulfills this role, whereas in AMPARs an endogenous network of electrostatic 

interactions helps to stabilize dimers. I also identified a site of auxiliary protein interaction at the 

base of the AMPAR LBD, which helps to prolong receptor activation. Meanwhile, my final 

results chapter describes a novel mechanism, whereby anions can interact at the AMPAR LBD, 

inducing conformational changes in apo state (i.e. resting) receptors that shape the time course of 

channel gating after glutamate binds. It should be noted that my present interpretation of the 

results mentioned above would not have been possible without the structural and computational 

techniques of collaborators. Finally, in PART III of this thesis I have discussed several topics 

related to my results, including the evolution of rapid iGluR gating, the importance of AMPAR 

desensitization in vivo, and the occurrence of allosteric ion-binding sites amongst several 

families of ion channels.  

 As a “take home message” for readers of this thesis, I would like to relay the point there 

is always something to be learned from more in-depth exploration of an existing idea. It is easy 
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to look at the current set of intact iGluR crystal structures, conclude that they illustrate the 

structural basis of channel gating, and avoid the subject further. However, it is only through the 

painstaking manipulation (i.e. mutation) of various positions within a structural framework, and 

the electrophysiological measurement of those manipulated forms that one can advance the ideas 

of static, often heavily-modified structures toward physiological relevance. It has long been 

appreciated that the LBD plays in important role in iGluR gating, as it must transduce agonist 

binding into channel opening. What I hope to have done is introduced an extra degree of 

specificity to this idea, identifying individual amino acid residues that allow the LBD to 

coordinate activation. It is also my hope to have “broken down” the LBD, so it can be seen as a 

dynamic domain, comprised of many distinct sites that each plays a part to set the duration of 

channel activity. 
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5. SUMMARY OF ORIGINAL CONTRIBUTIONS 

I. I found that the GluK2 D776K mutant receptor exhibited single-channel responses with a near-

maximal open probability and a conductance matching that of the wildtype receptor. This 

contrasted with the unexpected behaviour of GluK2 Y521C/L783C channels that my colleagues 

had described previously (PART II, Chapter 1). 

II. We found that the subunits comprising GluK2 LBD dimers come apart during MD 

simulations in the absence of NaCl, shedding light on the requirement of external ions to 

maintain KAR subunits in an activated conformation (PART II, Chapter 1). 

III. We propose that for activated GluK2 KARs, the unbinding of agonist molecules results in 

deactivation, whereas the unbinding of allosteric sodium ions is a key trigger for desensitization 

(PART II, Chapter 1).  

IV. I found that external lithium slows the desensitization of GluA2 AMPARs by binding at an 

electronegative pocket equivalent to the KAR sodium-binding site, at the apex of the LBD dimer 

interface (PART II, Chapter 2). 

V. We found that the mutation of two residues (K759M and T765K) creates a cross-dimer 

charged tether that inhibits GluA2 AMPAR desensitization, similar to that of the GluK2 D776K 

mutation described in the first results chapter (PART II, Chapter 2). 

VI. I found that a GluA2 triple mutant (i.e. E507A/K514A/N768A or AAA), which lacks 

endogenous interactions at the apex of the LBD dimer interface, is barely capable of activation, 

but can be “rescued” by the co-expression of either TARP or CNIH auxiliary subunits (PART II, 

Chapter 2). 

VII. I found that the “KGK” motif at the base of the LBD, conserved across all AMPAR subunits 

(residues 718-720 of GluA2) mediates TARP modulation of GluA2 gating kinetics, including the 
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slowing of deactivation and desensitization. This motif also appears to be responsible, in part, for 

the rescue of the AAA mutant described in the previous item (PART II, Chapter 2). 

VIII. I found that halide ions modulate the desensitization, but not deactivation, of GluA2 

AMPARs, and that this modulation is much more pronounced in the flip, rather than flop, 

alternatively-spliced isoform (PART II, Chapter 3). 

IX. We found that the substitution of external halide ion species induces height changes in apo 

state GluA2 AMPARs of the flip isoform (PART II, Chapter 3). 

X. We found a novel anion-binding site in the GluA2 LBD dimer interface, through which ions 

can regulate both the height of apo state receptors and entry into desensitization (PART II, 

Chapter 3). 

XI. We propose that allosteric anions can “prime” flip-type AMPARs to respond in a particular 

manner upon agonist binding (PART II, Chapter 3). 
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FOREWORD TO APPENDIX ONE 

 In his position as an Editor at the Journal of Physiology, Derek helped put together a 

special issue of the journal with several review articles detailing different aspects of iGluR 

biophysics. A catalyst for the issue was the first annual glutamate receptor retreat in 2013, where 

many notable researchers within the field had a chance to share their perspectives. Given the 

recent publications from our lab on the role of KAR dimer interface in activation (Daniels et al., 

2013; Dawe et al., 2013, results chapter 1) we decided to prepare our own review article, 

highlighting advances in the structural understanding of iGluR gating processes. The article 

starts as a historical narrative, featuring many of the same ideas relayed in the literature review at 

the start of this thesis. The latter half of the article focusses more on work from our lab, though it 

concludes by referencing some ongoing questions generated by structural studies of intact 

AMPARs and KARs (i.e. Durr et al., 2014; Meyerson et al., 2014), which had just been 

published as we were about to submit the manuscript. Ultimately, the review is not a definitive 

guide to iGluR structure and function, but it certainly touches upon many important ideas that 

have motivated the experiments I performed throughout my PhD studies. 
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Appendix I, Article Title: 

Retour aux sources: 

defining the structural basis of glutamate receptor activation 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reproduced with permission from G. Brent Dawe, Mark R.P. Aurousseau, Bryan A. Daniels, and 

Derek Bowie.  

Retour aux sources: defining the structural basis of glutamate receptor activation. 

Journal of Physiology. Volume 593: 97-110. Copyright © 2014 by John Wiley and Sons. 
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APPENDIX II: 

Discovery of novel small-molecule  

antagonists for GluK2 
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FOREWORD TO APPENDIX TWO 

 Prior to my joining the Bowie lab, former graduate student Anne-Marie Fay had co-

authored a paper that reported the response of GluK2 KARs to various partial agonists (Fay et 

al., 2009). One aspect of this work involved the in silico docking of agonists into the GluK2 

LBD structure, which was overseen by Nicolas Moitessier, a professor in the Department of 

Chemistry at McGill. Stemming from the collaboration, a plan was made by the Moitessier group 

to synthesize novel KAR agonists and/or antagonists that would protrude against a specific 

contact point in the GluK2 agonist-binding cleft. Because it took several years for the 

preparation of these compounds to be realized, I was present by the time my lab was asked to test 

their effects on recombinant GluK2 KARs.  Due to the limited quantity of the purified 

compounds, it was only possible to conduct a limited number of electrophysiological 

experiments. Nevertheless, these experiments helped to identify antagonistic activity of the 

compounds, and allowed us to publish the project in a chemical biology journal. 
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Appendix II, Article Title: 

Discovery of novel small-molecule antagonists for GluK2 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reproduced with permission from Paolo Schiavini, G. Brent Dawe, Derek Bowie, and Nicolas 

Moitessier.  

Discovery of novel small-molecule antagonists for GluK2. 

Bioorganic & Medicinal Chemistry Letters. Volume 25: 2416-20. Copyright © 2015 by 

Elsevier. 
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APPENDIX IV: 

A personal perspective on MD simulations 
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FOREWORD TO APPENDIX FOUR 

 A common line of questioning I have faced at advisory committee meetings, as well as 

other presentations, concerns the usefulness of MD simulations. Typically, the questioner will 

ask whether such simulations are worthwhile, particularly in cases where they are accompanied, 

or superseded by “real” electrophysiological data. Even the use of MD data as a predictive tool 

has been challenged; on the basis that recombinant electrophysiology can be performed just as 

rapidly under the right circumstances. Therefore, in light of these inquiries, I have added a brief 

appendix to my thesis, outlining a personal perspective on MD simulations. Without having a 

background in computational biochemistry myself, I can appreciate the skepticism of 

experimental scientists toward simulations. That being said, I hope my experience demonstrates 

that the synergy of theoretical and experimental data strengthens new ideas beyond what either 

approach is capable of alone. 
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A personal perspective on MD simulations 
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From the introduction of this thesis, it is evident that the study of iGluR complexes 

shifted focus from function to structure as different research techniques became available or 

were optimized (i.e. X-ray crystallography). Along these lines, MD methodologies have become 

increasingly influential over the past decade as an expanding array of atomic-resolution protein 

structures can now serve as templates for dynamic simulations. At the same time, it might not be 

clear to those outside the biophysical realm why such efforts are needed, since experimental 

techniques like electrophysiology and FRET continue to build upon the current structural dataset 

to provide greater insight into the mechanism of iGluR gating. In the paragraphs below, I have 

outlined four cases where MD simulations can provide some additional value when examining 

LGICs, and connect each case with an example from my own research. 

 

1-Predicting the binding of allosteric molecules 

Though patch-clamp recordings offer great resolution of ion flux through the channel 

pore, they cannot directly measure the binding of allosteric ions. This poses a problem, in the 

sense that I have often tried to assign allosteric ion binding or unbinding as an explanation for 

some electrophysiological phenomenon. For example, I have proposed that sodium binding at the 

GluK2 LBD is necessary for channels to avoid becoming desensitized in the presence of 

glutamate. Although patch-clamp experiments in different external sodium concentrations have 

resulted in an estimate for the EC50 of the peak response amplitude (110 mM Na
+
, see Plested et 

al., 2008), such values do not necessarily reflect ion affinity, which may vary between different 

kinetic states of the receptor. In contrast, MD simulations can be used to “predict” the tendency 

of an allosteric molecule to interact with a protein surface over time, albeit on a much shorter 

time scale than channel gating processes -though advances in computing power will likely see 
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that deficit diminish in the near future, as microsecond-scale simulations are becoming more 

readily attainable (reviewed in Johnston & Filizola, 2011). 

1a-Determining the structural consequences of mutations for which no specific structural 

data are available  

Throughout Chapter 1 of this thesis, several MD simulations reported the relative 

occupancy of the GluK2 sodium binding pocket. Amongst these were trials that followed the 

introduction of mutations (E524G and L783C) into the simulation environment of the wildtype 

LBD dimer. While it could be argued that rapid sodium unbinding from E524G was an obvious 

outcome determined by the electrostatic nature of the cation pocket, the similar behaviour of the 

nonfunctional L783C receptor was not intuitive based on its position alone. As a result, the 

observation with the latter mutant was used to account for the sodium-unbound, open interface in 

the crystal structure of Y521C/L783C. On the whole, these findings suggest that MD simulations 

can provide plausible atomic-level explanations for the functional phenotype imparted by point 

mutations for which experimental structural data are lacking. 

 Whether differences observed during MD simulations over tens or hundreds of 

nanoseconds can be extrapolated to variability in gating kinetics is less clear. Though I have 

proposed that the latency of sodium unbinding from activated receptors reflects the onset of 

desensitization (Dawe et al., 2013, results chapter 1), small current responses were occasionally 

observed from GluK2 E524G receptors, which would be inconsistent with MD data depicting the 

ion unbind within 10 ns. In other words, channel opening should never have been detected if 

sodium unbound that quickly and necessitated desensitization. Likewise, sodium failed to remain 

bound throughout longer 500 ns simulations of wildtype GluK2 performed recently (Musgaard & 

Biggin, 2016), though of course it is a perfectly functional receptor when applying glutamate 
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over milliseconds. Assuming these MD data are not in error by many orders of magnitude, the 

instability of sodium binding would actually be consistent with the low apparent affinity 

estimated using electrophysiological methods. As such, a more nuanced explanation for ion 

regulation of GluK2 KAR gating than proposed in Chapter 1 could be as follows: sodium may 

very rapidly bind and unbind from the resting-state and activated LBD apex, but the 

conformational changes leading to desensitization occur when the ion is absent longer than some 

critical period. 

 

2-Developing structural mechanisms to account for functional data  

Atomic resolution crystal structures provide great snapshots to compare proteins in the 

presence or absence of different agonists, antagonists, and modulatory molecules. From these 

structures, one can speculate regarding the conformational changes that occur between different 

functional states. For example, the transition of intact AMPARs from a “pre-activated” to 

desensitized arrangement appears to involve profound rotation of certain subunits in the LBD 

layer (Durr et al., 2014). Unfortunately, structures of the isolated LBD tend to crystallize in the 

same dimeric arrangement (Pohlsgaard et al., 2011), largely independent of the functional 

properties expected to be conferred on intact receptors. For example, the prototypical glutamate-

bound GluA2 LBD dimer (Armstrong & Gouaux, 2000) appears to align almost identically with 

the glutamate and lithium-bound dimer (Assaf et al., 2013). Based solely on a comparison of the 

two structures, it would therefore be quite difficult to develop a mechanism accounting for 

lithium effects on desensitization. 

In Chapter 2 of this thesis, MD simulations were useful in demonstrating a relationship 

between bound lithium ions and a closer apical LBD interface. These results had the benefit of 
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being obtained from sampling over many time points, and not just two individual snapshots. In 

addition, the simulations relied on a single structural template to compare moments when lithium 

was bound versus unbound, reducing the uncertainty introduced by comparing structures 

obtained in different conditions and perhaps prone to different crystal packing.  

Considered on its own, the effect of the K514M/N768T mutation to eliminate lithium 

modulation is also supportive of a mechanism whereby bound cations hold together the LBD 

dimer interface. However, the electrophysiological data merely point to some involvement of 

those residues, and cannot be used as direct evidence for their structural contribution. Because of 

this shortcoming, MD simulations served to bridge the gap between structural and functional 

data to explain the effects of allosteric lithium at GluA2 receptors. 

 

3- Assessing whether a protein interaction is plausible in the context of atomic-level physics  

A recurring theme throughout the first two chapters of my thesis was the occupancy of a 

conserved electronegative pocket in GluK2 KARs and GluA2 AMPARs. In some cases, 

previously published crystal structures lent support to the idea of occupancy by either cations or 

the amino groups from lysine residues tethering across the dimer interface (Plested et al., 2008; 

Nayeem et al., 2011; Assaf et al., 2013). However, ion binding in crystals has the potential to be 

artifactual in nature, owing to high solvent concentrations in the crystallization buffer (Green & 

Nayeem, 2015). With this in mind, the occupancy of ion binding sites in a crystal may not reflect 

that of physiological ion concentrations, and could even lead to the incorrect assignment of a 

binding site that simply does not exist. Moreover, the ionic environment can also affect how 

amino acids behave, as evidenced by Lys759 pointing away from the GluA2 cation pocket in the 

lithium-bound structure, instead of into the pocket. 
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To ensure that static structures do not give a biased representation of the electrostatic 

interactions along protein surfaces and interfaces, MD simulations offer the chance to test how 

such interactions hold up in typical aqueous solutions. Indeed, MD data suggested that lithium 

may bind poorly at the wildtype GluA2 LBD dimer interface, potentially explaining why the 

cation induces slower desensitization, rather than eliminating desensitization (as observed for the 

more consistently lithium-bound K759M mutant). If one assumed from the original crystal 

structure that (at 150 mM) lithium was always bound to wildtype GluA2 receptors, there would 

not be an obvious reason to expect the K759M mutation to enhance functional ion modulation.  

In a similar vein to the example above, MD simulations also give the crystal structure a 

chance to “relax” over the simulation time. This becomes important if crystal packing leads to 

abnormal or energetically unfavourable arrangements between subunits. Although the GluA2 

K759M/T765K crystal structure possessed a cross-dimer lysine tether nearly identical to that of 

GluK2 D776K (Nayeem et al., 2011), the former mutation marginally slowed desensitization, 

while the latter abolished it completely. If the AMPAR tether actually remained in place during 

channel gating, how could desensitization proceed, assuming that the LBD dimer interface must 

rupture at some point to initiate the process? As it turned out, Lys765 unhooked from the cation 

pocket during MD simulations of the K759M/T765K mutant receptor, suggesting the cross-

dimer interaction was not that stable, despite being crystallized.  

Whether analyzing lithium or Lys765, it is important to note that representations of 

binding site occupancy derived from MD simulations may not be indicative of what actually 

happens in intact proteins. Nevertheless, simulations in these instances can provide a sort of 

insurance that the structural interactions (or lack thereof) being described are consistent with the 

physical forces expected to occur in the atomic-level protein environment. This insurance is 
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important when interpreting electrophysiological experiments, since the dynamic structural 

processes that occur during channel gating are not necessarily revealed or capable of being 

hypothesized from static protein structures.  

 

4-Bringing clarity to an idea 

The final rationale for the incorporation of MD simulations into primarily 

experimentally-driven manuscripts stems from the use of visual information to communicate 

complex ideas. Electrophysiological data are inherently abstract, often comprised of a series of 

lines (current traces) meant to relay the function of ion channel proteins. It can be even more 

difficult to navigate this type of data when they are used to make inferences about protein 

structure. Here, MD simulations can augment electrophysiology to provide a visual framework 

for thinking about the structure/function relations of proteins. I have often been aided during 

presentations by showing video representations of MD runs to set the scene for upcoming slides 

of electrophysiological experiments. For instance, movies capturing infrequent lithium binding at 

the wildtype GluA2 LBD, then persistent binding at the K759M LBD, highlight that some key 

structural difference exists between the two receptors, preparing the audience to expect 

additional variability in functional behaviour afterward. Using this type of approach can reduce 

lengthy, after-the-fact conjecture, regarding the basis of an electrophysiological phenotype. 

Consequently, if a wider audience is able to appreciate a new finding, then the fusion of multiple 

techniques can been thought of as aiding the dissemination of science.  

 

 

 


