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Abstract

Throughout the central nervous system (CNS), a family of ligand-gated ion channels
known as a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARS) translate
chemical signals to electrical impulses. AMPARs are cation-selective receptors clustered near
pre-synaptic glutamate release sites which open their transmembrane pore upon binding
glutamate. This sub-millisecond opening results in depolarization of the postsynaptic membrane,
activating a diverse range of signal transduction pathways and cellular processes. AMPARs are
tetramers, comprised of four homologous subunits — GluA1-4, assembling as both homomers and
heteromers. The majority of AMPARSs are heteromeric GluA2-containing assemblies, while those
lacking a GIuA2 subunit constitute a distinct subtype which are permeable to calcium and display
inward rectification, higher single-channel conductance, and faster kinetics. AMPARs do not act
alone; indeed, over 10 different auxiliary proteins can decorate the periphery of the receptor and
shape subcellular trafficking, pharmacology, and kinetic properties. Consequently, the functional
and biophysical properties of AMPARSs are underpinned by distinct region-specific expression
patterns of receptor subunits and auxiliary proteins.

While structural mechanisms of receptor gating and kinetics have been proposed through
decades of recombinant investigations, these studies are limited to the use of engineered
receptor/auxiliary protein complexes, which have difficulty replicating the in vivo assembly and
architecture of AMPARSs. This absence of structural information prevents not only a bona fide
understanding of these receptor complexes, but also an accurate blueprint from which to study
their kinetics and physiology. Therefore, to resolve the architecture and assembly of native
AMPARSs, | employed an immunoaffinity purification strategy, leveraging modified antibody
fragments with engineered affinity tags to selectively purify AMPARSs directly from brain tissue. |
purified native AMPARs from pig, sheep, cow, rat and mouse brains, determining that the

purification efficiency was highest in rodents, and subsequently carried out single-particle cryo-

Vii



EM on hippocampal Ca*-impermeable (Cl) and cerebellar Ca?*-permeable (CP) antagonist-
bound AMPARSs from mouse brains.

The hippocampus is the nexus for memory storage and retrieval in the mammalian brain.
Central to the function of the hippocampus are neuronal circuits in which the information
processing is largely mediated by CI-AMPARSs. | elucidated three distinct hippocampal CI-AMPAR
assemblies, discovering the GIuA2 subunit to exclusively occupy the gating-critical B/D positions
of the receptor, suggesting that differential insertion of GIuA1 or GIuA3 subunits at the A/C
positions is a mechanism of synaptic tuning. | revealed that the composition and assembly of
auxiliary proteins is conserved for hippocampal receptors, in which TARP-y8 and CNIH2 occupy
the B/D' and the A'/C’ positions, respectively. Finally, | defined the position of crucial residues that
modulate the permeation and gating of the receptor, including RNA-editing-dependent amino acid
variations.

The cerebellum is primarily responsible for regulating motor movement and balance
control. In the cerebellum, GluA1-containing CP-AMPARSs are involved in plasticity-dependent
synaptic circuitry and complex motor behavior physiology. | elucidated structures of cerebellar
CP-AMPAR receptors, discovering that these assemblies exhibit no apparent receptor subunit
positional preference; permissive to both GluA1 and GluA4 at the gating-critical B/D positions,
indicating non-conserved stoichiometry underlies synaptic signaling. Furthermore, cerebellar CP-
AMPARSs harbor a compact, asymmetric gate, an expanded LBD layer conformation, and a
strikingly conformationally mobile ATD layer, atypical of antagonist-bound AMPARs, potentially
underscoring a non-canonical gating mechanism.

Collectively, this dissertation defines an in vivo structural landscape of AMPARs with

region-specificity.
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Chapter 1

INTRODUCTION



Ligand-gated ion channels in the central nervous system

Our daily living processes require the precise interplay of cell-cell communication in the
nervous system. A complex network consisting of billions of cells communicate in order to process
and adapt to external sensory stimuli, while simultaneously maintaining and regulating our internal
environment. Intercellular communication occurs primarily through chemical, electrical, or
mechanical signaling mechanisms. Central to the molecular mechanism of chemical signaling are
ligand-gated ion channels (LGICs), which are integral transmembrane proteins expressed on the
cell surface that are activated by chemical messengers known as neurotransmitters.

LGICs underlie numerous physiological processes including memory storage', pain
sensation*®, and muscle contraction’""° by converting chemical substances to electrical currents.
They function as facilitators of diffusive ion transport across the lipid bilayer, generating transient
electrical signals which in turn trigger downstream signaling events in the cell. Neurotransmitters,
which comprise a diverse array of chemical substances including amino acids, nucleotides,
peptides, and monoamines, are typically released from presynaptic cells, and diffuse across the
synaptic cleft before binding to LGICs''™"3. These non-covalent interactions induce LGICs to
undergo a conformational transition into a temporary ion-conducting state. In this ion-conducting
state, Na*, K*, Ca?*, and/or CI" ions are permitted to permeate through the receptor channels and
pass through post-synaptic membranes. Thus, the ionic influx can either be excitatory
(depolarizing the membrane) or inhibitory (hyperpolarizing the membrane) to the cell, depending
on the ion permeability of LGICs.

Evidence for the existence of LGICs surfaced in the early 1900’s from T. R. Elliot who
noticed that epinephrine is released by the nerve ending on each occasion when sympathetic
nerve impulses are stimulated™, and also by R. S. Lillie who proposed that a transient change of
passive ionic permeability across the cell membrane occurred as a result of a nerve signal'®. At
that time, LGICs remained enigmatic entities until direct evidence of their existence was made

possible in the 1950s by Bernard Katz, who proposed the concept of ligand binding and channel



gating. This was later followed by a landmark experiment performed by Neher and Sakmann
who, by using single-channel recordings, demonstrated that LGICs were indeed ion channels
activated by a ligand (in this study — acetylcholine) when they discovered discrete channel
openings and closings when recording from frog nerve muscle fibers'’. Progressively, our
knowledge about LGICs expanded through the 1980s when cloning and sequencing methods
enabled the first successful sequencing of a receptor subunit from a member of the LGIC
family'®"°,

Following complete genomic and DNA sequencing analysis, LGICs can be sub-divided
into three distinct superfamilies: Cys-loop receptors?®, ATP-gated receptors (P2XRs)*', and
ionotropic glutamate receptors (iGluRs)?. The Cys-loop family constitutes the largest class of
LGICs, which include the nicotinic acetylcholine receptor (nAChR), 5-hydroxytryptamine-3
receptors (5-HT3R), y-aminobutyric acid type A receptors (GABAaRSs), and glycine receptors
(GlyRs). The nAChR and 5-HT3Rs are excitatory while the GABAAR and GlyR are inhibitory.
These receptors are denoted as Cys-loop receptors due to the presence of an extracellular loop
13 residues long flanked by two cysteine residues connected by a disulfide bridge®®. Cys-loop
LGICs are pentameric channels, consisting of five homologous subunits assembled around a
central ion conducting pore. Each subunit harbors an extracellular domain (ECD) comprised of
primarily B-sheets, a transmembrane domain (TMD) with four a-helices forming the ion channel,
and a smaller intracellular domain (ICD)*. The binding of a neurotransmitter at the interface of
two subunits in the ECD induces a conformational rearrangement opening the receptor gate®.

Purinergic (P2X) receptors are trimeric ATP-gated ion channels that are widely distributed
throughout the nervous system. P2X receptors play physiological roles ranging from regulation of
blood pressure® to modulation of synaptic transmission?” and cardiac rhythm?. P2X receptors

are non-selective cation channels, forming both homomeric and heteromeric subtypes from seven

subunit isoforms (P2X1-P2X7). All P2X subtypes share a common topology containing



intracellular termini, two transmembrane helices forming the ion channel, and a large extracellular

domain containing the orthosteric ATP binding site?®.

lonotropic glutamate receptors

iGIuRs are a family of LGICs which open their ion-conducting pores in response to the
agonist glutamate, the principal neurotransmitter at the majority of excitatory synapses in the
central nervous system (CNS)* (Fig. 1.1). lonotropic glutamate receptors can be divided into
three major subfamilies, denoted by their selective exogenous or synthetic agonists: kainate®®, N-
methyl-D-aspartate (NMDA)®, and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)*'. These three classes of receptors all share a similar architecture, but have distinct
functional, pharmacological, and structural properties. iGIuRs assemble as tetramers, where each
subunit adopts a layered architecture, distinct from Cys-loop and P2X receptors®. iGIuR

assembly is comprised of two extracellular domains — an amino-terminal domain (ATD)®, which

34,35 36,37.

plays a fundamental role in subtype-specific receptor assembly and trafficking™~’; as well as

a ligand-binding domain (LBD) which is dedicated to agonist recognition®**°. One of the major

architectural features distinguishing iGluRs from the two other families of the LGICs is a domain

38,39

responsible for agonist binding~*, whereas Cys-loop receptors and P2X receptors have agonist

binding sites at subunit interfaces?®. The membrane-embedded transmembrane domain (TMD)

|32

forms the ion channel*” and a cytoplasmic C-terminal domain (CTD) participates in synaptic

localization and trafficking*.
Unlike their cognate iGIuR family members, kainate receptors’ primary functions remain

elusive, as they only play a minor role in synaptic signaling. Kainate receptors have been reported

41,42 4345

to modulate pre-synaptic neurotransmitter release™ "<, enhance neuronal excitability , and

participate in maturation of neuron circuits during development*®“’. Conversely, NMDA receptors

(NMDARSs) are ubiquitously expressed throughout the CNS, located at both presynaptic***° and

51,52

postsynaptic sites®™°, and are obligate heteromers. Functional NMDA receptors require



assembly with at least two GIuN1 subunits®?, along with simultaneous binding of glutamate and
glycine for activation®***. NMDA receptor activation is particularly complex, as channel opening
requires not only dual agonist binding, but also relief of endogenous Mg?* binding in the pore®.
Due to voltage dependence of the extracellular block by Mg*, NMDARs require membrane
depolarization for cationic permeation®°’. This depolarization is commonly provided by the fast
activation of AMPARs®®, which mediate the majority of excitatory synaptic transmission in the

mammalian brain.

AMPARs mediate excitatory synaptic transmission

Early investigations found glutamate to be at high concentrations in mammalian brains
relative to other amino acids®*®". Initially, this abundance was primarily attributed to enzymatic
reactions related to metabolic functions in nerve tissue®. However, in the late 1950s, evidence
emerged showing that glutamate is a chemical neurotransmitter when T. Hayashi revealed that
application of glutamate into the motor cortex in dogs, monkeys, and humans generated clonic
convulsions®. Later studies discovered that glutamate induced muscle contraction in crustacean
tissue® and excitatory action in spinal cord neuronal cells® supporting the notion that glutamate
governed electrical signaling in the CNS. The most compelling evidence came from J. Raymond,
A. Nieoullon, D. Dememes, and A. Sans through autoradiographic identification and biochemical
characterization of glutamate uptake sites®®. These seminal studies crystallized the importance of
glutamate for excitatory synaptic transmission and were the precursor for discovering one of the
principle postsynaptic components responsible for the actions of glutamate in neurons — AMPA
receptors®”. AMPARSs primarily reside at the postsynaptic density of glutamatergic synapses®’,
where binding of glutamate to their extracellular LBDs allows the influx of cations such as Na*
and Ca* through the channel pore®®® thus depolarizing the postsynaptic membrane and

activating NMDA receptors. At normal membrane resting potentials, NMDA receptor channels are
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Figure 1.1. Schematic representation of a glutamatergic synapse. Anillustration depicting a simplified
excitatory synapse. Glutamate is released from presynaptic vesicles which diffuses across the synaptic
cleft to activate AMPA receptors. As a result of AMPAR-mediated membrane depolarization, NMDA
receptors are activated, collectively resulting in an excitatory postsynaptic current (EPSC) (inset).
(Adapted from: Perszyk et al. 2016 [75]).

blocked by Mg?* such that the initial charge flow through AMPARS results in a very rapid rising

70,71

phase and rapid decay phase’’". However, in response to this initial depolarization, Mg?* is

leaves the pore of NMDA receptors, permitting calcium conduction through their channels™ "3,
Due to the intrinsic kinetics of AMPARSs, the current through NMDA receptors has a slow rise and
decay time’®"3"*  As a result, NMDARs contribute to the late, slow phase of the collective inward
cationic current known as an EPSC, or excitatory postsynaptic current’. (Fig. 1.1). Consequently,
postsynaptic AMPARs are a key component governing the vast majority of excitatory synaptic
transmission within the CNS, with their dysfunction implicated in the progression of numerous

76-78

neurological conditions, including Alzheimer's disease’®’®, motor neuron disease’®®,

and

81,83-85

epilepsy
The most notable role of AMPARSs in the CNS is illustrated in the hippocampus, where

changes in AMPAR-mediated activity are believed to form the molecular basis of learning and



memory®-®._ Initial studies on the hippocampus spawned from a famous report®® by William
Beecher Scoville and Brenda Milner describing the results of surgical destruction of the
hippocampi in an attempt to relieve epileptic seizures in Henry Molaison, known as "Patient H.M."
The unexpected outcome of the surgery was severe anterograde and partial retrograde amnesia;
Patient H.M. was unable to form new episodic memories after his surgery and could not
remember any events that occurred just before his surgery, although he did retain memories of
events that occurred many years earlier extending back into his childhood. From this seminal
study, the hippocampus emerged as a structure crucial to memory formation®-291 |ndeed,
initial studies on the hippocampus showed that high-frequency stimulation of the perforant path
produces a long-term strengthening of the synaptic response®. This process, involving a
prolonged strengthening of synapses that results in long-lasting increase of signal transmission
between neurons is what is conventionally described as long-term potentiation (LTP)*9'9%, By
contrast, low-frequency stimulation was found to produce the opposite phenomenon: a long-term
decrease in synaptic efficacy, deemed long term depression (LTD)**®¢ These early findings
were the precursors to extensive research towards understanding the molecular basis of LTP and
LTD. AMPARs have emerged as a central element of both LTP and LTD, and their role in these

post-synaptic plasticity mechanisms has been extensively characterized.

Molecular architecture of AMPA receptors

In a study from 1984, mRNA was isolated from human fetal brain and “transplanted” into
Xenopus laevis oocytes?, showing that glutamate and kainate could induce currents from these
cells. In light of this study, a cDNA library from brain mRNA was produced and GIuR1, now known
as the GluA1 AMPAR subunit, was identified®. Following the identification of the GIluA1 amino
acid sequence, several other labs cloned and identified the remaining AMPAR subunits GluA2-
49192 These four pore-forming subunits, constitute the AMPAR iGIuR subfamily, sharing ~70%

overall sequence homology. GluA1-4 assemble into a tetrameric layered architecture made up of
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Figure 1.2. AMPAR architecture and domain arrangement. (a) Crystal structure of a homomeric AMPAR
in the closed, antagonist-bound state (PDB: 3KG2) viewed parallel to the membrane. Each of the four GluA2
subunits are colored: green (A), red (B), blue (C) and yellow (D). (b) A single GIuA2 subunit, rainbow-
colored from blue (N-terminus) to red (C-terminus). The LBD upper (D1) and lower (D2) lobes are indicated
by grey, dashed contours. (c) Top-down representations of each domain layer viewed parallel to the global
axis of rotational symmetry. The axes of local two-fold symmetry in the ATD and LBD dimers are labeled
with grey ovals. The axes of overall two-fold symmetry and local four-fold symmetry in the TMD are labeled
with black ovals and a black square, respectively. Grey, dashed ovals encapsulate local dimer pairs in the
ATD and LBD layers. (Reproduced from: Twomey et al. 2018 [153]).

the stratified ATD, LBD, TMD, and CTD layers (Fig. 1.2a,b). AMPA receptors form “Y-shaped”
structures with overall two-fold symmetry in the absence of an agonist, a unique property for a
tetrameric ion channel, which otherwise adopts four-fold symmetry. AMPA receptors form both
homo- and heteromeric receptors, assembled from a combination of the GluA1-GluA4 subunits.
The two extracellular layers — the ATD and LBD, form two pairs of dimers each and comprise the

majority of the receptor mass (~75%)"'®.



The primary structure of all AMPA receptor subunits begins with a signal peptide sequence
which proceeds to encode the ATD layer; the most distal layer relative to the plasma membrane.
The ATDs form quaternary structures in the shape of clamshells, consisting of two distinct lobes
(R1and R2) connected by three short loops, which dimerize through interactions at the R1 lobes®
(Fig. 1.2c), and are posttranslationally modified by disulfide bonds and multiple N-linked
glycosylation sites. The R2 lobes connect to the LBD layer via polypeptide linkers which extend
towards the plasma membrane and are ~20 amino acids (aa) in length (Fig. 1.2a,b). The
sequence and length of these linkers vary depending on the receptor subunit and allow for
substantial mobility of the ATD layer relative to the LBDs.

Similar in modular shape to the ATDs, are the LBDs, which form a clamshell-shaped
quaternary structures comprised of an upper (D1) and lower (D2) lobe (Fig. 1.2a,b). X-ray
crystallography determined that the LBDs of adjacent subunits dimerize via the D1 lobes, with the
agonist binding site located at the cleft between the D1 and D2 lobes™®. Agonist binding brings
the D1 and D2 lobes closer together, which is commonly described as clamshell closure. Agonist
efficacy correlates with the degree of clamshell closure, where stronger agonists, such as
quisqualate induce greater clamshell closure'™, compared to weaker agonists, such as kainate®.
Clamshell closure facilitates gating of the channel pore by transducing mechanical force through
the flexible polypeptide linkers S1-M1, M3-S2, and S2-M4. Alternative splicing of an exon
encoding a region of the S2-M4 linker produces either “flip” or “flop” isoforms for all AMPAR
subunits'®. Flop isoforms of GluA2-4 have faster desensitization kinetics than flip variants'®"°
and are conformationally heterogeneous®?, likely owing to its glycine-rich sequence. Furthermore,
the flip/flop region is immediately followed by an RNA editing site, known as the R/G site’"". The
conversion of arginine to glutamine in flip/flop variants of GIuA2-GluA4 results in slower
desensitization kinetics. Collectively, the S1-M1, M3-S2, and S2-M4 linkers transduce

conformational changes in the LBD to the TMD.



The TMD, reminiscent of potassium voltage-gated ion channels in an inverted rotation, is
made up of three transmembrane helices (M1, M3, and M4) and an intracellular re-entrant loop
(M2) between the M1 and M3 helices (Fig. 1.2a,b). While the LBD layer, under non-desensitized
conditions is two-fold symmetric, the membrane-residing TMD adopts pseudo four-fold symmetry
(Fig. 1.2c). The M3 segments extend out of the plasma membrane, forming a helical bundle
crossing which constitutes the extracellular gate of the ion channel pore. Within the plasma
membrane, the M1 and M4 helices peripherally surround the amphipathic segment of the M3
helices. The M2 re-entrant loop harbors an N-terminal helix and an extended C-terminal region,
which lines the intracellular portion of the ion channel pore to form the selectivity filter. The M4
helix imparts stability to the receptor by inserting between the M1 and M3 of neighboring subunits,
locking together the TMDs of individual subunits. Finally, extending intracellularly from the M4
helices is the carboxy-terminal domain (CTD), which varies in length between receptor subunits
and splice variants. The CTD can be regulated by phosphorylation to influence retrograde

112,113

trafficking and channel open probability''*, however, a structural description of the CTD is

unknown, as this region is inherently flexible and shows no secondary structure.

Biophysical properties of AMPARSs: ion permeation, kinetics, gating cycle

The composition of AMPAR subunits within the receptor tetramer gives rise to distinct ion

69,102 102,109,110

permeability and kinetic profiles. One of the functional hallmarks of AMPARSs is how
receptor subunit composition dictates cell excitability by gating the flow of cations into the cell.
GluA2-containing AMPARs are nonselective for monovalent cations®®, where upon channel
opening, K* exits and Na* enters the cell. The negative charge inside the cell, coupled with
diminished intracellular concentration of sodium, drives sodium transport into the cell, whereas K*
follows its concentration gradient outside the cell. This ion transport mechanism is applicable to

GluA2-containing AMPARs; however, in the absence of GluA2 within the receptor tetramer, ion

permeation and channel conductance is profoundly different. AMPARSs lacking the GIuA2 subunit
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Figure 1.3. Ca?*-permeability and the ion permeation pathway. The permeation pathway of AMPARs
is defined by the M3 helices (purple) and the M2 pore loop (blue). At the apex of M2, resides the Q/R site
(red), a key determinant of ion permeation. GIuA2 is post-translationally edited from a genetically encoded
glutamine to a positively charged arginine, rendering GluA2-containing AMPARSs impermeable to calcium.
For clarity, selected elements of the permeation pathway for only two subunits are shown. The initial
segments of the M3-S2 linkers are colored green (Adapted from Wollmuth, 2015).
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display faster kinetics''®'"®, higher single-channel conductance , and permeability to Ca?*

69,115,116 117,118
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ions . The overwhelming majority of AMPARs are GluA2-containing AMPARS

119-123 123-125
)

however, GluA2-lacking AMPAR expression is present in mature neurons and glia
and their expression dynamically regulated under basal, activated, and stressed conditions. While

cells expressing GluA2-lacking AMPARs are predisposed to oxidative stress'® and

125,128 129-132
)

excitotoxicity'?, they play a significant role in motor coordination , synaptic plasticity
and fear erasure'®. Furthermore, during early postnatal development, expression of GIUA2 is low
compared to that of the other receptor subunits, which increases rapidly after the first postnatal
week'""13°_ This, coupled with the transiently high expression of GluA4'**, renders many neonatal
AMPARs Ca®*-permeable, suggesting that such calcium-permeable AMPARs may play a role in
neonatal synaptic functions.

In the mature adult brain, diheteromeric GIluA1/GIuA2 and GluA2/GIuA3'®"*® receptors

are the most abundant assemblies, whereas GluA4 expression is down-regulated'"’, representing
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a switch in abundance of calcium-permeable AMPARSs. Seminal proteomic studies have proposed
that close to 80% of AMPA receptors in adult mammalian brains harbor the GIuA2 subunit'"”, with

notable abundant populations of GluA2-lacking AMPARs located primarily in the

129,131 122,125,136

hippocampus and the cerebellum These calcium-permeable receptors are
expressed primarily in inhibitory interneurons, containing populations of GluA1 homomers'' and
GluA1-GluA4 diheteromers'®', in the hippocampus and cerebellum, respectively. How then, does
GluA2 render AMPARs impermeable to calcium ions? Remarkably, GluA2 RNA is post-
transcriptionally modified by editing a codon residing in the pore channel region that is converted
from GIn607 to Arg607 (Q/R site) (Fig. 1.3). By virtue of Q/R site editing, located at the apex of
the ion selectivity filter (Fig. 1.3), the permeation properties are altered: they have low permeability

for divalent cations®'¥

, are insensitive to the voltage-dependent block by endogenous
polyamines'®, and have a low single-channel conductance'®'"?. Conversely, GluA2-lacking
AMPARSs, have high permeability to Ca?*'"®, are blocked by endogenous polyamines'®'*° display
inward rectification®, and have higher single-channel conductance''>'%°,

The ion permeation pathway is largely formed by the M3 transmembrane segment and
the M2 pore loop (Fig. 1.3). The overall arrangement of these regions is reminiscent of K'-
selective channels, but inverted such that the M2 pore loop is located towards the intracellular
side of the membrane. The Q/R site is located at the apex of the M2 loop and contributes to the
narrow constriction in the pore (Fig. 1.3), where hydrated permeant ions are stripped for
recognition™'. Computational modeling and functional studies have predicted that the organizing
principles thought to govern selectivity are contingent upon the subunit-mediated electrostatic
interactions of both the Q/R site components and cations, as unsolvated Na* and Ca?" ions are
comparable in size''~*, Studies of native AMPARSs have revealed that the incorporation of the
GIuA2 subunit in AMPARSs, thus far, has been determined to preferentially occupy at minimum

two positions — B/D'"*'%5, Under the assumption that calcium-impermeable AMPARs have two

GIuA2 subunits at the B/D positions, consequently, two Arg residues reside at the Q/R site, with
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two GlIn at the equivalent A/C subunit positions. This effectively renders two positive charges and
two partial negative charges, arising from glutamines more electronegative side-chain oxygen
atom in each of the A/C subunits. This difference in charge attractivity dictates ion selectivity
between monovalent cations and calcium, presenting a high energy barrier and a molecular
explanation why GIuA2 renders receptors impermeable to calcium. Nonetheless, precise models
for cation selectivity are absent, limiting a definitive mechanism of how the principles of charge

and electromotive forces relegate receptors to different cationic permeability properties.

Gating and kinetics

The gating behavior of AMPARSs is conventionally regarded as the series of conformational
changes that occur upon ligand binding/unbinding to alter the functional state of the ion channel,
whereas the kinetics of AMPARSs describes the rate at which these gating processes occur. The

kinetics of AMPARSs occurs on a timescale of 10 milliseconds or less, which varies according to

105,108 87,146
)

receptor subtype®®'%® RNA splicing and editing , post-translational modifications and

147-

association with auxiliary proteins’’='%2. The simplified kinetic model'® begins with activation,

followed by rapid desensitization, and then finally deactivation. These functional states occur in a

154-157

stepwise manner, and have been characterized through X-ray structures , cryo-EM

150,158-160 106,111,115,153,161

structures , and electrophysiological recordings , Which have generated a
wealth of mechanistic information of the basic gating and kinetic principles of AMPARs. However,
one should exercise caution when interpreting kinetic models derived from these data, as they do

not account for multiple sub-conductance levels or the flexible protein energy landscape.

Activation
In the absence of an agonist, the receptor resides in a closed, non-conducting state.
Studies of conventional excitatory synapses have revealed that upon action-potential mediated

presynaptic release, the concentration of glutamate in the synaptic cleft rapidly increases from
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~20 nM to a physiological concentration of ~1 mM for <10 ms'®2. Neighboring neurons and glia
then immediately uptake glutamate, rapidly returning the concentration of glutamate back to basal
conditions. Consistent with these rapid release and uptake kinetics are the mechanisms of
activation. Upon agonist binding, activation involves the receptor undergoing two sequential

steps: clamshell closure of the LBDg®1%0.159.163

and the activation gate opening. Glutamate
binding results in a closed-cleft conformation stabilized by the formation of hydrogen bonds that
involve amino acid side chains of residues in both the solvent-exposed regions of D1 and D2,
The D2 lobe is directly connected to the M3 helix through the M3-S2 linker, which upon clamshell
closure, triggers tension in this linker to mechanically pull open the channel gate'®'*°. The
channel gate is the extracellular entrance to the channel pore, comprised of the helical bundle
crossing of the M3 segments. The gate opens by an outward translation away from the central
axis, along with a rotation of the M3 helices along a hinge point at Ala621'*°. Receptors display a
single burst of channel opening, even with sustained agonist application, typically over a time
course of a few milliseconds'®. These bursts can occupy one of four unitary subconductance
levels, contingent upon subunit cooperativity and the complex relationship of agonist binding

coupled to channel opening %+’

Desensitization

Immediately following activation is desensitization, the most energetically stable state,
characterized by the loss of ion conduction despite the presence of an agonist. Desensitization
occurs on the order of ms and results in ~90% decrease in current amplitude'®. Our
understanding of the structural mechanisms underlying rapid desensitization has been exquisitely
characterized through a broad range of structural studies using X-ray and cryo-EM of both isolated
LBDs and full-length receptors, respectively, in combination with extensive physiological

Studies106,150,154,155,160,168—171 .
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The first step of desensitization is the rearrangement of the D1-D1 dimer interface
between LBDs of adjacent subunits. This idea was initially proposed through a seminal study
which demonstrated that a single leucine to tyrosine substitution GluA2(L483Y), at the D1-D1
interface prevents desensitization almost entirely’’?. Leu483 is located in the dimer interface, and
when mutated to tyrosine, promotes formation of additional interactions with residues located on
the opposite LBD. The importance of this interface was later confirmed by X-ray crystallography
of intact LBD dimers bound to cyclothiazide, an inhibitor of AMPA receptor desensitization'®. In
each of these studies, both the mutation GIuA2(L483Y) or cyclothiazide stabilized the dimer
formation, providing the first evidence that stabilization of the LBD dimer interface can prevent
desensitization. Further studies confirmed the importance of the dimer interface by mutating
residues lining the dimer interface and observing changes in desensitization kinetics'*. More
recently, cryo-EM structures have revealed that LBD dimers undergo dramatic rearrangement
which include both a translation and a large rotation of the upper D1 lobes in each LBD
dimer'®18%173 As 3 result, the D1 lobes become largely separated, while the D2 portions remain

connected to the ion channel at approximately the same spatial arrangement as in the closed

state. This results in a loss of local two-fold rotational symmetry and the intradimer interface.

Deactivation

Lastly, to complete the full gating cycle, the receptor undergoes deactivation, which is
characterized as a series of conformational changes that happen during recovery from
desensitization back to the resting state'. Upon recovery, the LBD clamshells reopen and
release glutamate and the D1 lobes rotate back to restore the local two-fold rotational symmetry
of the LBD dimers. Structural rearrangements describing these conformational changes are not
yet available, as little is known about the potential asynchronous contribution of individual
subunits, the order of LBD dimer interfaces reassembly, or the extent of opening to release

glutamate.
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AMPAR assembly: subunit composition and auxiliary proteins

d117,130,134,174

The subunit composition of AMPARSs is developmentally regulate , region™’

175177

and cell type-specific and activity-dependent”12113178 " |eading to a diverse expression

pattern of receptor subtypes. This diversity of positional occupancy of receptor subunits directly

22,120 111,161
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translates to differences in pharmacology , ion permeation'?, gating and kinetics and
rectification''®'*°. By solving the first full-length structure of an AMPAR, Sobolevsky, Rosconi and
Gouaux established a universal framework describing subunit occupancy by defining the four
receptor subunit positions as A-D*.

In the ATD layer, local dimers between subunits A-B and C-D form on each side of the
overall central axis, with a cross-dimer interface between subunits B and D (Fig. 1.2c). In the LBD
layer, the local dimer pairs are switched to A-D and B-C, with the cross-dimer interface formed
between subunits A and C (Fig. 1.2c). As a result of this switch, there is swapping of domains
between the ATD (AB and CD) and LBD (AD and BC) dimers. Therefore, AMPARs harbor two
pairs of diagonally opposed subunits, referred to as A/C and B/D. Each pair is conformationally
distinct: in the A/C pair, the LBDs are located closer to the channel pore, and denoted as “pore-
proximal”’, whereas the comparable B/D pair is denoted as “pore-distal” (Fig. 1.2a). Bridging the
regions just above the M3 bundle crossing are three polypeptide linkers that resolve the symmetry
mismatch between the LBDs and TMDs (Fig. 1.2a,b). The linkers that connect the M3 helices to
the LBD exhibit greater structural change between the resting and activated states in the B/D
chains, as opposed to the A/C chains. Thus, the assembly of these central elements of the gating
machinery have significant functional implications.

AMPAR assembly is established in the endoplasmic reticulum (ER)'”°. The biogenesis of
AMPARSs relies on the individual subunit domains and auxiliary proteins to play critical roles in
this process. A stepwise process was outlined by Schwenk and Fakler by employing co-

expression of AMPARs with ER-interacting proteins, combined with native gel-electrophoresis

and electrophysiological recordings'®. Throughout this “assembly line” process, GIluA1-4
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subunits pass through discrete stages where they assemble from monomers to tetramers.
Biochemical experiments with isolated ATDs have shown that these proteins can self-assemble

with varying degrees of affinity'®’

, suggesting receptor subunit dimerization is most likely driven
by high-affinity interactions of the ATDs. The second state of assembly proceeds to promote
binding of the proteins FRRS1L (ferric chelate reductase 1-like) and CPT1c (carnitine palmitoyl-
transferase 1C) to the receptor. Both FRRS1L and CPT1c are integral transmembrane proteins
that promote stable binding. As a consequence, the two dimers are assembled together into
dimers-of-dimers, thus forming the receptor tetramer. The final step of assembly occurs when
postsynaptic auxiliary proteins replace FRRS1L and CPT1c. Dissociation of FRRS1L/CPT1c and
binding of postsynaptic auxiliary proteins leads to the fully functional assembled receptor complex.

How AMPARSs exit from the ER still remains unknown, although it is well-established that auxiliary

proteins, such as cornichons'®? and TARPs'®® promote ER export.

Auxiliary proteins

AMPARSs are subject to modulation by a variety of structurally diverse auxiliary proteins,
defined as proteins unable to form ion channels alone, yet able to directly interact with a pore-
forming receptor subunit (Fig. 1.4a,b). These functional interactions markedly influence receptor
trafficking, gating, kinetics, and pharmacology. Indeed, the physiology of AMPAR relies on the
interaction with auxiliary proteins. Across the CNS, over 30 different auxiliary proteins are known
to co-assemble with AMPARs'®*, typically binding to the transmembrane domain and decorating
the periphery of the receptor. As such, many fundamental questions remain unanswered about
the stoichiometry and molecular interactions of these auxiliary proteins with AMPARs, and
importantly, how this translates to modulation of receptor function. Nevertheless, it is universally
accepted that native AMPARSs are multiprotein assemblies with diverse, complex physiology.

In 2000, Lu Chen and colleagues identified the first AMPAR auxiliary protein from

experiments on the stargazer mouse, a mutant that lacks stargazin'®. These mice exhibited stark
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Figure 1.4. Assembly and topology of the most abundant auxiliary proteins. (a) The architecture of
an AMPAR complex co-assembled with auxiliary proteins (purple). The four auxiliary protein binding sites
are denoted A’-D’. (b) Type | TARPs (y-2, -3, -4, -8 with a canonical PDZ binding motif) and Type Il TARPs
(y-5, -7 lacking the canonical PDZ binding motif), and GSG1L belong to the claudin superfamily. Both
subclasses contain four transmembrane domains, two extracellular loops and a cytoplasmic C-terminal
tail. The B1-P2 loop is significantly longer in GSG1L. Cornichons (CNIHs) are also four-pass
transmembrane proteins, with extracellular N- and C-termini. CKAMP44 (Shisa9) and Shisa6 have one
transmembrane domain with an extracellular cysteine-knot motif and a long intracellular C-terminal tail with
a type Il PDZ binding motif. SynDIG1 and 4 are predicted to harbor one transmembrane domain and a
long extracellular domain harboring a membrane-associated domain. (Adapted from Kamalova et al. 2020
[188]).

and prominent phenotypes, suffering from epilepsy, ataxia, and a tendency to arch their head

upwards, the latter of which resulted in their distinctive nomenclature. Initially, stargazin was
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thought to co-assemble with voltage-gated calcium channels, but Chen and co. observed that this
mouse lacked excitatory transmission at glutamatergic cerebellar mossy fiber to granule cell
synapses. Moreover, it was observed that cerebellar granule neurons contained intracellular
AMPA receptors, but lacked AMPA receptors on the cell surface. Astonishingly, transfecting
stargazin in stg/stg neurons restored AMPAR function, representing the first evidence that
auxiliary proteins assemble with AMPARSs to promote and anchor AMPARSs at postsynaptic sites,
through interaction with PSD-95. Taken together, this study established stargazin to have a direct
interaction with AMPARSs. The importance of this study cannot be understated, as it helped explain
the discrepancy between the biophysical properties of native AMPARSs that differed from studies
of in vitro AMPARs, and fundamentally changed the understanding of AMPAR structure,
physiology, and assembly. As a results, almost all AMPARs are considered multi-protein
complexes, as they co-assemble with a constellation of transmembrane auxiliary proteins.
Following this discovery, stargazin, now conventionally referred to as TARP-y2, was later
found to be part of an extended family of closely related proteins known as transmembrane
AMPAR regulatory protein (TARPs), which are related in amino acid sequence to claudin'®, a
four-helix transmembrane protein (Fig. 1.4b). TARPs are classified into Type | (-y2, -y3, -y4, and
-v8) and Type Il (-y5 and -y7) TARPs, based on differences in their amino acid sequence and
functional properties’?. TARPs were originally named “y-subunits” based on their sequence

homology with the y1 calcium channel subunit'®

, Which is expressed only in skeletal and cardiac
muscles and does not interact with AMPA receptors. The overall architecture of TARPs are similar
to proteins of the claudin family, which are tetraspanin transmembrane proteins which regulate
permeability of tight junctions'®. TARPs have four transmembrane helices, TM1-4, with an
extracellular domain comprised of five beta-strands and four extracellular loops (Fig. 1.4b). TM3
also has a small extracellular loop, which connects to TM4. Importantly, Type | TARPs have a C-

terminal tail of TM4 which extends into the cytosol harboring a PDZ binding motif, enabling TARPs

to anchor AMPA receptor complexes to postsynaptic sites (Fig. 1.4b). Sequence comparison
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between the two types of TARPs reveal that Type | TARPs have a larger extracellular domain
compared to Type Il TARPs, along with the canonical TTPV PSD-95 binding motif on their C-
termini, which Type Il TARPs do not contain. Furthermore, the most distinct functional difference
between the two types of TARPs is that all Type | TARPs promote trafficking, whereas Type Il
TARPs do not'®. As is the case with AMPARSs, the distribution of TARPs in the CNS is region-
specific. For example, in the cerebral cortex, striatum, and hippocampus, -8 is differentially more

117,189

abundant than any other TARP isoform , Whereas in the brainstem, y-2, -4, -7, and -8 are all

equally abundant''7128147.1491%2  Th,g it is hypothesized that regional differences in TARP
abundance contributes to synapse-specific differences in EPSC kinetics 8191152,

The profound impact of the discovery of TARPs led to the exploration of additional auxiliary
proteins which assemble with AMPARSs. In 2012, a number of additional protein constituents were
identified from a combinatorial proteomic approach of immunoprecipitation and mass
spectrometric analysis'®. This study revealed different classes of auxiliary proteins, notably,
cornichons, CKAMPS, GSG1L, and SynDIG1/4 (Fig. 1.4b). Cornichons are a class of
transmembrane proteins, first characterized as cargo transporters, shuttling proteins from the ER
through secretary endosomes'®. However, only in mammalian variants do comichons maintain
interaction with their cargo, in this case AMPARSs, and remain co-assembled when reaching their
final destination. There are four mammalian cornichon isoforms, cornichon-1-4, however, only

cornichon-2 (CNIH2) and cornichon-3 (CNIH3) assemble with AMPARSs to modulate the trafficking

and channel kinetics of the receptor. Like TARPs, cornichons facilitate anterograde

r..':182,191 192,193

transpo , slow desensitization and deactivation kinetics , and attenuate voltage-
dependent polyamine block'®. Interestingly, although cornichons do not have an anchoring motif
or signal peptide, both their N and C termini are extracellular'®, atypical for a membrane protein.
The majority of cornichons’ molecular mass is buried within the plasma membrane, with a
tetraspanin-like topology, similar to TARPs (Fig. 1.4b). However, unlike TARPs, cornichons do

not have a large extracellular domain, and moreover, TM2 in cornichons starts in the cytoplasm

19



but does not penetrate into the extracellular region. Instead, a loop extends from the middle of
the end of TM2, and reenters the cytoplasmic region. This region is known at the cornichon-
specific segment due to the sequence and topology disparity between the two families of proteins
(Fig. 1.4b).

Cystine-knot AMPAR modulating proteins (CKAMPSs) are proteins within the Shisa family
of scaffold proteins'®, characterized by an N-terminal cysteine-rich and a C-terminal proline-rich
region (Fig. 1.4b). CKAMP44 and CKAMP52 are the two most studied CKAMPs, both of which
have cytosolic PDZ binding domains to anchor receptor complexes at postsynaptic membranes
(Fig. 1.4b). CKAMP52 is found at a relatively lower abundance level than CKAMP44 in the CNS,

117

although both proteins have lower abundance compared to TARPs and cornichons''’. Germline-

19519 (GSG1L), like TARPSs, belongs to the claudin superfamily of tetraspanin

specific gene 1-like
membrane proteins (Fig. 1.4b). However, unlike prototypical TARPs, GSG1L lacks a PDZ binding
domain and imparts a negative influence to channel activity by reducing channel conductance

and slowing the recovery from desensitization'®. Finally, SynDIG1/4, known as the proline-rich

transmembrane proteins 1 and 2, are the lowest abundant auxiliary proteins compared to those

117 197-200

described previously''’, and promote synaptic localization and slow desensitization

kinetics 920",

It was initially presumed that one auxiliary protein associated with every pore-forming
receptor subunit. However, an experimental approach which leveraged fluorescently tagged
TARPs suggested a variable stoichiometry between 1-4 auxiliary proteins per receptor’®. The
locations of these auxiliary protein binding sites were first proposed in 2012 by Jochen Schwenk,
derived from a combination of proteomic, biochemical, and binding studies'®. Only in 2016 did
cryo-EM analysis enable visualization of the first structures of AMPA receptors co-assembled with
stargazin, supporting the variable assembly of 1, 2, or 4 TARPs per receptor'®®?®® These

structural studies relied on recombinant expression methods to resolve the architecture and

arrangement of TARP -2 assembled with a homomeric GIuA2 receptor. TARP -2 was observed
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to surround the receptor transmembrane domain at four positions defined as A’-D’ (Fig 1.4a).
Following these preliminary structural studies, cryo-EM structures of AMPARs bound to
cornichons', and GSG1L'® emerged, further supporting these defined binding positions. The
A’/C’ positions reside beneath the LBD dimer, while the B’/D’ sites reside beneath the dimer-dimer
interface (Fig. 1.4a). Auxiliary proteins with a bulkier extracellular region such as TARPs and
GSGH1L, interact with the LBDs and seem to preferentially occupy the more sterically accessibly
160,204

B’/D’ positions , Whereas cornichons, which lack any extracellular elements, preferentially

145,163

occupy the A’/C’ positions , and primarily through the CNIH2/3 specific segment, modulate

145183 These distinctions in

receptor function by interacting with the receptor M1-M2 loop
occupancy of the A’-D’ positions are especially important, as positional arrangement of auxiliary
proteins defines access to different parts of the gating machinery. Collectively, these studies
provided an abundance of structural information about the arrangement of auxiliary proteins and
their mechanisms of modulation. However, there remains uncertainty about the in vivo assembly

and stoichiometry of auxiliary proteins, as many of these studies relied on engineered constructs

and expression in heterologous cells.

Studying native AMPAR complexes: significance and approach

Appropriately interrogating the functional mechanisms of AMPARS relies on interpretation
of their molecular structures. Over the past few decades, recombinant methodologies have
contributed significantly to our structural understanding of AMPAR complexes. Yet, despite the
wealth of knowledge gained from these seminal studies, there still remains a fundamental
disconnect between these structures and in vivo AMPARs. At the onset of my dissertation,
structural analysis of AMPARs was limited to GIuA2 homomers co-assembled with a single

auxiliary protein'®2%®_ While GluA2 homomers do exist in vivo'*

, it is universally accepted that
most native AMPARs are heteromeric and likely assemble with a constellation of auxiliary

proteins, not just one'"1%144 Moreover, these studies relied on artificial, engineered constructs,
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which have difficulty replicating differential expression patterns of receptor subunits and auxiliary
proteins.

One of the key features of AMPARs which enables distinct functional properties is their
region-specific abundance profiles. Quantitative proteomics and single-molecule methods defined
distinct abundance levels of AMPAR subunits and auxiliary proteins for all the major brain
regions'”. In the hippocampus, the GluA1 and GIuA2 subunits exhibit high abundance, compared
to GIuA3 and GluA4. Additionally, compared to all the major auxiliary proteins (Fig. 1.4b), TARP-
v8 and CNIH2 exhibit distinctly high abundance. Conversely, in the cerebellum, GluA1 and GluA4
are highly abundant compared to the GluA2 and GIuA3 subunits. In contrast to the hippocampus,
TARP-y2 and TARP-y7 are the most abundant auxiliary proteins in the cerebellum, compared to
TARP-y8 and CNIH2. The absence of structures from these brain regions leaves many questions
unanswered, namely: What is the subunit composition and auxiliary protein arrangement(s) of
AMPARSs in the hippocampus and cerebellum? And how can these structures inform us about
gating mechanisms and synaptic signaling?

Several investigations over the past years have probed the assembly and composition of
native AMPARs. Studies from Wenthold™® and Lu?*® have used single-cell genetics,
immunocytochemistry, and immunoprecipitation to quantify the in vivo assembly of AMPARs.
Jochen Schwenk and Bernd Fakler have designed elegant mass spectrometry experiments to
quantify region-specific abundance of receptor subunits and auxiliary proteins in adult rats""'84,
Using negative staining microscopy, Teru Nakagawa and Tom Waltz provided the first glimpse of
native AMPARs in 2005%%. In this study Nakagawa and Walz successfully purified AMPARSs from
rat brains and decorated these purified receptors with subunit-specific and TARP-specific
antibody fragments. While resolution limitations prevented elucidation of any secondary structure
elements, this study was the first to employ antibody fragments for immunoaffinity purification and

subunit-specific labeling for visualization of native AMPARs. Only in 2019, did Yan Zhao and
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Figure 1.5. Subunit-specific labeling of native AMPARs using antibody fragments. The architecture
of a native triheteromeric GluA1/GIuA2/GIuA3 receptor complex illustrates how subunit-specific labeling
using antibody fragments distinguishes homologous receptor subunits. All three antibodies bind to
epitopes on the ATD layer with nanomolar affinity to their respective receptor subunits. Auxiliary proteins
are colored in green and grey. (Adapted from Zhao et al. 2019 [144]).

colleagues determine structures of native AMPAR assemblies with sufficient resolution to
describe subunit composition, auxiliary protein assembly, and detailed molecular interactions*.

To accomplish this, a former postdoc in the lab, Yan Zhao, developed an immunoaffinity
purification strategy to isolate GluA2-containing AMPARs from brain tissue. By leveraging an
engineered a twin-Strepll tag to an antibody fragment — 15F1'"®, which exhibits sub-nanomolar
specificity for GIuA2 and no cross-reactivity against other receptor subunits, he was able to
selectively purify GluA2-containing AMPARSs directly from rat brains (Fig. 1.5). Additional antibody
fragments, 11b8'** and 5B2'*, were used to decorate the ATD layer of the receptor and label
GIuA1 and GIuA3, respectively (Fig. 1.5). Remarkably, all three antibodies recognize

conformational epitopes and display no cross-reactivity with the other receptor subunits. By
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carrying out single-particle cryo-EM, Yan resolved 10 different receptor subtypes, defined by the
tetrameric arrangement of receptor subunits. In addition, he also described the inter- and
intradomain interfaces of the receptor subunits and showed how receptor subunit arrangement is
not random, with the GIuA2 subunit preferentially occupying the B/D positions, and the GluA1 and
GIuA3 subunits predominantly occupying the A/C positions. Lastly, he visualized distinct density
features surrounding the receptor transmembrane domain, occupied by auxiliary proteins at the
A'/C" and B'/D’' positions, confirming these positions defined by previous recombinant structural
studies.

My dissertation aims to build from this seminal work by employing single-particle cryo-EM
to determine structures of hippocampal and cerebellar AMPARs. First, | have purified and
biochemically compared AMPARSs isolated from ungulate and rodent brains. Second, | have
determined the architecture and assembly of three different hippocampal AMPAR assemblies.
And third, | have detailed unique structural observations of cerebellar GluA1-containing Ca®'-

permeable AMPARSs.

Prelude to the dissertation

The following chapters document my scientific journey during my doctoral studies. Chapter
2 highlights a purification strategy and biochemical comparison of AMPARSs isolated from ungulate
and rodent brains. | employed an immunoaffinity purification strategy to purify native AMPA
receptor complexes from the brains of three different ungulate mammals — pigs, sheep, and cows.
Biochemical comparison with rodent complexes demonstrated that structural determination of
native AMPA receptors is achievable from a distinct clade of mammals with genetic and
physiological traits closer to humans. Native AMPA receptor complexes from pigs, sheep, and
cows displayed homogenous, monodisperse biochemical behavior, consistent with results from
rodents. Furthermore, | highlighted species-dependent differences in molecular size and

abundance, observing that native receptor complexes from sheep exhibit the greatest abundance
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compared to the other four mammals, while the purification efficiency was the highest in rodents.
This work provides the first biochemical analysis of pig, sheep, and cow variants of AMPARS,
setting the stage for future cryo-EM studies.

Building from this, Chapter 3 details how we employed a similar method for AMPAR
isolation, along with subunit-specific labeling using antibody fragments, to resolve three distinct
AMPA receptor subtypes directly isolated from hippocampal tissue by a combination of single
molecule methods — single particle cryo-EM and single molecule total internal reflection
fluorescence microscopy. | determined multiple structures of heteromeric AMPA receptor
complexes and the arrangement and interaction sites of the three most abundant auxiliary
proteins — TARP-y8, CNIH2, and SynDIG4, all of which surround the receptor transmembrane
domain at distinct binding sites. Furthermore, | have studied the TARP-y8 specific antagonist,
JNJ-55511118"8, and have shown how this brain-region specific molecule binds to the receptor
and antagonizes ion channel gating, not only defining the molecular pose of the small molecule,
but also answering the long-standing mystery of why such small molecules incompletely
antagonize receptor activity.

Chapter 4 explores the structural composition and assembly of a rare subtype of AMPARSs
— Ca*'permeable AMPARSs. | immunoaffinity purified antagonist-bound Ca®*-permeable AMPARSs
directly from mouse cerebella and discovered that the ATD dimers adopt a wide range of
conformations which “splay outward” from the central axis, strikingly distinct compared to
Ca*"impermeable-AMPARs. | present five distinct GluA1-containing receptor assemblies, with
GluA1 able to access each of the four A-D positions, including the gating-critical B/D positions.
Finally, | highlight distinct changes in the M3 helices and M3-S2 linkers between our CP-AMPARSs
and previously solved CI-AMPARs, which are crucial elements of the receptor gating machinery
linking agonist binding to channel gating. | describe a compact, asymmetric gate conformation
along with interactions between the M3-S2 linkers, potentially underscoring a molecular basis for

higher single-channel conductance and faster kinetics, emblematic of CP-AMPARSs.
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The results from this dissertation provide unique insight into the fundamental composition
of native AMPA receptors, placing the molecular architecture of glutamate receptors on an
unprecedented and accurate structural blueprint. Moreover, | believe that isolation and analysis
of native receptor complexes provides an important, new direction to the structural biology field
as a whole, showing how one elucidates the bona fide composition and structure of a brain region-

specific receptor complex.
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Chapter 2

IMMUNOAFFINITY PURIFICATION OF NATIVE AMPARS FROM MAMMALIAN BRAIN
TISSUE

Published content from: Rao P et al. (2023) Purification and biochemical analysis of

native AMPA receptors from three different mammalian species. PLOS One
18(3):e0275351. doi: 10.1371/journal.pone.0275351.
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Abstract

The majority of fast, excitatory synaptic transmission in the central nervous system (CNS) is
mediated by a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARSs),
which are glutamate-activated ion channels integral to synaptic plasticity, motor coordina-
tion, learning, and memory. Native AMPARs are multiprotein assemblies comprised of a tet-
rameric receptor core that co-assembles with a broad range of peripheral auxiliary proteins
which shape subcellular localization and signaling properties of the resulting complexes.
Structure determination of AMPARSs has traditionally relied on recombinant expression sys-
tems; however, these methods are not well suited to elucidate the diverse array of AMPAR
assemblies that are differentially expressed in mammalian brains. While recent studies of
native receptor complexes have advanced our understanding of endogenous assemblies,
receptors thus far have only been isolated from rodent brain tissue. Here, we employed an
immunoaffinity purification strategy to isolate native AMPARSs from the brains of three differ-
ent mammals—pigs, sheep, and cows. Compared to rodents, pigs, sheep, and cows are
ungulate mammals, animals with closer genomic identity with humans. Here we determined
the molecular size, overall yield, and purity of native AMPARSs isolated from these three
mammals, thereby demonstrating that structural determination and biochemical analysis is
possible from a clade of mammals evolutionarily distinct from rodents.

Introduction

AMPA receptors (AMPARs), widely regarded as the primary mediators of fast synaptic trans-
mission in the central nervous system (CNS), are ionotropic ion channels that translate chemi-
cal signals to electrical impulses. AMPARs are cation-selective receptor assemblies enriched at
postsynaptic membranes that upon activation by glutamate, elicit local membrane depolariza-
tion [1]. AMPARSs are ubiquitously expressed in the CNS and thus influence many pivotal
excitatory signaling pathways, most notably those that underlie synaptic plasticity, motor coor-
dination, learning, and memory [2-4].

AMPA receptors are tetramers assembled from four homologous subunits: GluA1-4 [5].
AMPARSs are organized in a three-layered architecture comprising an amino-terminal domain
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(ATD) layer, which guides functional assembly and trafficking, a ligand binding domain
(LBD) layer, which harbors the glutamate binding sites, and the membrane-embedded trans-
membrane domain (TMD) layer, which forms the non-selective, cation permeable ion channel
pore [6]. In non-desensitized states, the extracellular ATD and LBD layers are each arranged
as a dimer-of-dimers with local and overall two-fold rotational symmetry, making extensive
subunit interactions that play critical roles in gating and assembly [6-9]. The subunit composi-
tion of AMPARs is remarkably variable, with distinct homomeric and heteromeric receptor
assemblies expressed throughout the CNS [10-12]. This architectural heterogeneity under-
scores functional diversity, yielding ion channels with a wide range of gating kinetics [13, 14],
pharmacology [15-19], and ion channel permeation properties [20-22]. Furthermore, AMPA
receptors co-assemble with auxiliary proteins which decorate the periphery of the receptor,
thereby influencing the assembly [23-26], trafficking [27-30], and kinetic properties [18, 30-
32] of the receptor complexes. There are over 30 AMPAR auxiliary proteins, many of which
exhibit a high degree of brain region specificity, further expanding the architectural and func-
tional complexity of AMPAR assemblies [10].

Despite decades of structural studies describing the gating and kinetic properties of recom-
binant AMPARS [8, 33-35], visualizing the architecture and the molecular composition of
native AMPAR assemblies has proven more challenging. Indeed, while heterologous expres-
sion systems [36, 37] have succeeded in overexpressing specific AMPAR complexes [8, 38, 39],
often using covalent linkage to force auxiliary subunit position and stoichiometry [9, 34, 40],
isolation of native receptors from brain tissue has shed light on the diverse ensemble of recep-
tor assemblies, not only by defining subunit composition and arrangement, but also by map-
ping the auxiliary subunit type and position, as well as by suggesting the presence of previously
unseen auxiliary subunits [12, 41]. Moreover, the diversity of brain region- and cell-specific
composition of AMPA receptor subunits and auxiliary proteins has not yet been recapitulated
in heterologous expression systems. Therefore, by extracting AMPARs directly from biological
tissue we can authentically define the molecular composition and architecture of AMPARs.

In a recent study, an immunoaffinity purification strategy was developed to isolate
AMPARs from rat brains by leveraging the 15F1 Fab, an anti-GluA2 antibody fragment [12].
These purified GluA2-containing receptors were subjected to cryo-EM analysis, which enabled
visualization of the molecular composition, subunit arrangement, and architecture of an
ensemble of native AMPAR assemblies [12]. Rodent variants have been used extensively not
only for structural analysis but also for electrophysiology and binding assays, providing a con-
sistent framework for the integration of structural and functional data into mechanistic
schemes. Here, we demonstrate the isolation of native AMPARSs from a different clade of
mammals—ungulates. Consisting of primarily hoofed mammals, ungulates have genetic and
physiological traits more similar to humans than rodents [42, 43], and present advantages as
models for therapeutic and translational neurological research [44-46]. Exploiting the con-
served epitope of the 15F1-Fab in ungulates, we were able to isolate native AMPARs from pig,
sheep, and cow brain tissue. GFP fluorescence was used to follow AMPARs throughout the
isolation process to determine and compare the purity, molecular size, and total yield from
ungulates and rodents, altogether revealing that structural characterization and biochemical
analysis of native AMPARS is feasible from ungulate mammals.

Results
Rodents and ungulates share a conserved 15F1 epitope

In mammalian brains, close to 80% of AMPARs are assembled with at least one GluA2 subunit
[10]. Therefore, employing the 15F1 Fab for immunoaffinity purification enables the isolation
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Fig 1. Conservation of the 15F1 Fab binding site. (A) Molecular model and cryo-EM map of the GluA1/GluA2 diheteromeric structure purified from mouse
hippocampi (PDB: 7LDD) [41]. GluAl, GluA2, 15F1, TARP-y8, and CNIH2 are colored cyan, red, grey, green, and blue, respectively. The black dashed
rectangle highlights the 15F1-Fab binding site on the ATD layer of GluA2. (B, C) Views of the interaction sites between 15F1 and GluA2. Insets: Close-up views
of the regions indicated by the yellow arrows. (D) GluA2 sequence alignment of selected mammalian species. Conserved residues of the 15F1 binding region
are highlighted in green. Unshaded residues denote sequence disparities between the selected mammals.

https://doi.org/10.1371/journal.pone.0275351.9001

of the major population of native AMPARSs from whole brains. With rodent variants, 15F1 dis-
plays sub-nanomolar affinity for GluA2 and has no detectable cross-reactivity with the other
AMPA receptor subunits [12]; however, it was unclear if these binding properties would be
preserved in AMPARSs from pigs, sheep, and cows. To identify the 15F1 epitope, we carefully
examined the previously solved rodent AMPAR structures and found that the structural reso-
lution of the 15F1-receptor binding region was the highest from the hippocampal GluA1/
GluA2 diheteromeric complex (PDB: 7LDD) [41]. Inspection of the hippocampal GluA1/
GluA2 structure permitted us to definitively map the binding region of 15F1 to the periphery
of the ATD layer, encompassed by residues Ala43 —-Pro60, where we observe the Co atoms
from the variable loops of 15F1 within ~4-5 A of the side chains on the upper lobe of the
GluA2 ATD clamshell (Fig 1A). We denote a possible hydrogen bond interaction between
Ser52 on the ATD layer with Asn59 of the 15F1 variable loop (Fig 1B), along with a possible
electrostatic interaction between Arg46 of GluA2 and Asp102 of 15F1 (Fig 1C), both of which
appear to be important interaction sites. However, due to insufficient resolution of the 15F1
Fab region of the density map, we cannot conclusively define these potential contacts. Never-
theless, the rodent sequences of the 15F1 epitope were compared to those of pigs, sheep, and
cows, all of which exhibited complete sequence conservation (Fig 1D), indicating that an
immunoaffinity purification strategy of GluA2-containing AMPAR complexes using the 15F1
Fab would likely be feasible from these mammals. Notably, the 15F1 epitope is also conserved
in humans, but obtaining non-chemically treated brain tissue proved to be challenging. Before
attempting our purification strategy, we modified the 15F1-Fab DNA coding sequence by
cloning a GFP tag between the twin-Strep tag and the C-terminus of the heavy chain and
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expressed this antibody in SF9 insect cells using baculovirus expression. This modification
enabled us to follow AMPARs throughout the purification process using GFP fluorescence.

Brain acquisition and membrane preparation

Using the engineered Fab, denoted 15F1-GFP, we performed identical immunoaffinity purifi-
cation workflows for both rodents and ungulates (Fig 2), consistent with previous studies dem-
onstrating isolation of native AMPARs from brain tissue [12, 41]. First, we acquired rodent
and sheep brain tissue donated by neighboring researchers at OHSU. Procuring cow and pig
brains proved to be more challenging, as we were unable to find any labs nearby which used
these animal models. However, we inquired with commercial vendors and found that many
slaughterhouses discard animal heads. Therefore, we purchased pig and cow brains from local
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sources that were willing to remove whole brains from adult animal carcasses. With these
whole brains in hand, we focused our efforts on brain homogenization and membrane
preparation.

In light of the difference in mass of more than two orders of magnitude between rodent
and ungulate brains (Table 1), we adopted two different strategies for homogenization. Prior
to sonication, rodent brains were homogenized using a conventional, hand-held Dounce-
homogenizer, whereas ungulate brains, due to their substantially larger mass, required more
vigorous homogenization with a large blender. Post-homogenization, membranes were pre-
pared using a two-step centrifugation strategy consisting of a low-speed 5000 x g spin, followed
by an ultracentrifugation step at 150,000 x g. The low-speed centrifugation step was imple-
mented to first pellet insoluble tissue and cell debris. With ungulate brains, we found the
majority of the brain homogenate to pellet during this step. Recovering AMPARs from this
material, however, required solubilization under harsh conditions with ionic detergents, thus
disrupting the native structure and likely promoting denaturation of the receptor complexes.
Next, the supernatant was subjected to ultracentrifugation which pelleted the membranes. We
measured the mass of membranes for each mammal (Table 1), before resuspending them in
homogenization buffer.

Detection of native AMPARSs using 15F1-GFP

Solubilization of membranes using detergent is an effective approach to extract membrane
proteins from the lipid bilayer [47]. We elected to use digitonin as it is capable of efficiently
extracting and preserving the structural integrity of AMPARs, while also retaining co-assem-
bled AMPAR auxiliary proteins [8, 12, 39, 41, 48]. To assess if brain size correlates with
AMPAR abundance, we first solubilized equal masses of membranes from each mammal in
2% digitonin (w/v) and incubated this material with 15F1-GFP. Using fluorescence-size exclu-
sion chromatography (FSEC) [49], we observed distinct peaks corresponding to GluA2-con-
taining AMPARs based on GFP fluorescence and elution time (Fig 3A). We compared the
peak heights of all five mammals and found that sheep and pigs exhibited the highest abun-
dance of AMPARSs, and surprisingly, we observed that cows display the lowest abundance.
This discrepancy in molecular abundance was unexpected considering sheep, pigs, and cows
have similar brain masses and are from the same clade of mammals. However, we are cautious
not to overinterpret these FSEC profiles, as estimating abundance from solubilization of mem-
brane pellets is challenging, due to the technical difficulty of weighing wet membranes. Never-
theless, the reason for this disparity remains unclear, although we speculate it could be due to
the incidental removal of AMPARs in the first centrifugation step during membrane
preparation.

Post-solubilization, we also observed that sheep AMPARSs elute earlier than the other four
mammalian receptor variants (Fig 3A), which we estimate corresponds to a larger molecular

Table 1. Quantification of AMPARs and brain tissue amongst different species.

Brain Mass of Mass of purified Receptor/brain Receptor/ Molecular weight: Molecular weight: | Molar quantity
mass (g) = membranes (g) | AMPAR complexes | tissue % (x 10®) | membrane % (x | Solubilization (kDa) | SEC-purified (kDa) (picomoles)
(ng) 107)
Cow 281 20.9 7.0 2.5 34 830 802 8.7
Sheep 98 15 19.7 20 13.1 850 841 23.4
Pig 109.8 4.6 13.7 12 29.8 832 830 16.5
Rat 1.7 0.5 2.1 124 42 827 811 2.6
Mouse 0.6 0.3 0.5 83 17 839 837 0.6

https://doi.org/10.1371/journal.pone.0275351.t001
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size of 11-23 kDa (Table 1). This raises the possibility that variability in receptor and/or auxil-
iary subunit composition between these species account for this divergence. High-resolution
proteomic analysis from rat brains has previously determined abundance profiles of auxiliary
proteins that co-assemble with native AMPARs [10, 11]. The most abundant co-assembled
constituents are transmembrane AMPAR regulatory proteins (TARPs), cornichons, and ferric
chelate reductase 1 like protein (FRRS1L) [10], all of which bind to the receptor, largely via the
transmembrane domain, and have well-described functional properties that include modula-
tion of gating [18, 30, 32], regulation of surface trafficking [24, 26, 28, 30], and modification of
pharmacology [50-52]. We compared the sequences of these auxiliary proteins from all five
mammals to determine if the sheep variants have a larger predicted molecular size. The amino
acid sequences were nearly identical for almost all TARPs and cornichons, although we found
an additional 10, 13, 13, and 15 amino acid (aa) appendage to the N-terminal domain of the
TARP-v8 sheep variant compared to cows, pigs, mice, and rats, respectively (S1A Figin S1
File). The cornichon-2 variant in cows differed from all other variants with a 15 aa N-terminal
sequence addition. A comparison of the FRRS1L variants revealed a 49, 49, and 58 aa addition
in the sequence of the sheep variant compared to rodents, pigs, and cows, respectively (S1B Fig
in S1 File). Moreover, previous studies have shown that FRSS1L and TARP-y8 bind in two-
fold arrangements to separate AMPARs populations [24, 41], diminishing the possibility of
combined assembly with the same receptor. Therefore, the amino acid extensions of both the
TARP-vy8 and FRRSIL sheep variants appear insufficient to be solely responsible for the esti-
mated differences in size.

To examine if the difference in molecular size was contingent upon the architectural vari-
ance of the receptor tetramer, we directly compared the sequences of the AMPAR subunits
between all the five mammals. Sequence identity was high between receptor subunits from the
different species; however, we noted several differences in predicted glycosylation sites. Sheep
have more predicted O- or N-linked glycosylation sites than rodent variants for the GluAl,
GluA3, and GluA4 subunits, 1, 4, and 4 more respectively. For the GluA2 subunit, the rodent
variant has 1 more predicted glycan than the sheep variant. Predicting how these differences in
post-translational modifications will affect the sizes of various heteromeric receptor assemblies
presents a challenge, but we surmise that the variability of glycosylation contributes to the
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discrepancies in molecular size. Furthermore, we cannot rule out the possibility that differen-
tial assembly associated with auxiliary proteins may also be a contributing factor.

Immunoaffinity purification workflow and analysis

To purify native AMPARs, we first solubilized membranes amassed from a single brain of each
animal and individually incubated the digitonin-solubilized suspensions with the 15F1-GFP
Fab. We immobilized 15F1-GFP-bound AMPARSs to Streptactin resin using the twin StreplI tag
encoded on the C-terminal region of 15F1 and released 15F1-GFP Fab by incubating the resin
with d-desthiobiotin. Size-exclusion chromatography was used to separate native AMPARSs
from excess 15F1-GFP Fab (Fig 3B, S2 Fig in S1 File), and we determined the purity and overall
yields of the different populations of native AMPARSs. For all five mammals, we isolated native
AMPAR complexes in the picomole (pmol) range, sufficient for biochemical, mass spectromet-
ric, and cryo-EM analysis [53, 54]. We purified the highest amount, about 23 pmol, from sheep,
and the smallest amount- 0.6 pmol from mice. We observed homogeneous FSEC profiles from
all five mammals that eluted at approximately similar positions (Fig 4). SDS-PAGE analysis of
the purified samples corroborated our FSEC results, as we found the most prominent bands for
all species to correspond to AMPAR subunits (Fig 4). We observed additional, undetermined
bands, migrating from 15-55 kDa, which we attribute to co-purified auxiliary proteins (Fig 4).

Discussion

Strategies to purify membrane proteins from native sources have re-emerged as a subject of
considerable attention in the structural biology community. The first membrane protein
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structures solved from bacteria, mitochondria, and chloroplasts relied on native purification
methods [55-57]. However, these strategies were limited to targets with uniquely high endoge-
nous abundance. The advent of purification tags, along with powerful sequencing and cloning
methods stimulated rapid progress in using heterologous expression methods to facilitate
structural studies of a wide range of membrane proteins, and also the generation of elegant
methods for interrogating their functional properties. Recently, a resurgence of improved
native membrane protein purification methods has provided unprecedented insight into
molecular architecture, novel protein-protein interactions, and functional mechanisms, previ-
ously unattainable by conventional recombinant methods. Isolation of native AMPARs from
rodent brain tissue using the 15F1 Fab, in particular, has led to unique insights into the struc-
tural assembly and region-specific molecular pharmacology. Immunoaffinity purification and
cryo-EM analysis of AMPARSs from rat brains defined the stoichiometry and arrangement of a
spectrum of AMPARs, including a triheteromeric GluA1/GluA2/GluA3 assembly, which was
previously unknown [12]. A subsequent study used single-molecule methods to define the
unique auxiliary protein stoichiometry of mouse hippocampal AMPARs and how a forebrain-
specific molecule, JNJ-55511118, binds to native AMPARs and antagonizes ion channel gating
[41].

In the present study, we exploited the 15F1 Fab to purify native AMPARs from cow, sheep,
pig, rat, and mouse brains. Modification of the 15F1 antibody to include a covalently attached
fluorophore allowed us to follow receptors throughout our purification workflow and demon-
strated a commensurate strategy for isolating native AMPARs from two distinct mammalian
clades. Surprisingly, we were able to purify more AMPAR assemblies per unit of brain mass
from rodents, compared to the larger mammals from the ungulate clade. This purification effi-
ciency of native rodent AMPARSs was considerably higher than pigs, cows, and sheep, as the
purified molar quantities from these three species were only ~15-40x and ~3-10x compared to
mice and rats, respectively, even though ungulate brains have ~100x the mass of rodent brains.
Whether this purification inefficiency is unique to ungulates or simply a consequence of their
brain tissue composition, remains an open question. Repeating the immunoaffinity purifica-
tion workflow with multiple brains from each mammal, under careful consideration of vari-
ables such as age and sex, will allow for precise interpretation of the observations we describe
here. However, despite the unexpectedly lower purification efficiency, we successfully purified
pmols of native AMPAR assemblies from pigs, sheep, and cow brains, a quantity sufficient for
cryo-EM, biochemical, and mass spectrometric analysis. Recent studies have demonstrated the
feasibility of structural studies of native membrane protein complexes [58, 59] from pmol of
purified protein [58, 59].

The disparity of AMPAR abundance and molecular size between native cow and sheep
AMPARs is unresolved. Whereas native pig and sheep AMPARSs seem to be relatively equiva-
lent in purity, abundance, and molecular size, native cow AMPARs display markedly lower
abundance, molecular size, and purification efficiency. The possibility remains that cow brains
could simply be inherently less amenable to our immunoaffinity purification strategy due to
the tissue composition of their brains. Conversely, native sheep AMPARs display the highest
abundance and purification efficiency compared to pig and cow AMPARs, indicating that
sheep are the favorable ungulate species for structural investigations of native AMPAR
assemblies.

The immunoaffinity purification methodology we outlined offers avenues for adaptation,
which we presume can lead to deeper insight into native AMPAR assemblies. For example,
one could apply this methodology to evaluate age-dependent associated changes of AMPARSs.
Prior studies in mice have suggested that distinct populations of AMPAR complexes exist in
the early postnatal period, compared to adulthood [10, 60]. Resolving the architecture and
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molecular composition of native AMPARs from different developmental phases offers the
opportunity to shed light on the structural dynamics of AMPAR assembly. In addition, during
the homogenization step we described earlier, one can introduce sedimentation and sucrose
gradient centrifugation to isolate specific sub-cellular fractions such as endoplasmic reticulum
(ER) membranes. AMPARs poised for anterograde trafficking at the ER have yet to be visual-
ized and are anticipated to co-assemble with a set of architecturally distinct auxiliary proteins
compared to synaptic AMPARs [24]. Furthermore, provided one has an antibody with high-
affinity and specificity for a non-GluA2 AMPAR subunit, one can isolate specific heteromeric
assemblies by incorporating an additional antibody affinity purification step prior to SEC. We
anticipate that this purification workflow will serve as a starting point for future studies and
lead to the expansion of animal models used to characterize native AMPARs.

Materials and methods
Ethics statement

We did not perform any experimental manipulations on live animals. We did not perform any
euthanasia, anesthesia, or any animal sacrifice in this study. Pig and cow brains were obtained
directly from commercial sources. Sheep and rodent brains were dissected from donated ani-
mal carcasses, euthanized prior to our acquisition.

Expression and purification of 15F1-GFP

As previously described [41], the DNA sequences encoding the Fab domains of the light and
heavy chains from the 15F1 monoclonal antibody were cloned into a bicistronic pFastBacl
vector for baculovirus expression in Sf9 insect cells, with the following modifications. The
GP64 signal peptide (MVSAIVLYVLLAAAAHSAFA) was included at the N terminus of the
heavy and light chains, whereas an eGFP tag, followed by a twin-Strep II tag, were introduced
at the C terminus of the heavy chain. Insect cells were transduced with baculovirus and cul-
tured at 27°C. After 96 hrs, the supernatant was collected and the pH was adjusted to 8.0, fol-
lowed by clarification at 10,000 x g for 20 min at 4°C. The supernatant was concentrated by
tangential flow filtration using a 50-kDa molecular-mass cut-off filter and dialyzed against
TBS buffer (20 mM Tris, pH 8.0, 150 mM NaCl) for 36 hrs. Strep-Tactin affinity chromatogra-
phy was used to isolate the 15F1-GFP Fab, which was further purified by SEC in the presence
of TBS bulffer. Peak fractions were pooled and stored at —80°C. Concentrated 15F1-GFP was
used for purification and FSEC experiments.

Ungulate brain tissue homogenization

Pig (age: ~1 year) and cow (age: ~2.5 years) brains were purchased directly from Tails & Trot-
ters (Portland, OR) and Carlton Farms (Carlton, OR), respectively, and stored on ice during
the drive back to the lab (15 min- 1.5 hr). Sheep (ewe, age: ~1.5 years) brains were kindly
donated by Dr. Charles Roselli (OHSU). We scheduled brain dissections at least two weeks in
advance, coordinating with the vendors and Dr. Roselli on a specified time to pick up brains.
All ungulate brains were dissected from animal heads within 20 min and immediately placed
on ice. Upon arrival to the lab, brains were washed with ice-cold PBS, before being placed in
homogenization buffer (TBS + 0.8 uM aprotinin, 2 ug ml™" leupeptin, 2 mM pepstain A, I mM
phenylmethylsulfonyl fluoride) with all subsequent steps performed at 4°C. Brains were
blended in an Oster blender for 2 min with homogenization buffer. The blended material was
sonicated for 1.5 min, 3 sec ON, 5 sec OFF, power- 4.0, and the homogenate was centrifuged
at 5000 x g for 15 min. Next, the supernatant was decanted and subjected to ultracentrifugation
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at 150,000 x g for 1 hr to pellet the membranes. Membranes were resuspended in TBS + 1uM
(R,R)-2b (N,N’-[biphenyl-4,4’-Diyldi(2r)propane-2,1-Diyl]dipropane-2-Sulfonamide) + 1 uM
MPQX ([[3,4-dihydro-7-(4-morpholinyl)-2,3-dioxo-6-(trifluoromethyl)-1(2 H)-quinoxalinyl]
methyl]phosphonic acid) + 10% glycerol.

Rodent brain tissue homogenization

From donated rat (adult Sprague Dawley) and mouse (28-40 days, C57BL/6) carcasses, whole
brains were first dissected, washed with PBS, and placed carefully in ice-cold homogenization
buffer. Brains were homogenized using a Teflon-glass grinder and further disrupted using a
sonicator for 5 min with cycles of 3 sec on and 6 s off, at medium power, on ice. The homoge-
nate was subjected to centrifugation at 5000 x g for 15 min. The membrane fraction was col-
lected by ultracentrifugation at 150,000 x g for 1 hr at 4°C.

Purification of native AMPARs

Membranes from all species underwent the same purification steps unless otherwise noted.
Membrane pellets were solubilized in 2% digitonin (w/v), 1 uM (R,R)-2b, 1 uM MPQX for 3
hrs with gentle agitation. Ultracentrifugation was used to clarify the material before 15F1-GFP
was incubated directly with the solubilized supernatant. After incubation on ice for 20 min
with gentle agitation, 15F1-GFP-bound AMPARs were column-purified with Streptactin resin
with buffer A (TBS, 1 uM (R,R)-2b, 1 uM MPQX, 0.075% (w/v) digitonin) supplemented with
8 mM d-desthiobiotin and concentrated for SEC. The eluted sample was further purified using
a Superose 6 10/300 column (GE Healthcare) in the presence of buffer A. Peak fractions were
pooled and concentrated using a 100-kDa cut-off concentrator. The homogeneity and molecu-
lar size of the purified native AMPARs were analyzed by silver stained SDS-PAGE and FSEC.
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AMPA-selective glutamate receptors mediate the transduction of signals between the
neuronal circuits of the hippocampus'. The trafficking, localization, kinetics and
pharmacology of AMPA receptors are tuned by an ensemble of auxiliary protein
subunits, which are integral membrane proteins that associate with the receptor to

yield bona fide receptor signalling complexes?. Thus far, extensive studies of
recombinant AMPA receptor-auxiliary subunit complexes using engineered protein
constructs have not been able to faithfully elucidate the molecular architecture of
hippocampal AMPA receptor complexes. Here we obtain mouse hippocampal,
calcium-impermeable AMPA receptor complexes using immunoaffinity purification
and use single-molecule fluorescence and cryo-electron microscopy experiments to
elucidate three major AMPA receptor-auxiliary subunit complexes. The GluA1-GIuA2,
GluA1-GluA2-GluA3 and GluA2-GluA3 receptors are the predominant assemblies,
with the auxiliary subunits TARP-y8 and CNIH2-SynDIG4 non-stochastically
positioned at the B’/D’ and A’/C’ positions, respectively. We further demonstrate how
the receptor-TARP-y8 stoichiometry explains the mechanism of and submaximal
inhibition by a clinically relevant, brain-region-specific allosteric inhibitor.

Decades of studies have revealed the central role that ionotropic gluta-
matereceptors havein fast excitatory signalling throughout hippocam-
pal neuronal circuits® and in synaptic potentiation and depression**.
One subfamily ofionotropic glutamate receptors—called AMPA recep-
tors (AMPARs)—has particularly important rolesin the glutamatergic
synapses of the hippocampus'. AMPARs are tetrameric assemblies>”,
whichare composed of subunits GluA1-GluA43, of which subunits GluAl
and GluA2 are the most abundantly expressed in the hippocampus®°.
However, AMPARs do not functioninisolation as they co-assemble with
auxiliary subunits that modulate the trafficking, localization, kinet-
ics and pharmacology of the assembled receptor complex*", which
further shapes synaptic responses, synaptic plasticity and neuronal
circuit activity.

The most prevalent auxiliary subunitsin the hippocampus are trans-
membrane AMPAR regulatory proteingamma8 (TARP-y8)", cornichon-2
(CNIH2)® and synapse differentiation-induced gene 4 (SynDIG4)°.
Despite more than two decades having passed since the discovery of
thefirstauxiliary subunit of the AMPARs™, the molecular and structural
composition of hippocampal AMPA receptors (hpAMPARSs) remains
unresolved. Previous studies revealed structures of the GluA1-GluA2-
TARP-y8 and GluA2-CNIH3 complexes™'®; however, these experiments
used artificial, engineered recombinant proteins, leaving the ques-
tion of the ensemble of AMPAR complexes of the hippocampus unre-
solved. Therefore, we isolated native, calcium-impermeable AMPAR
complexes from mammalian hippocampi and used single-particle
cryo-electron microscopy (cryo-EM) and single-molecule total internal

reflection fluorescence (TIRF) experiments” to define the functionally
relevant molecular composition and structures of the most highly
populated classes of hpAMPARs. With these native complexesin hand,
we proceeded to elucidate the stoichiometry, pose and mechanism of
a clinically relevant, brain-region-selective antagonist, bound to its
physiological, functional target.

Structure and composition of hpAMPARs

We isolated GluA2-containing hpAMPARs from mouse hippocampi,
followed byimmunological labelling of the receptor subunits with the
anti-GluA111B8 single-chain variable fragment (scFv) and the anti-GluA3
5B2 antigen-binding fragment (Fab)™® (Extended Data Fig. 1a), with
inclusion of the competitive antagonist MPQX and the TARP-y8-specific
antagonist JNJ-55511118 (JNJ)*. The presence of GluA1-GluA4 subunits,
PSD-95, TARP-y8 and CNIH2 was confirmed by western blot (Extended
DataFigs.1b,2and SupplementaryFig.1), theresults of which suggest
thatourisolation procedure, which represents complexes derived from
total receptor mass, had released the synaptic AMPAR complexes from
the postsynaptic density. We collected a large single-particle cryo-EM
dataset (Supplementary Table 1) and initial two-dimensional classifica-
tion revealed densities for the 11B8 scFv, the anti-GluA2 15F1 Fab and
the 5B2 Fab (Extended DataFig. 1c, d) bound to their cognate receptor
subunits. Two prominent density features extend from the transmem-
brane domain (TMD) ‘up’ along the sides of the ligand-binding domain
(LBD) of thereceptor, probably from the extracellular loops of TARP-y8
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Fig.1|Cryo-EM and single-molecule fluorescence analysis of hpAMPAR
complexes.a-d, Cryo-EM maps of the four resolved complexes, viewed
parallel to the membrane. Symmetric (S) and asymmetric (AS) conformations
withinone complex areindicated. GluA1 (A1), GluA2 (A2), GluA3 (A3), GluAX
(AX, where ‘X’ represents an unidentified subunit) and potential auxiliary
proteins areshowningrey, red, orange, purple and blue or green, respectively.
Theanti-GluA111B8 scFv, the anti-GluA215F1Fab and the anti-GluA3 5B2 Fab
areshowninpink, lightblue and light yellow, respectively. Insets are cartoons
showing the subunitarrangementand antibody fragment labelling of the ATD
layer. e, The total number of GluA1, GluA3 and colocalized GluA1-GIluA3
subunit-containing molecules detected by SiMPull are shown. See Methods for
adescription of the control experiments. We observed 37% colocalization of

(Extended Data Fig. 1d). Multiple rounds of amino-terminal domain
(ATD)-focused classification and refinement revealed four distinct
hpAMPAR complexes that adopted ‘Y-shaped’ symmetric orasymmetric
conformations® (Fig. 1a-d and Extended Data Figs. 3-6).

The hpAMPAR complexes composed of GluAl and GluA2 subunits
are the predominant subtypes and were present in around 90% of
our structures (Fig. 1a-d), which is consistent with previous studies
showing that GluAl and GluA2 constitute around 80% of the expres-
sion of AMPAR subunits in the hippocampus®®?., In comparison to
the distribution in the whole brain, in which the largest population
of receptors is composed of the GluA1-GluA2-GluA3 triheteromeric
assembly, with subunitsarrangedinan A1A2A3A2 manner'®, our dataset
analysis revealed that the diheteromeric GluA1-GluA2, with a subunit
arrangement of AIA2A1A2, accounts for the largest population in the
hippocampus (around 56%) (Fig. 1a). The second major population
is the GluA1-GluA2-GluA3 receptor, which accounts for around 36%
of the total population, with the GluAl, GluA3 and GluA2 subunits in
the A, C and B/D positions, respectively (Fig. 1b). The GluA1-GluA2-
GluAX and GluA2-GluA3 receptor complexes comprise around 4% of
the population (Fig. 1c, d). The triheteromeric GluA1-GluA2-GIluAX
receptor includes an ‘AX’ subunit, which we define as a subunit unla-
belled by an antibody fragment either because a Fab or scFv did not
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GluA3 spotswith GluAlspots. n=25images examined over two independent
experiments. Theinset shows aschematic of AMPAR SiMPull. PEG,
polyethylene glycol.f, Distribution of hpAMPAR subunits from cryo-EM and
SiMPull (TIRF) experiments. The number of each subunit in the single-particle
cryo-EM dataset was counted based on the presence of anidentifying scFv or
Fab fragment. Particle fractions were averaged across two cryo-EM datasets
obtained with different data-processing strategies (see Methods). ‘GIluAX
(cryo-EM)’ particles are untagged subunits observed by cryo-EM. The subunit
fractions from SiMPull experiments were calculated by probing immobilized
hpAMPARs witha fluorescently labelled, subunit-specific monoclonal
antibody. For SiMPull experiments, n=120 images examined over two
independentexperiments. Dataare mean+s.e.m.

bind or because it is the GluA4 subunit. The GluA2-GluA3 receptor,
withasubunitarrangement of A3A2A3A2, is the only complex without
the GluAlsubunitand, similar to the subunit composition of the whole
population of the receptorsin the brain’®, GluA3 subunitsresidein the
A/Cpositions.

To independently assess the relative abundance of each subunit in
the hippocampus, we performed single-molecule pull-down (SiMPull)
experiments” by applying the supernatant of mouse hippocampi to
imaging chambers coated with the 15F1 monoclonal antibody (Fig. 1e).
Fluorescently labelled antibodies specific to the GluAl, GluA3 or GluA4
subunits were then applied to the chamber to enable visualization of the
AMPAR subunits. We observed 60% more GluAl molecules compared
with GluA3 molecules, further demonstrating the prevalence of the
GluAlsubunitinthe hippocampus (Fig.1e and Extended Data Fig. 7a).
When fluorescently labelled anti-GluAl and anti-GluA3 antibodies were
simultaneously added to the imaging chamber, we found that 37%
of GluA3 molecules colocalized with GluAl (Fig. 1e). By comparing
the number of spots for each subunit to the total number of observed
complexes, we determined that 77% of complexes contained GluAl,
30% contained GluA3 and 3% contained GluA4 using SiMPull (Fig. 1fand
Extended DataFig. 7b). A similar distribution of hpAMPAR subunits is
observedinthe cryo-EM dataset, in which 95% of complexes contained

Nature | Vol 594 | 17 June 2021 | 449
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Fig.2|Architecture and subunit arrangement of LBD-TMD,,,,, complexes.
a, Three-dimensional reconstruction of the LBD-TMD,,,, complex viewed
paralleltothe membrane. GluAl, GluA2, TARP-y8 and CNIH2 are shownin grey,
red, greenandblue, respectively. Lipid-like densities are shownin cyan.b, The
structures of LBD-TMD,,,, complexes viewed parallel to the membrane. The
JNJmoleculeisshown as spheres. ¢, Interface between TARP-y8 and the
receptor. Selected residues along the interface are shown as sticks. Possible
hydrogenbondsareindicated by black dashed lines.d, Interface between
CNIH2 and the receptor, highlighting key residues. e, Superposition of the
TARP-y8interface (c) and CNIH2 interface (d) to show the conformational
differencesinthe A’and B’ positions, viewed perpendicular to the membrane.
For clarity, the solvent-accessible surfaces of TARP-y8 and CNIH2 are shown.

GluAl, 42% contained GluA3 and 4% contained GIuAX (Fig. 1f). The
percentage of untagged subunits observed in cryo-EM (4%) is close
to the number of GluA4 subunits detected by SiMPull (3%), which is
consistent with the hypothesis that the subunit that is unlabelled by
an antibody fragment in the cryo-EM studies is the GluA4 subunit.

The GluA1-GluA2 and GluA2-GluA3 complexes adopt symmetric
and asymmetric conformations and the GluA1-GluA2-GluA3 complex
adopts three different conformations' (Fig. 1a-c and Extended Data
Figs.5, 6, 8).Inspection of the ATD-LBD interfaces shows that the clos-
est contact regions between the ATD and LBD are conserved across
these three complexes and involve a Tyr residue on the LBD, with a
glycosylationsite, aLys and a GIn or Glu from the ATD. Tyr465 of GluAl
and Tyr469 of GluA3 may act as a ‘pivot’, transducing conformational
signals from the ATD to the LBD. The observation that the ATD glyco-
sylation site densities nearly extend to the LBD may relate to the role
of glycosylation in AMPAR physiology?*.

Constellation of auxiliary proteins

The hpAMPAR reconstructions revealed a partial density for auxiliary
proteins surrounding the receptor TMD. To improve the map quality,
we performed focused classification and refinement of the GluA1-
GluA2, GluA1-GluA2-GluA3 and GluA2-GluA3 receptor subtypes by
masking the LBD-TMD layers (Extended Data Fig. 9). We conducted
three-dimensional classification individually for the three receptor
subtypes and found that all of the subtypes exhibited density features
that are consistent with an arrangement of two distinct pairs of auxil-
iary proteins (Extended Data Figs. 5, 6). Refinement of the LBD-TMD
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f, Observed colocalization of TARP-y8 with GluA1(65%) and colocalization of
GluA3 with TARP-y8 (38%) from SiMPull experiments. See Methods fora
description of the control experiments. n=25images examined over two
independent experiments. g, Representative trace showing two-step
photobleaching (blue arrows) of the 13A8 GFP-tagged anti-TARP-y8 Fab. AU,
arbitrary units. h, Summary of distribution of the photobleaching steps for the
13A8 GFP-tagged anti-TARP-y8 Fab. The distribution of the photobleaching
steps for anti-TARP-y8 Fab (black bars) is consistent with a binomial
distribution (grey bars) that assumes a dimeric protein and 80% GFP
maturation.n=600 spots were analysed from three photobleaching videos
(200 spots pervideo) collected from two independent experiments. Each
videoisrepresented by ablue dot. Dataare meants.e.m.

layers for the GluA1-GluA2 subtype yielded a 3.63 A resolution map
(LBD-TMDy,»,) that permitted us to assign CNIH2 and TARP-y8 to the
identities of the auxiliary proteins at the A’/C’ and B’/D’ positions,
respectively (Fig. 2a, b). Refinements of the GluA1-GluA2-GluA3 and
GluA2-GluA3 subtypesresulted in reconstructions at lower resolution,
but they nevertheless exhibited similar auxiliary subunit densities to
those seen for the GluA1-GluA2 complexes (Extended Data Figs. 5, 6).

To independently assess the identity and stoichiometry of the
hpAMPAR auxiliary subunits, we performed SiMPull experiments
using fluorescently labelled antibodies and the supernatant of mouse
hippocampi. The hpAMPARs were immobilized with the 15F1 mono-
clonal antibody and probed for TARP-y8 using a fluorescently labelled
anti-TARP-y8 13A8 monoclonal antibody in conjunction with anti-GluAl
and anti-GluA3 monoclonal antibodies (Extended Data Fig. 7c). The
resulting signal for TARP-y8 colocalized with GluAl (65%) and GluA3
(38%), which is consistent with the conclusion that TARP-y8 resides
in the hpAMPAR complex (Fig. 2f). To measure the stoichiometry of
TARP-y8 in the hpAMPAR complex, we generated a GFP-tagged 13A8
Fabfor useinsingle-molecule photobleaching experiments (Extended
Data Fig. 7d). Approximately 69% of TARP-y8 molecules bleached in
two steps, 26% bleached in one step and 5% bleached in three steps
(Fig. 2g, h), which is consistent with the conclusion that most of the
hpAMPAR complexes contain two TARP-y8 subunits. Although we
have not yet developed a CNIH2 antibody that is suitable for SiMPull
experiments, the density is consistent with CNIH2 occupying the A’/C’
auxiliary subunit positions.

TARP-y8 is the most abundant auxiliary protein in the hippocam-
pus®??, and has key roles in AMPAR gating, trafficking, basal
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expression and long-term potentiation of hippocampal neurons?2,
TARP-y8 occupies the two-fold-related, gating-dominant B’/D’ posi-
tions (Fig. 2b), participating in extensive interactions with the M1
helix of the GluAl subunit and the M4 helix of the GluA2 subunit®.
The transmembrane (TM)3 and TM4 helices of TARP-y8 mediate the
majority ofinteractions with the receptor TMD, with Tyr199 and Tyr201
forming hydrogen bonds with Glu520 of the GluA1 subunit (Fig. 2c).
The TARP-y8 extracellular domainis poised near the lower lobes (D2)
of receptor-LBD interdimer interfaces between subunits A/B and
C/D, regions of the receptor that are involved in receptor gating and
desensitization”?,

CNIH2is abundantinthe hippocampus, increases the surface expres-
sion of AMPAR™?**°, regulates AMPAR pharmacology®* and slows
the time course of excitatory postsynaptic currents*>*2, We observe
that CNIH2 occupies the A’/C’ positions within the receptor TMD, at
the second pair of auxiliary protein ‘slots’ that flank the M1 and M4
receptor helices, with TM1 and TM2 extending 25 A into the cytosol
(Fig. 2d). Interactions between CNIH2 and the receptor TMD primar-
ily involve two sites that are located at the extracellular and cytosolic
boundaries of the TMD. At the extracellular boundary Phe3, PheS and
Phe8 of CNIH2 form hydrophobic contacts with residues on the GluA2
M1 helix and on the GluA1 M4 helix (Fig. 2d). At the cytosolicinterface,
Phe22 and Trp26 of CNIH2 make contacts with Leu807 and Phe810 on
the GluA1 M4 helix (Fig. 2d). We observe additional points of contact
atthe cytoplasmicboundary, where alipid molecule bridges residues
Val69 and Ser73 from TM2to lle573 on the pore-forming GluA2 M2 helix.
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We next sought to compare our LBD-TMD,,,, structure with the
recently reported, recombinant GluA2-CNIH3 structure'. Analysis of
the LBD layer shows that although each LBD dimer is similar, the two
dimersare displaced relative to one another by about 3.2 A (Extended
Data Fig. 10). Superimposing the TMD layers revealed larger differ-
ences, with an overall root mean square deviation (r.m.s.d.) of 3.3 A
(see Methods). Not only are the M1, M3 and M4 helices of the GluA2-
CNIH3 structure rotated by 7-9° relative to the equivalent helices in
the LBD-TMDy, 4, structure, but the helices are also ‘compressed’ and
shifted towards the central axis (Extended Data Fig. 10). Accordingly,
the auxiliary subunits are also rotated and compressed towards the
central axis (Extended Data Fig. 10). These differences suggest that
the GluA2-CNIH3 structure may represent a non-native orimmature
conformation.

The stoichiometry of CNIH2 and TARP-y8 offers an opportunity
to examine how their positional arrangement is associated with the
functional properties of hpAMPARs. CNIH2 and TARP-y8 occupy the
A’/C”and B’/D’ positions, respectively. Because both pairs of positions
permitdirectinteraction with thereceptor M1and M4 helices, we super-
imposed the A’and B’ positions. As opposed to the TARP-y8-receptor
interface, inspection of the upper portion of the M1 helices revealed a
5.5°rotationaway fromtheion channel at the CNIH2-receptor interface
(Fig. 2e).Inaddition, thereis a3.3°rotation of the M3 helix that results
inthe expansion of the gating-proximal region of the M3 helix (Fig. 2e).
Thus, CNIH2 occupancy of the A’/C’ positions promotes alocal expan-
sion of the receptor TMD and defines one structural mechanism by
which auxiliary protein occupancy may influence channel gating. Fur-
thermore, superposition of the recombinant GluA1-GluA2-TARP-y8
structure with our LBD-TMDy, s, structure shows how the CNIH2
subunits, atthe A’/C’ positions, are shifted ‘inward’ towards the central
axis relative to the equivalent TARP-y8 subunits (Extended DataFig.10).

Interactions between the receptor and auxiliary subunit TMDs may
alsoinfluence the conserved arrangement of auxiliary subunits around
the receptor TMD. From our LBD-TMD,,,, structure, we determined
that CNIH2 and TARP-y8 both participate in extensive interactions with
thereceptor M1and M4 helices. Therefore, we explored the possibility
that subunit specificity from the GluA1-GluA2 receptor directly influ-
ences thearrangement ofauxiliary proteins. Even though the sequences
of the M1and M4 helices are highly conserved between the GluAl and
GluA2 subunits, there is asingle difference located in the middle of the
M4 helix: 1le796 of GluAl and its equivalent in GluA2, Val800. At the
A’/C’ positions, lle796 is poised to interact with residues Met11, Leul2
and Vall5 of TM1 from CNIH2. Conversely, the residues surrounding
Val800 are Leul70, lle173 and lle174 from TM3 of TARP-y8. Notably,
we resolved the same two-fold stoichiometry of the auxiliary proteins
for the GluA1-GluA2-GluA3 subtype (Extended Data Fig. 6), in which
the equivalent residue from the M4 helix of GluA3 is a Val. Thus, the
sequence differences in the M4 helix may not be the only mechanism
that defines which auxiliary protein occupies aspecific positionin the
receptor complex.

Theresolution of the LBD-TMD,,;,, map enabled us to visualize the
native lipid densities and the side-chain orientations at the amino acid
positions that were dependent on RNA editing. Lipid densities (Fig. 2a)
are predominantly located between TARP-y8 and CNIH2, near the M1
and M2 helices and do not occlude theion permeation pathway, which
is different from the locations of lipidsin recombinant structures'. The
lipid locations suggest they may have aroleinthe assembly or function
ofthereceptor. At the apex of the selectivity filter, thereis a clear den-
sity for GIn582 and Arg586 at the GIn/Arg (Q/R) sites of the GluAl and
GluA2 subunits, respectively (Extended Data Fig.11a, b). Visualization
of Arg586%, which projects ‘upward’ into the central vestibule, illus-
trates how charged repulsion dictatesion selectivity**, single-channel
conductance®and resistance to cytoplasmic polyamines®. Within the
LBD, RNA editing at the Arg/Gly (R/G) sites”’ modulates the kinetic
properties of AMPARs. We assigned Arg739 and Arg743 tothe R/G sites
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showninred, greenand blue, respectively. AMPAR subunits in positions A
(grey) and C (not shown) are undetermined. b, Observed colocalization of
SynDIG4 with TARP-y8 (61%) from SiMPull experiments. See Methods for a
description of the control experiments. Inset: the dotted line represents the
chromatography profile of hpAMPARs incubated with the anti-TARP-y8
Alexa647-labelled 13A8 monoclonal antibody. The solid line represents the
profile of the hpAMPARs incubated with the Alexa647-labelled 13A8
monoclonalantibody and the anti-SynDIG4 monoclonal antibody. A shiftin
sizerepresents the detection of SynDIG4 bound to the hpAMPARs. ¢, Putative
interaction sites of SynDIG4 with CNIH2 and an undetermined AMPAR
subunit(s). Viewis perpendicular to the membrane. Red model, GluA2; grey
model, anundetermined AMPAR subunit (AX).d, Top-down view
perpendicular to the membrane displaying the overall stoichiometry and
arrangement of the TMD layer. Cryo-EM density for putative SynDIG4 is
opaque, density for all other proteinsis transparent.

for GluAland GluA2, respectively, based on density of the side chains
(Extended Data Fig. 11a, b), which suggests that the majority of the
isolated GluAl-GluA2 receptors that contributed to our LBD-TMDyy s,
map would exhibit the fast kinetics associated with the R variants.

Mechanism of JNJ antagonism

JNJ, abrain-region-specific TARP-y8-dependent AMPAR antagonist®,
incompletely inhibits the steady-state current that is evoked by saturat-
ingglutamate (Fig.3c, d). We discovered two-fold-related densities of JNJ
poised ateachside of theinterfaces between TARP-y8 and GluAl (Figs. 2b,
¢,3a). Thebenzimidazolinone group of JNJis wedged inbetween TM3
and TM4 of TARP-y8 whereas the fluoro group points towards the M1
helix of GluAl, which is consistent with the predicted binding pose®.
Extensive interactions are formed between JNJ and the surrounding
residues, including possible hydrogen bonds and polar interactions
between the benzimidazolinone group and the backbone carbonyl
groups of Gly208 and Asn172 of TARP-y8, and between the fluoro group
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and Cys524 of GluAl. Inaddition, the benzene group of theJNJ moleculeis
sandwiched between Phe205 of TARP-y8 and Phe527 of GluA1 (Fig. 3a, b).
Binding of JNJ expands a cavity at the interface of TARP-y8 and GluAl,
inducing an ‘inward’ rotation of the M1 helix and increasing distances
between the surrounding residues to prevent clashes with TM3-TM4
of TARP-y8 and M1 of GluAl, in agreement with studies that proposed
that the unoccupied binding pocket is too small to allow the binding of
drugs that target TARP-y8®. We speculate thatJN] antagonizes receptor
gating by precluding the expansion of the M3 gating helices and the
‘outward’ movement of the M1 helices, thereby negatively modulating
receptor function. Moreover, because there are only two binding sites,
the GluA2 M3 helices are less constrained by JNJ binding and may be
abletoexpandthe ‘gating ring’, thus enabling partial opening of theion
channel gate, leading to incomplete receptor inhibition.

Previous studies have determined that mutations of several TARP-y8
residues that surround the JNJ-binding site reduce the potency of JNJ*°
Nevertheless, several residues from GluAl and TARP-y8 also interact
with or are near the JNJ molecule and yet have not been examined. We
therefore mutated these residues to alanine and carried out electro-
physiology studies, showing that the M523A, C524A and F527A mutants
of GluAland the F205A mutant of TARP-y8 substantially diminished the
efficacy ofJNJ-induced reduction of glutamate-induced currents. The
effects were especially profound for the GluA1(F527A)-TARP-y8 and
GluA1-TARP-y8(F205A) mutants (Fig. 3e and Extended Data Fig. 12)
and are therefore in agreement with the idea that these residues have
key roles in the binding and activity of JNJ.

Putative SynDIG4 interaction sites

The LBD-TMD,,/,, map shows additional density features that surround
thereceptorandauxiliary proteins that could notbe assignedtolipids or
other smallmolecules. Toincrease the resolution of the density map, we
rationalized that combining all of the receptor subtypes and using sig-
nalsubtraction to remove the ATD layer and antibody fragments would
yield a higher-resolution map, knowing that the amino acid sequences
of the AMPAR subunit TMDs are highly conserved. Indeed, this
image-processing strategy (see Methods, ‘Data-processing strategy 2’)
yielded a map at 3.25 A resolution, which we call the LBD-TMD,;,
map (Extended DataFigs. 6,11c, d, 13). The LBD-TMD,,;, map displays
the same subunit arrangement and auxiliary protein composition as
observed in the LBD-TMD,,,, map, except that a mixture of GluAl,
GluA3 and GluA4 (GIuA,,;,) subunits occupies the A and C positions
(Fig. 4a). Notably, the observed density features associated with argi-
nine residues at the R/G and Q/R sites of GluA2 and GIuA,,;, subunits
remain consistent with extensive RNA editing (Rin the GluA2-A4,R/G
site) inthe hippocampus. Inaddition, the LBD-TMD,;,, map enabled us
toaugmentthetrace of the CNIH2 TM3-TM4 loop, whichis proximal to
the crucial M1-M2 linker of the receptor. We also observe prominent
lipid-like densities that we modelled as lipid alkyl chains, and found
that the lipid positions differ from those determined in the recombi-
nant receptor-auxiliary protein complexes, in that they are poised to
contact the M1 and M4 helices or reside near the pore-lining M2 helix
(Fig. 4a, d). Inaddition, there are several lipids that surround the TMs
of TARP-y8 and CNIH2.

We also observe an unknown two-fold-related, helix-like density
thatis oriented nearly parallel to the M4 helix of GluAl and located in
acrevice at the interface of the GluAl and CNIH2 subunits (Fig. 4d).
The shape and location of the unknown density led us to hypothesize
that it was an additional auxiliary hpAMPAR protein. SynDIG4, which
is also known as proline-rich transmembrane protein 1 (PRRT1), is an
AMPAR-associated protein that is enriched in the hippocampus’, associ-
ates with TARP-y8 and CNIH2, colocalizes with GluAland is predicted
to have at least one transmembrane domain®*?*’, To determine whether
SynDIG4 copurified with the hpAMPAR complex, we carried out SiMPull
and fluorescence-detection, size-exclusion chromatography (FSEC)



experiments using a well-characterized anti-SynDIG4 monoclonal
antibody®. In the SiMPull experiments, we observed a signal when
immobilized hpAMPAR complexes were probed with a fluorescently
labelled anti-SynDIG4 monoclonal antibody (Fig. 4b and Extended Data
Fig.7e). The spots that correspond to SynDIG4 exhibit 61% colocaliza-
tion with TARP-y8, which suggests that they are located in the same
hpAMPAR complexes (Fig. 4b). Furthermore, FSEC experiments using
the same fluorescently labelled monoclonal antibodies demonstrate
that the AMPAR-TARP-y8 complex can be shifted by the anti-SynDIG4
monoclonal antibody, thus proving that SynDIG4 is associated with the
hpAMPAR complex (Fig.4b). Our data suggest that the unknown density
is SynDIG4, although further experiments are required to unambigu-
ously show thatit is not another auxiliary subunit. Nevertheless, we note
that the putative SynDIG4 TMD is arranged approximately parallel to
the TM helices of the receptor, making extensive contacts with the M4
helix of GluAland the TM1/4 helices of CNIH2 (Fig.4a, ¢). Thelocation
of SynDIG4, on the periphery of the hpAMPAR complex, is consistent
withit havingrolesin receptor trafficking and localization and less of
aroleinreceptor gating®*°,

Themolecular structures of hpAMPAR complexes reveal rules for the
assembly of receptor subunits and auxiliary proteins and the binding
site of the clinically relevant TARP-y8 antagonist, JNJ. GluAlis the most
prevalent subunit assembled in the GluA2-containing hpAMPAR com-
plex, highlighting the important roles of GluAl and GluA2 in synaptic
transmission. The GluA1-GluA2 complex and the recently discovered
GluA1-GluA2-GluA3 receptor are the major assemblies that contain
the GluA2 subunit exclusively at the B/D positions, whereas the A/C
positions are more permissive, suggesting that differential insertion
of GluAl or GluA3 subunits at the A/C positions is amechanism of syn-
aptic tuning. We further show that the composition and assembly of
auxiliary subunitsis preserved for the GluA1-GluA2, GluA2-GluA3 and
GluA1-GluA2-GluA3 complexes, in which TARP-y8 and CNIH2 occupy
the B’/D” and the A’/C’ positions, respectively. The well-resolved den-
sity from the LBD-TMD,,,, structure defines the position of crucial
residues that modulate the permeation and gating of the receptor,
including RNA-editing-dependent amino acid variations. Notably, we
further uncovered howJNJ binds to the TARP-y8-receptor interface and
stabilizes the receptor in a closed state, thus demonstrating that the
structure-based design of smallmoleculesis feasible using the bonafide
nativereceptor target. SynDIG4 assembles on the periphery of the TMD,
interacting extensively with CNIH2, consistent with its primary role in
modulating receptor trafficking and localization. The native hpAMPAR
complexes do not have the bias of artificial, engineered complexes and
show how the functional properties of AMPARs are sculpted by the
non-stochastic assembly of receptor and auxiliary protein components.
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Methods

Expression and purification of anti-GluA111B8 scFv

The DNA sequences encoding the light and heavy chains of the vari-
able domains of the GluAl-specific 11B8 monoclonal antibody, with
the following modifications, were cloned into the pET-22b vector for
expressionin Escherichia coliBL21cells. Ahydrophilic linker, (SGGGG),,
was used to connect the light chain (V,) and heavy chain (V,)), and an
N-terminal pelB signal peptide and a C-terminal Strep Il tag were also
introduced into the construct. Cells were grown at 37 °C in terrific
broth containing 100 pg mlampicillin. Expression of the 11B8 scFv was
induced by addition of 0.1mM isopropyl 3-D-1-thiogalactopyranoside
(IPTG) whenthe optical density at 600 nm (OD,,) reached 1.5-1.8. The
temperature of the cultures was reduced to 25 °C and the cells were
gown for another 20 h. Cells were collected by centrifugation and lysed
by osmotic shockinalysis buffer containing 200 mM Tris, pH 8.0,20%
sucrose and1mM EDTA for 30 min onice. Centrifugation at 200,000g,
for1hat4 °C, was carried out to separate periplasmic proteins from
cellsand cell debris. The supernatant was dialysed three times against
21of TBS buffer (20 mM Tris, pH 8.0 and 150 mM NaCl) at4 °C to remove
sucrose. The 11B8 scFv was purified by Strep-Tactin affinity chromatog-
raphy and the eluted protein was subjected to size-exclusion chroma-
tography (SEC) using a Superdex 7510/300 column equilibrated with
TBS buffer. Peak fractions corresponding to monomeric 11B8 scFv were
pooled and stored at—-80 °C. Concentrated 11B8 scFv without any dilu-
tion was used for structural determination experiments.

Expression and purification of anti-GluA2 15F1 Fab

The DNA sequences encoding the Fab domains of the light and heavy
chains from the GluA2-specific 15F1 monoclonal antibody were cloned
into a bicistronic pFastBacl vector for baculovirus expression in Sf9
insect cells, with the following modifications*. The GP64 signal peptide
(MVSAIVLYVLLAAAAHSAFA) was included at the N terminus of the
heavy and light chains, whereas a Strep Il tag was introduced at the
Cterminus of the heavy chain. Insect cells were transduced with bacu-
lovirus and cultured at 27 °C. After 96 h, the supernatant was collected
and the pHwas adjusted to 8.0, followed by clarificationat10,000g for
20 min at 4 °C. The supernatant was concentrated to around 200 ml
by tangential flow filtration using a 30-kDa molecular-mass cut-off
filter and dialysed three times against TBS buffer for 36 h. Strep-Tactin
affinity chromatography was used to isolate the 15F1 Fab, which was
further purified by SEC in the presence of TBS buffer. Peak fractions
were pooled and stored at—80 °C. Concentrated 15F1 Fab without any
dilution was used for structural determination experiments.

Purification of anti-GluA3 5B2 monoclonal antibody and Fab

The GluA3-specific monoclonal antibody (5B2) was purified from hybri-
domasupernatantby protein-A agarose chromatography. To produce
theFab fragment, the 5B2 monoclonal antibody was digested by papain
(1:30 w/w ratio) along with 5 mM cysteine and 1 mM EDTA for 2.5 h at
37 °C.Thereactionwas stopped by 30 mMiodoacetamide for 20 minin
the dark. Fcfragments were removed by protein-A agarose chromatog-
raphy and the flow-through Fab fraction was collected and subjected
to SEC in TBS buffer. Peak fractions were pooled, concentrated and
stored at —80 °C. Concentrated 5B2 monoclonal antibody without any
dilution was used for structural determination experiments.

Generation of anti-GluA4 antibody

Amouse GluA4 construct (Uniprot code: Q9Z2W8) was engineered by
addition of aC-terminal Strep Il tag and deletion of largely unstructured
C-terminal residues after Lys848, and was cloned into a pEG BacMam
vector for baculovirus-mediated expression in mammalian cells*.
Thereceptor was expressed invirally transduced HEK293S GnTI  cells
and purified by Strep-Tactin affinity chromatography and SEC in TBS
buffer supplemented with n-dodecyl-B-D-maltopyranoside (DDM).
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As previously described*®, the purified GluA4 protein was reconsti-
tuted into lipid-A-containing liposomes for mouse immunization and
antibody production. Subsequently, candidates were screened by
FSEC* and western blot, and binding affinities were determined by
biolayer interferometry using an OctetRED384 instrument. We identi-
fied one monoclonal antibody produced by the E3 hybridomacellline
that binds to a tertiary epitope of GluA4 with a dissociation constant
(Ky) of 13 nM. To examine the cross-reactivity of the E3 monoclonal
antibody with other AMPARs, we carried out FSEC experiments using
GluAl-mKalama-, GluA2-GFP- and GluA3-GFP-tagged receptors, and
determined that the E3 monoclonal antibody is specific to the GluA4
receptor.

Generation and expression of the anti-TARP-y8 antibody

The mouse TARP-y8 protein (Uniprot code: Q8VHW2) was modified
by the addition of a C-terminal Strep Il tag. DNA encoding this con-
struct was cloned into a pEG BacMam vector for expressionin HEK293S
GnTI cells through baculovirus transduction*?. Strep-Tactin affinity
chromatography and SEC were carried out to purify TARP-y8 in TBS
buffer supplemented with 0.5 mM DDM. Purified TARP-y8 was recon-
stituted into lipid-A-containing liposomes for mouse immunization
and antibody production, as described previously*®. Secreted antibod-
ies from the subsequent positive hybridoma clones were screened
by FSEC* and western blot, and affinities were determined by Octet
measurements. We identified a western-blot positive mouse mono-
clonal antibody produced by the 13A8 hybridoma cell line with a K,
of 1nM. Cross-reactivity of the 13A8 monoclonal antibody with other
members of the TARP family was investigated by FSEC using TARP-y2-
GFP-, TARP-y3-GFP-, TARP-y4-GFP-and TARP-y7-GFP-tagged proteins.
We observed no cross-reactivity and found that the 133A8 monoclonal
antibody is specific for TARP-y8.

The DNA sequences encoding the 13A8 Fab domains of the heavy and
light chains were derived from hybridoma cell mRNA via PCR amplifica-
tionand were cloned into a biscistronic pFastBacl vector. GP64 signal
peptides wereincluded at the N terminus of the heavy and light chains,
whereas a GFP tag wasintroduced to the C terminus of the heavy chain,
followed by a twin Strep Il tag. Expression and purification strategies
were the same as those used for the 15F1Fab (see ‘Expression and puri-
fication of anti-GluA2 15F1 Fab’).

Isolation of native hpAMPARs

Native hpAMPARs were isolated from 200 C57BL/6 male and female
mice (Charles River), aged 28-42 days. Mouse brains were dissected
andimmediately placed inice-cold TBS buffer before dissection. Before
isolating hippocampi, acleanrazor blade was used to remove cerebella
by cutting along the junctionto the cerebral cortex, followed by hemi-
secting the left brain. The cortical hemisphere was peeled away* by
placing two microspatula tips over the occipital cortex to expose the
hippocampus. Subsequently, one spatula tip was used to anchor the
brain and another spatula tip was positioned under the caudal tip of
hippocampus. The hippocampus was then ‘scooped out’ by lateral
movement of the second spatula tip. The collected hippocampi were
immediately placed in ice-cold TBS buffer in the presence of 0.8 pM
aprotinin, 2 pg ml™ leupeptin, 2 mM pepstain A,1 mM phenylmethyl-
sulfonyl fluoride, 2 pM MPQX ([[3,4-dihydro-7-(4-morpholinyl)-
2,3-dioxo-6-(trifluoromethyl)-1(2H)-quinoxalinylJmethyl]phosphonic
acid) and 2 uMJNJ-55511118 (5-[2-chloro-6-(trifluoromethoxy)phenyl]-
1,3-dihydro-2H-benzimidazol-2-one), homogenized using a Teflon-glass
grinder and further disrupted by brief sonication, using a sonicator
equipped with a tip size 0of 1.27 cm, for 5 min with 3 s on and 6 s off,
at medium power, onice. The membrane fraction was collected by
ultracentrifugationat200,000gfor1hat4 °C. The crude membranes
were solubilized in 2% (w/v) digitonin for 3 h with slow stirring at4 °C.
The resulting solution was clarified by ultracentrifugation, and the
supernatant was collected and mixed with excess Strep-tagged 15F1



Fab before passing through a Strep-Tactin affinity column by gravity
flow. After washing the column extensively using buffer A (20 mM Tris,
pH 8.0,150 mM NacCl, 0.075% (w/v) digitonin, 2 uM MPQX and 2 pM
JNJ-55511118), the complex of 15F1-bound GluA2-containing recep-
tor and excess 15F1 were eluted by buffer A supplemented with 5 mM
D-desthiobiotin. The eluted sample was incubated with an excess of
11B8 scFvand 5B2 Fab onice for 30 min, concentrated and further puri-
fied using aSuperose 610/300 GL columninthe presence of buffer A.
Peak fractions were pooled and concentrated using a100-kDa cut-off
concentrator to an OD,g, of 5 mg ml™ for biochemical analysis and
cryo-EM studies.

Cryo-EM sample preparation and data acquisition

A 2.5-pl aliquot of purified native hpAMPAR complexes was applied
to glow-discharged Quantifoil 2/1200-mesh gold holey carbon grids,
which were blotted for 3 s under 100% humidity at 12 °C. The grids
were flash-frozen in liquid ethane using a FEI Mark IV cryo-plunge
instrument.

Cryo-EM datawere collected ona300kV FEI Titan Krios microscope
operatedin correlated double sampling mode. Images were acquired
onaK3Summitdirect detector (Gatan) ata magnification of29,000x,
corresponding to a pixel size of 0.4027 A per pixel in super-resolution
mode. Images were collected using ‘multi-shot’ and ‘multi-hole’ meth-
ods customized in SerialEM*, permitting the acquisition of six videos
per hole, from nine neighbouring holes (3 x 3) per stage shift. Nominal
defocus values ranged from -1.2 pum to -2.0 um. Each raw video stack
consists of 60 frames, collected ata dose rate of around 6.8 e™ per pixel
pers, foratotal exposure time of 4.7 s resulting in atotal dose of 50 e A
(Supplementary Table1).

Image processing

We collected 46,927 super-resolution videos that were binned to a pixel
size of 0.8055 A per pixel. Beam-induced motions were corrected by
patch motion correction (multi), and contrast transfer function (CTF)
parameters were estimated by patch CTF estimation (multi) using
cryoSPARC v.2.14%. Two image-distinct processing strategies, deemed
land 2, were conducted in parallel.

Data-processing strategy 1. Blob picker in cryoSPARC was used to pick
particles fromaround 7,000 micrographs to generate two-dimensional
class averages with clear receptor features. A subset of these class av-
erages was then used as templates for template-based picking from
all 46,927 micrographs. Particles were extracted and downsampled
to abox size of 128 x 128 pixels and subjected to several rounds of
two-dimensional classification. Only classes showing clear receptor
features were kept, which resulted in the retention of 2,893,667 parti-
cles. Next, three-dimensional classification was performed in RELION
3.0*8, using a sampling interval of 15° without masking or imposed
symmetry, yielding three classes (1a, 1b and 1c) displaying canonical
receptor features with two 15F1Fabsin the B/D positions and two 11B8
scFvsinthe A/C positions at the ATD layer. Particles from classes 1b
and 1c were combined and refined, while particles from class 1a were
flipped180° along the x axis to correct for an‘upside down’ orientation,
before being refined separately. Particles from these two refinements
(1b+1cand1a) were separately re-centred and re-extracted at abox size
0f256 x256. The two re-centred particle sets were classified into10 and
12 classes, respectively. Classes displaying receptors labelled with the
same antibody fragment densities were combined into asingle-particle
stack and subjected to another round of classification. From this round
of classification, we sorted receptors bound with the same Fab and scFv
combinationinto two separate orientations of the ATD layer: symmetric
(S) and asymmetric (AS). Particles from this round of classification
were sorted into six groups based on the ATD labelling and orienta-
tions: A1A2A1A2(S), A1A2A1A2 (AS), A1A2A3A2 (AS1), A1A2A3A2 (AS2),
A1A2A3A2 (AS3), A3A2A3A2 (S) and A3A2A3A2 (AS).
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We combined classes with the same ATD labelling and orientation
and performed ATD-focused classification without any symmetry
imposed on each group. For the A1A2A1A2 (S) class, the ATD layer
was sub-classified into eight classes, of which one class occupying
the largest population (55%) had the least well resolved secondary
structure features. Another round of ATD focused classification was
performed on this class, producing an A1A2AXA2 subtype, where ‘X’
represents the subunit that was not labelled by any of the antibody
fragments. From the remaining classes, three classes showing the
most well-defined secondary structure features were selected for final
refinement with C2 symmetry using cryoSPARC*, producing amap at
aglobal resolution of 4 A. To improve the map density in the ATD, we
carried out ATD-focused refinement with C2 symmetry and obtained
anATD-A1A2A1A2 (S) map ataresolution of 3.4 A. The same procedures
were performed on classes corresponding to the other subtypes, with
the exception that C2 symmetry refinement wasimposed on only the
A3A2A3A2 (S) group.

Data-processing strategy 2. All image processing was performed in
cryoSPARCY. Motion-corrected, dose-weighted micrographs were
curated by eliminating micrographs that showed imaging defects in-
cluding excessive drift, broken holes or CTF estimation worse than10 A,
resultingin 44,419 micrographs for further processing. Blob picker was
used on a small subset of the data to generate two-dimensional tem-
plates with distinguishable receptor features. These two-dimensional
templates consisted of a range of orientations and were used for interac-
tive and automated particle picking using template-based picking. This
resultedin 6,002,517 putative particles, which were initially extracted
ina256 x 256 box.

To remove images of ice, carbon support and other debris,
two-dimensional and three-dimensional classifications were used to
sort particles. First, three-dimensional classification without mask-
ing or symmetry was implemented to sort particles. Two rounds of
three-dimensional classification were used to remove featureless par-
ticles by keeping only classes with discernible receptor features. This
strategy was used to retain the maximum number of ‘good’ particles
so that receptor subtypes with low populations could be resolved in
subsequent processing steps. After sorting by three-dimensional clas-
sification, 4,523,669 particles remained. This particle stack was then
subjected to two rounds of reference-free two-dimensional classifica-
tion to eliminate poorly resolved particles, and resulted in a stack of
1,844,956 particles.

Toresolve different receptor subtypes, the stack 0f 1,844,956 parti-
cleswas subjected to multiple rounds of three-dimensional classifica-
tion. First abinitio three-dimensional reconstruction was performedin
cryoSPARC* without symmetry imposed to generate maps of several
different AMPAR subtypes. These maps were used asinitial references
to sort particles by subtype using heterogenous refinementin cry-
0SPARCY. Multiple rounds of three-dimensional classification were
conducted, each time using maps from the previous run as new initial
models. This enabled the separation of receptor subtypes, as well as
sub-classification of symmetric and asymmetric receptors within these
subtypes. Receptor subtypes were distinguished based oninspection of
the ATD layer using the visualization and orientation of the 11B8 scFvs
and the 15F1/5B2 Fabs. This strategy resulted in the elucidation of six
different subtypes, A1IA2A1A2 (S/AS), A3A2A3A2 (S/AS) and A1A2A3A2
(AS1/AS2). Notably, data-processing strategy 2 did not uncover the
A1A2AXA2 or the A1A2A3A2 (AS3) subtype. This was because focused
classification of the ATD layer was not used, and the strategy was there-
fore unlikely to separate and resolve these low-populated classes. We
suspect that with data-processing strategy 2, particles corresponding
tothese two subtypes are mixed within the other classes. Nevertheless,
the percentages of particles of all of the remaining three-dimensional
classes and associated receptor subtypes were approximately the same
for both processing strategies (Supplementary Table 2).
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Inallof the maps solved for the full receptor complexes, density inthe
LBD-TMD region was much weaker compared to the ATD layer. There-
fore, using the maps solved from data-processing strategy 1, we used
focused classification of the LBD-TMD layer for each AMPAR subtype
toimprove the resolution of this region. Examination of the A1A2A1A2
(S/AS) maps revealed the same LBD-TMD stoichiometry and second-
ary structure. We therefore performed focused three-dimensional
classification on particles combined from both conformations. Using
asoft mask around the LBD-TMD layer and imposing C2 symmetry,
classification in RELION 3.0*% resulted in three classes (classes 1, 7
and 8) that displayed continuous transmembrane helical densities.
Classes1and 8 were selected for further classification focused on the
LBD-TMD layer. Classes with strong density for the transmembrane
domainand auxiliary proteins were combined for afinal refinementin
cryoSPARC*, resulting in amap of the LBD-TMD layer at aresolution of
3.63 A by the gold-standard Fourier shell correlation (FSC) (0.143). In
this map, auxiliary protein densitiesin the B’/D’ positions show promi-
nentextracellular protrusions that were well fit by TARP-y8 (PDB code:
6QKC) whereas densities in the A’/C’ positions displaying minimal
extracellular features were well fit by CNIH3 (PDB code: 6PEQ). We
note that TARP-y2, TARP-y3 and TARP-y4 are also present in the hip-
pocampus and speculate that we did not isolate a substantial number
of these complexes because the JNJ compound specifically stabilizes
the TARP-y8 complex. We then performed the same focused classifica-
tion procedure onthe LBD-TMD layers of the AIA2A3A2 and A3A2A3A2
maps from data-processing strategy 1. First, Cl symmetry was imposed
onthe LBD-TMD-A1A2A3A2 map, followed by refinement with either
Clor C2symmetry, yielding two mapsataresolutionof 4.8 Aand 4.0 A,
respectively. The refined LBD-TMD-A1A2A3A2 maps, with either C1
or C2 symmetry, displayed the same auxiliary protein stoichiometry
asthat of the LBD-TMDy,,,,, complex, with two TARP-y8 proteinsin the
B’/D’ positions and two CNIH2 proteinsinthe A’/C’ positions. The final
LBD-TMD map from the A3A2A3A2 subtype was refined to a resolu-
tion of 7.7 A (C2 symmetry), and displayed discontinuous densities
for the transmembrane helices of the receptor and weak densities of
the auxiliary proteins. This lack of resolution is likely limited by the
number of particles from the A3A2A3A2 subtype. Resolutions reported
in Supplementary Table 1 are global estimated by gold standard FSC
0.143 criteria and local resolution estimations were calculated using
ResMap*’. Because the only resolvable arrangement of auxiliary pro-
teins fromall of the AMPAR subtypes appeared to be the same, we used
anadditional strategy aimed atimproving resolution of the LBD-TMD
layer, as described below.

Thestack of1,844,956 particles from data-processing strategy 2 was
first extracted to abox size of 548 x 548 pixels and then downsampled
t0400 x 400 pixels. A consensus refinement was generated fromthese
particles using homogenous refinement, followed by non-uniform
refinement in cryoSPARC*. Using this map, a mask was generated
around the ATD layer, including all possible locations for the three
antibodies. This mask was used to subtract the ATD layer and antibody
features from the consensus refinement, using signal subtractionin
cryoSPARCY. This new dataset containing only the LBD-TMD layer
underwent two iterations of reference-free two-dimensional classifi-
cation, resulting in 954,539 particles. This stack of 954,539 particles
was separated into 10 classes using three-dimensional heterogenous
refinement without imposition of symmetry. One class consisting of
151,141 particles was selected for refinement, as it displayed density for
continuous helices within the micelle, including density for TARP-y8in
the B’/D’ positions and CNIH2 in the A’/C’ positions, equivalent to the
stoichiometry observed in the LBD-TMD maps solved using focused
classification (Supplementary Table 1). Refinement of this single class
was performed in cryoSPARC consisting of afour-step, iterative proce-
dure described in Extended Data Fig. 13. This procedure was iterated
twice, resulting in a map at 3.45 A resolution. To further improve the
map, abinitio three-dimensional classification was performed without
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symmetry imposed to remove ‘junk’ particles. One class showed clear
features of the LBD-TMD layer, whereas the other classes were unin-
terpretable. The best class consisting of 132,427 particles was then
subjected to the four-step refinement procedure described above,
resultingin a 3.26 A map by the gold-standard FSC (0.143).

The metadata and particle stack from the 3.26 A map were then
imported into RELION 3.0* for further classification. Particles were
sorted using three-dimensional classification without alignment
(Clsymmetry, T=50, loose mask) to remove junk particles. Of the eight
classes, six displayed uninterpretable density (4%), one class showed
clear secondary structure, but resolving only to around 8 A resolu-
tion (8%), and the remaining class showed density for side chains and
improved density features for the helical-like density that we surmise
is SynDIG4 (88%). This class 0f 116,710 particles was re-imported into
cryoSPARC for afinal refinement that resulted in a final resolution of
3.25 A (B-factor = 62.1) by the gold-standard FSC (0.143). The cryo-EM
density from this map, called the LBD-TMD,,;, map, was visualized in
UCSF Chimera®.

Model building

The ATD-Fab/scFv layers of the A1A2A1A2 (S) and A1A2A1A2 (AS) density
maps were first rigid-body fitted with the structure of the ATD-Fab/scFv
layers, including the carbohydrate groups, extracted from A1A2A1A2
(PDB code: 6NJL) using UCSF Chimera®. The resulting structures
were manually adjusted in Coot™, guided by well-resolved side-chain
densities and further refined by real-space refinement using Coot
and Phenix®, yielding map to model cross-correlation values for the
ATD-Fab/scFv layers of A1A2A1A2 (S) and A1A2A1A2 (AS) of 0.74 and
0.77, respectively.

For the LBD-TMD,,,,, map, we first rigid-body fitted the recombinant
diheteromeric GluA1-GluA2-TARP-y8 complex (PDB code: 6QKC) into
the density. A homology model of CNIH2 was built using the CNIH3
subunit extracted from the homomeric GluA2-CNIH3 complex (PDB
code: 6PEQ). This model was rigid-body fitted to the map in Phenix®. On
the basis of inspection of the density, we assigned TARP-y8 and CNIH2
to the density in the B’/D” and A’/C’ positions, respectively. Notably,
flip/flop splicing sites and the R/G editing sites are interpretable in
our maps and we assigned the flip/R and flop/R sequences for these
two sites to GluAl and GluA2, respectively, and built glutamine and
arginineinthe Q/Rssites for the GluAland GluA2 subunits, respectively.
Coordinates for MPQX were extracted from a previously solved GluA2
crystal structure (PDB code: 3KG2) and placed into the well-defined
densities as appropriate. The simplified molecular-input line-entry
system (SMILES) string of JNJ-55511118 was imported into Coot® to gen-
erate the structure of JNJ-55511118, followed by manual fitting into the
corresponding densities. Because the prominent tube-shaped electron
density surrounding the transmembrane domain of the receptor and
theauxiliary proteins are probably from ordered lipid molecules, we fit
these densities with alkane chains of complementary lengths. Notably,
atthe cytosolicboundary of the A’/C’ positions, asingle lipid molecule,
denoted OCT906, bridges residues Val69 and Ser73 from TM2 with
lle573 from the M2 helix of GluA2. The resultant structure was manually
adjusted in Coot™, guided by well-defined side-chain densities from
both the receptor and auxiliary protein densities. Subsequently, the
structure was refined by real-space refinementin Coot™ and by Phenix®,
placing restraints on clearly defined secondary structure elements and
the appropriate non-crystallographic symmetry, yielding a map to
model cross-correlation of 0.77. This structure was used as the initial
model for building the LBD-TMD,,;,, map. Comparisons of the LBD
dimers between the LBD-TMD,,,,, and the GluA2-CNIH3 structures
were done by superimposing the B/C LBD dimers and calculating the
r.m.s.d. of the Ca atoms between these two dimers, and the change
in the centre of mass (COM) from the opposing A/D LBD dimersin
PyMOL®. Comparisons of the TMD layers between the LBD-TMD,y.,
and the GluA2-CNIH3 structures were carried out by superimposing



the two models, followed by calculations of the r.m.s.d. between the
Ca atoms of the M1, M3 and M4 helices in PyMOL®,

The LBD-TMD,,;», model was used as a starting point to generate
coordinates for the LBD-TMD,;, model. In brief, the LBD-TMD,/5,
model was first docked into the cryo-EM density of the LBD-TMD,;,
map by rigid-body fitting using Chimera®. Next, the auxiliary proteins
wererigid-body fitted independently into the cryo-EM density. On the
basis of our structures, the appearance of only GluA2 subunitsinthe B/D
positions allowed us to define the occupancy of these positions by the
GluA2 subunit. The A/C positions could be occupied by GluAl, GluA3
or GluA4, therefore, non-conserved side chains of these three subunits
were modelled as alanines. The improved resolution of the LBD-TMD,y,;,
map permitted the visualization of lipid densities and two prominent
densitiesin the channel pore. Lipids were modelled as acyl chains unless
theresolution permitted modelling of lipid head groups. The densities
inside the channel are unmodelled, but we speculate that the density
near the apex of the selectivity filter could be a Na*ion. lon-oxygen
distances of around 2.6 A from the carbonyl oxygen of R586 in the Band
D positions are consistent with predicted distances of sodium-binding
sites, as well as molecular dynamics simulations®*. The density toward
the bottom of the pore could eitherbeaNa*ion orawater molecule, but
isatinsufficient resolution for speculation. The C-terminal domains of
the AMPAR subunits and TARP-y8 are unmodelled. Automatic real-space
refinement of the model was performed against one of the half-maps
in Phenix with two-fold symmetry imposed*, with secondary struc-
ture and geometric restraints used to minimize overfitting. Manual
rebuildingin Coot was alternated with automated refinement in Phenix.
For cross-validation, FSC curves were calculated between the refined
model and the LBD-TMD,;, half-map used for refinement. Regions that
lacked sufficient resolution for accurate establishment of amino acids
were modelled as polyalanines, such as the TM3-TM4 loop in CNIH2.
Regions with weak or no density were not modelled and are indicated
by dashed lines, whichinclude the M1-M2 linker, the TM1-TM2 loop of
CNIH2, and a considerable portion of the TARP-y8 extracellular region.

To generate the complete structures of the A1A2A1A2 (S) and
A1A2A1A2 (AS) complexes, the refined models of the ATD-Fab/scFv-
S/AS and LBD-TMD were fitted into their respective whole maps in
Chimera®® and manually adjusted in Coot™. All of the final models have
good stereochemistry as evaluated by MolProbity score® (Supple-
mentary Table1). Figures were prepared using UCSF Chimera*°, UCSF
ChimeraX*® and PyMOL%,

Patch-clamprecording

The DNA sequences encoding C-terminal GFP-tagged full-length
rat GluAl (flip, Q in the Q/R site) and C-terminal mCherry-tagged
full-length rat TARP-y8 were cloned into a bicistronic BacMam vector
for baculovirus transduction. Whole-cell recording was carried out
in HEK293S GnTI  cells 18-24 h after transduction with virus gener-
ated from the bicistronic GluA1-TARP-y8 construct. To minimize cell
death, 30 pM NBQX (2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzolf]
quinoxaline-7-sulfonamide, Tocris) was added 5-6 h after infection.
Pipettes were pulled to 2-4 MQresistance and were filled with aninter-
nal solution containing (inmM): 75 CsCl, 75 CsF, 5EGTA and 10 HEPES,
pH 7.3. The external solution contained (in mM): 160 NaCl, 2.4 KClI,
4 CaCl,, 4 MgCl,and 10 HEPES, pH 7.3. Membrane voltage was held at
-60 mV. The Axopatch 200B amplifier was used for data acquisition
and pClamp 10 software was used for trace analysis. We chose 10 mM
glutamate as a saturating concentration for the peak responses. As
the receptor complex with TARP-y8 confers a slow augmentation of
steady-state current during the application of glutamate, toreach apla-
teau of the steady-state current, we repeatedly applied glutamate for1s
foratotal of 10 times ataninterval of2s. Only the steady-state current of
thelastapplication was used for data analysis. A concentration of 10 pM
JNJ-555511118 was applied before and during glutamate application for
1stomeasure theinhibition of glutamate-induced currents. Individual
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cells were used only once for recording; no repeated measurements
were taken from the same cell.

SiMPull

Coverslips and glass slides were extensively cleaned, passivated and
coated with methoxy polyethylene glycol (mPEG) and 2% biotinylated
PEG”’. A flow chamber was created by drilling 0.75-mm holes in the
quartz slide and by placing double-sided tape between the holes. A
coverslipwas placed ontop of the slide and the edges were sealed with
epoxy, creating small flow chambers. A concentration of 0.25 mg ml™
streptavidin was then applied to the slide, allowed to incubate for
5 min, and washed off with T50 BSA buffer consisting of 50 mM Tris,
50mMNaCland 0.25mg mI™BSA, pH 8.0. Biotinylated anti-GluA2 15F1
monoclonal antibody at 10 pg ml™ was applied to the slide, allowed to
incubate for 10 min, and washed off with 30 pl buffer A (20 mM Tris,
pH 8.0,150 mM NaCl, 0.075% (w/v) digitonin, 2 M MPQX and 2 pM
JNJ-55511118) supplemented with 0.2 mg mI™ BSA. Mouse brain super-
natant, prepared as described inthe ‘Isolation of native hpAMPARs’ sec-
tion, was diluted either1:600 to visualize GluAl-, GluA3-, TARP-y8-and
SynDIG4-containing complexes, or 1:100 to visualize the less-abundant
complexes with the GluA4 subunit. The supernatant was applied to
the chamber, incubated for 5 min, and washed off with 30 ul of buffer
A. Detection antibodies were generated by labelling subunit- or
auxiliary-protein-specific antibodies with NHS ester Alexa Fluor dyes.
The labelling efficiency of all detection monoclonal antibodies was at
least one dye per monoclonal antibody, as judged by comparison of
the dye and antibody concentration after removal of unreacted dye.
Fluorophore-labelled detection monoclonal antibodies were applied
to the chamber for 5 min at a concentration of 1-3 pug ml™, washed off
with 30 plofbuffer A, and the chamber wasimmediately imaged using
aLeica DMi8 TIRF microscope with an oil-immersion 100x objective.
Images were captured using a back-illuminated EMCCD camera (Andor
iXon Ultra888) witha133 x 133 pumimaging area and a 13 um pixel size.
This 13 pm pixel size corresponds to 130 nm on the sample due to the
100x objective. To count GluAl, GluA3 and GluA4 subunits, the mean
spot count per image and standard deviation were calculated from 90
totalimages collected from three separate chambers. The total number
of complexes was calculated by adding the number of GluAl, GluA3 and
GluA4 spots, and subtracting the number of colocalized GluAland GluA3
spots. Each SiMPull experimentincluded a negative controlinaseparate
chamberinwhich the anti-GluA2 capture antibody was not applied but
the other steps remained identical. The observed spot count fromthis
chamber was used to estimate background fluorescence. The results of
eachSiMPull experiment are averaged across atleast threeindependent
samples from experiments conducted on at least two different days.

For single-molecule colocalization, two images were acquired in
the same region of interest and the position of each molecule was
calculated using a custom Python script. Molecules located within a
four-pixel radius were considered to be colocalized. At least 12 images
were averaged for each experiment. The colocalization of GluA4 with
other subunits and auxiliary proteins was not calculated because of
the low abundance of GluA4-containing receptors. To visualize com-
plexes containing the GluA4 subunit, it was necessary to apply a high
concentration of mouse brain supernatant, resulting in such a high
spot density for other complexes so as to render counting individual
complexes not possible.

Photobleaching videos were acquired by exposing theimaging area
for 160 s. To count the number of TARP-y8 subunits, single-molecule
fluorescence time traces of GFP-tagged anti-TARP-y8 Fab were gener-
ated using a custom Python script. Each trace was manually scored as
having oneto four bleaching steps or was discarded if no clean bleach-
ing steps could be identified. This distribution of bleaching stepsfitsa
binomial distribution for adimeric protein on the basis of an estimated
GFP maturation of 80%. A total of 600 molecules were evaluated from
three separate videos. Scoring was verified by assessing the intensity
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of the spot; on average, the molecules that bleach in two steps were
twice as bright as those that bleach in one step.

Western blot analysis

Purified hippocampal AMPARs were loaded onto SDS-PAGE gels and
transferred to a nitrocellulose membrane. Antibodies used for detec-
tion were anti-GluAl (Millipore 04-823,1:1,000), anti-GluA2 (Thermo
Fisher PA5-19496,1:1,000), anti-GluA3 (Invitrogen 32-0400, 1:1,000),
anti-GluA4 (Millipore ab1508, 1:1,000), anti-PSD95 (Abcam ab-18258,
1:1,000) and anti-TARP-y8 and anti-CNIH2 (monoclonal antibodies
generated in our laboratory (see ‘Generation and expression of the
anti-TARP-y8 antibody’), 1:1,000). IRDye 800 CW anti-mouse/rabbit
secondary antibodies were used for visualization. Blots were developed
by adding secondary antibodies at a ratio 0f 1:10,000.

Animal use statement

For these experiments, 200 adult (6-8 weeks) C57BL/6 mice (both
male and female) were ordered from Charles River Laboratories for
hippocampaldissection. Previous experiments enabled usto determine
the minimum number of mice sufficient for our study. No randomiza-
tion, blinding or experimental manipulations were performed on these
animals. Allmice were euthanized under Institutional Animal Care and
Use Committee (IACUC) protocols, consistent with the recommenda-
tions of the Panel on Euthanasia of the American Veterinary Medical
Association (AVMA) and carried out only by members of the E.G. labora-
tory approved on IACUC protocol TRO1_IPO0000905.

Cellline statement

Sf9 cells for expression of baculovirus are from Thermo Fisher
(12659017,10t 421973). HEK293S GnTI cells (Ric15) for protein expres-
sion and electrophysiology studies are from a previously published
study®s. The cells were not authenticated experimentally for these
studies and tested negative for Mycoplasma contamination.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The cryo-EM maps and coordinates for overall, the ATD layer and the
LBD-TMD layer of the AIA2A1A2 symmetric (S) and A1A2A1A2 asymmet-
ric (AS) complexes have been deposited in the Electron Microscopy Data
Bank (EMDB) under accession numbers EMD-23283 and EMD-23284
and in the Protein Data Bank (PDB) under accession codes 7LDD and
7LDE, respectively. The cryo-EM maps for overall, the ATD layer and
the LBD-TMD layer of the AIA2A3A2 (AS1), A1A2A3A2 (AS2), A3A2A3A2
(S) and A3A2A3A2 (AS) complexes have been deposited in the EMDB
under accession numbers EMD-23285, EMD-23286, EMD-23287 and
EMD-23288, respectively. The cryo-EM maps of A1A2A3A2 (AS3) and
A1A2AXA2have been depositedinthe EMDB under accession numbers
EMD-23289 and EMD-23290, respectively. The cryo-EM map and coor-
dinates for the LBD-TMD,;,, complex have been deposited in the EMDB
and PDB under accession codes EMD-23292 and 7LEP, respectively.
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Extended DataFig.1|Biochemical characterizationand cryo-EM analysis
of hpAMPAR complexes. a, Representative SEC profile of hippocampal
AMPAR complexes. Inset shows an SDS-PAGE gel of AMPAR complexes and
antibody fragments used for cryo-EM grid preparation, visualized by silver
staining. The gel was repeated three times from different batches of
purification with similar results. b, Westernblot analysis of isolated AMPAR
complexes using antibodies against GluAl, GluA2, GluA3, GluA4,PSD95,

| .

20 nm
¥
- ¥
7
20 nm

TARP-y8 and CNIH2. The uncropped blot can be found in Supplementary Fig.1
and blotting was repeated three times with similar results. ¢, Arepresentative
cryo-EM micrograph of hpAMPAR complexes. The experiments were repeated
four times withsimilar results. d, Selected two-dimensional class averages.
Protrusions extending out of the detergent micelle are indicated by arrows,
corresponding to the extracellular domain of TARP-y8. Similar results were
obtained from experiments repeated four times.
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Extended DataFig.2|Characterization of monoclonal antibodies13A8 and
E3.a, Octet measurements of the 13A8 monoclonal antibody binding to
TARP-y8. Concentrations of the13A8 monoclonal antibody ranging from 25 nM
to 200 nM were applied. b-f, FSEC profiles of recombinant GFP-tagged
TARP-y8 (b), TARP-y2 (c), TARP-y3 (d), TARP-y4 () and TARP-y7 (F) with 13A8
monoclonal antibody (green traces) and without 13A8 monoclonal antibody
(black traces), detecting GFP fluorescence. Only the TARP-y8trace is shifted by
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Extended DataFig. 3| Arepresentative flow chart of data processing
focused onthe wholereceptorand ATD layer using data-processing
strategy1.Atotal of 2,893,667 particles was picked from 46,927 motion-
corrected micrographsin cryoSPARCv.2.14. Classes showing clear receptor
features were kept after several rounds of two-dimensional classification,
resultingin theretention of2,893,667 particles. Next, three-dimensional
classification withalarge sampling degree was performed to further remove
junk classesin RELION 3.0. Another round of three-dimensional classification
was carried out tosortreceptors with the same Fab and scFv combination.
Classes with the same ATD labelling and orientation were combined and
subjected to ATD-focused classification without alignment. For the A1A2A1A2
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symmetric subtype, the ATD layer was classified into eight classes, of which
one class, which occupied the largest population (55%), had the least well-
resolved secondary structure features. Another round of ATD-focused
classification was performed on this class, producing asubtype withone
unlabelled subunit, denoted asA1A2AXA2. The three remaining classes
showing the most well-defined secondary structure features were selected for
final refinement with C2symmetry, producingamap ataresolution of 4 A.
ATD-focused refinement with C2 symmetry was carried out toimprove map
densityinthe ATD, yieldingan ATD-A1A2A1A2 symmetric map ataresolution
of 3.4A.
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Extended DataFig. 5| Three-dimensional reconstructions of dimeric
GluA1-GluA2and dimeric GluA2-GluA3 complexes. a,c, e, g, i,Local
resolution estimates of the entire GluA1-GluA2 symmetric map (a), ATD layer
ofthe GluA1-GluA2 symmetric map (c), entire GluA1-GluA2 asymmetric map
(e), the ATD layer of GluA1-GluA2 asymmetric map (g) and the LBD-TMD layers
ofthe GluA1-GluA2 map (i).d, h, k, FSC curves before and after masking and
betweenthe model and the final maps of the ATD layer of the GluA1-GluA2
symmetric map (d), the ATD layer of the GluA1-GluA2 asymmetric map (h) and
the LBD-TMD layers of the GluA1-GluA2 map (k). j, Angular distribution of the
LBD-TMD layers of the GluA1-GluA2 map.1,n, p, 1, t, Local resolution estimates

62

ofthe entire GluA2-GluA3 symmetric map (I), the ATD layer of the GluA2-
GluA3 symmetric map (n), the entire GluA2-GluA3 asymmetric map (p), the
ATD layers of the GluA2-GluA3 asymmetric map (r) and LBD-TMD layers of the
GluA2-GluA3 map (t).b,f,m,0,q,s, v, FSC curves before and after masking of
the whole GluA1-GluA2 symmetric map (b), the entire GluA1-GluA2
asymmetric map (f), the entire GluA2-GluA3 symmetric map (m), the ATD layer
of GluA2-GluA3 symmetric map (0), the entire GluA2-GluA3 asymmetric map
(q), the ATD layer of the GluA2-GluA3 asymmetric map (s) and the LBD-TMD
layers of the GluA2-GluA3 map (v). u, Angular distribution of the LBD-TMD
layers of the GluA2-GluA3 map.
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Extended DataFig.7|Representative TIRFimages for native AMPAR
complexes captured with the15F1 monoclonal antibody. a-e, Fluorescence
detectionwith the anti-GluAl-Alexa488 monoclonal antibody (aGluAl)

and anti-GluA3-Alexa594 monoclonal antibody (aGluA3) (a), the
anti-GluA1-Alexa488 monoclonal antibody, anti-GluA3-Alexa594 monoclonal
antibody and anti-GluA4-Alexa594 monoclonal antibody (aGluA4) (b), the
anti-GluAl-Alexa488 monoclonal antibody, anti-GluA3-Alexa594 monoclonal

aGluA1

antibody and anti-TARP-y8 monoclonal antibody (aTARP-y8) (for each
colocalization experiment) (c), anti-TARP-y8 (dTARP-y8) Fab-GFP (d) and the
anti-SynDIG4-Alexa594 monoclonal antibody (xSynDIG4) and anti-TARP-y8-
Alexa647 monoclonal antibody (dTARP-y8) (e). Scale bars, 5pm. Foreach
SiMPull experiment,images were acquired from two independent samples on
different days.
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Extended DataFig. 8|Structures of the dimeric GluA1-GluA2receptor,
trimeric GluA1-GluA2-GluA3receptor and dimeric GluA2-GluA3 receptor
complexesinsymmetricand asymmetric conformations. a, c,Cryo-EM
structures of the GluA1-GluA2 subtype in symmetric (a) and asymmetric (c)
conformations viewed parallel to the membrane. GluA1, GluA2, TARP-y8 and
CNIH2areshowningrey, red, greenandblue, respectively. Antibody fragments
11B8scFvand15F1Fab areshowninpink and cyan, respectively. b, ATD layer
analysis of symmetric and asymmetric conformations. Top, the ATD model of
thesymmetricstate, inwhich the centre of mass (COM) of each subunit is
indicated by ablack circle. Bottom, the distances (in Angstrom) and angles
determined by the COMs of the symmetric (left) and asymmetric (right)
conformations.d, e, Close contactsbetween the ATD layer and LBD layerin the
asymmetric conformations. Magnified views of the ‘left’ side (d) and ‘right’ side
(e) ofthe ATD-LBD interfaces asindicated in the black and cyanrectangles.
f-h, Cryo-EM structures of the trimeric GluA1-GluA2-GluA3 subtypein
asymmetric conformations with different tilted angles and orientations
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viewed parallel to the membrane. GluA1, GluA2, GluA3, TARP-y8 and CNIH2 are
colouredingrey, red, orange, green and blue, respectively. Antibody
fragments 11B8 scFv,15F1Fab, 5B2 Fab are shownin pink, cyanand light yellow
colours, respectively.i,j, Magnified views of ATD-LBD interfaces in the
asymmetricstates (f, h) asindicated in the black and red rectangles. The
distances are defined by the Caatoms of theindicated residues. k, I, Cryo-EM
structures of the dimeric GluA2-GluA3 subtype in symmetric (k) and
asymmetric (I) conformations viewed parallel to the membrane.m, The ATD
layer analysis of the symmetric and asymmetric conformations. Top, an ATD
model of the symmetric state. The COM of each subunitis shown asablack
circle. Bottom, the distances (in f\ngstrom) and angles determined by the
COMs of the symmetric (left) and asymmetric (right) conformations.

n, o, Close contactsbetweenthe ATD layer and LBD layer in the asymmetric
conformations. Magnified views of the left side (n) and right side (o) of the
ATD-LBDinterfacesasindicatedinthe greenand cyanrectangles.
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Extended DataFig. 9 |Flow chart of data processing forhpAMPAR
complexes focused on the LBD-TMD layers. Particles corresponding toboth
thesymmetricand the asymmetric GluA1-GluA2 subtypes were combined and
subjected to LBD-TMD focused three-dimensional classification with
alignmentin RELION 3.0, resulting in three good classes with continuous
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Extended DataFig.10 | Conformational differencesinthe LBD and TMD
layers between native and recombinant AMPAR-auxiliary protein
complexes. a, Reference model and orientation of the hippocampal LBD-
TMD,,,, complex. GluAl, GluA2, TARP-y8 and CNIH2 are showningrey, red,
greenandblue, respectively. b-e, Superposition of hippocampal LBD-TMDy s,
withrecombinant GluA1-GluA2-TARP-y8 complexes (PDB code: 6QKC) to
showthedifferencesinthe LBD (b, d) and TMD (c, e) layers. Recombinant
GluA1-GluA2-TARP-y8isshownin blue. COMs of LBD and TMD layers of each
subunitare shownin coloured circles. The schematic diagramsillustrate the
subunitarrangement differencesinthe distance (Angstrom) ofthe LBD (d) and
TMD (e) layers of these two complexes. f-i, Superposition of the hippocampal
LBD-TMDy, s, structure with the recombinant GluA2-CNIH3 complex (PDB
code: 6PEQ) toshow the differencesin the LBD (f, h) and TMD (g, i) layers.

Recombinant GluA2-CNIH3 is shownin yellow. COMs of the LBD and TMD
layers of each subunitare shownin coloured circles. The schematic diagrams
illustrate the subunit arrangement differencesin the distance (Angstrom) of
theLBD (h) and TMD (i) layers of these two complexes. j, The B/CLBD dimers
fromthe hippocampal LBD-TMD,, 4, structure and the GluA2-CNIH3 complex
(PDB code: 6PEQ) were superimposed, exhibiting a 3.2 Ashiftinthe COM (black
circles) between the opposing A/D LBD dimers. k, Superposition of the M1, M3
and M4 helices of the hippocampal LBD-TMD,, s, Structure with the
recombinant GluA2-CNIH3 complex (PDB code: 6PEQ), highlighting the
rotation and compression of the GluA2-CNIH3 TMD layer. Equivalent positions
ofthe Caatoms from the M1 (Val538), M3 (1le600) and M4 (Leu805) helices of
the GluA2-CNIH3 structure areshifted by 4.5A,5.7 Aand 4.7 A, respectively.
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Extended DataFig.11|Representative densities of the maps ofthe LBD- intothe GluA2 Q/Rsite density.d, Four transmembrane helices (TM1-TM4) in
TMD,, 4, 0r LBD-TMD,;, complexes. a, The S1-M1, M2-poreloop,R/Gsiteand =~ TARP-y8areisolated from LBD-TMD,,,, contoured at 0.15¢. e, Four
MPQX from GluAlare isolated from LBD-TMD,,»,, contoured at 0.0850. transmembrane helices (TM1-TM4) in CNIH2 are isolated from LBD-TMD,;,,

b, S1-M1, M2-poreloop and R/G site from GluA2 areisolated from LBD-TMD,,,,, ~ contouredat0.130.
contoured at 0.0850. ¢, Comparison of the differences by fitting Arg and GIn
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Extended DataFig.12|Electrophysiological recordings of GluA1-TARP-y8
mutant proteins. a, Currentresponses of wild-type GluA1-TARP-y8 complexes
evoked by repeated application of 10 mM glutamate with10 pulses, each fora
durationtime of 1storeachaplateau of the steady-state current. To measure
theinhibition of glutamate-induced currents, 10 uMJNJ-555511118 was applied
before and during glutamate application for1s.Bottominsets illustrate the
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500 ms (left) and 20 ms (right). b-h, Representative recordings for the
indicated GluA1(b-e) and TARP-y8 (f-h) mutant proteins with the same
recording conditions as for the wild-type proteins.
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Extended DataFig.13|LBD-TMD,,, data-processing strategy 2. Particles
after two-dimensional and three-dimensional classification clean-up using
data-processingstrategy 2 were combined into asingle stack and refined, and
unless otherwise specified, all subsequent processing was performed in
cryoSPARCv.2.14. Signal subtraction was implemented using the consensus
refinementand asoft mask created around the ATD layer and all possible
binding sites of the antibodies. Several rounds of two-dimensional
classification were used to remove false positives and particles that still
contained the ATD layer. This cleaned stack of particles underwent three-
dimensional classification (C1symmetry), which resulted inasingle class
displaying continuous transmembrane density features. Particles from this
class were subject to two-dimensional classification to remove a small subset
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ofjunk particles. Aniterative, sequential, refinement procedure consisting of
(1) homogenous refinement, (2) non-uniform refinement, (3) local CTF
refinementand (4) non-uniform refinement, was used toimprove the
resolution of the stack of 151,141 particles. This procedure was iterated twice
until no resolution improvement was obtained, resulting ina 3.45 A map.
Particles from this map were then subjected to abinitio classification
permitting the removal of junk particles. Anew stack 0f 132,427 particles was
thensubjectedtothe previously described four-step refinement procedure for
oneiteration, before three-dimensional classification was performedin
RELION 3.0 toremove junk particles. This final particle stack was subjected to
non-uniform refinementin cryoSPARC to obtain the LBD-TMD,,;, map at 3.25A.



Chapter 4

ARCHITECTURE AND CONFORMATIONAL MOBILITY OF CALCIUM-PERMEABLE
CEREBELLAR AMPA RECEPTORS
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Abstract

The majority of fast excitatory synaptic transmission in the central nervous system is
mediated by a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARSs)®.
AMPARSs are glutamate-activated ion channels that can be categorized as GluA2-containing Ca*-
impermeable (Cl-) or GluA2-lacking Ca**-permeable (CP-) subtypes. Although the majority of

117,205

AMPARs are calcium-impermeable , CP-AMPARs play pivotal roles at many central

synapses, including those that mediate motor control and coordination in the cerebellum'?>128.151,
CP-AMPARs have functionally distinct properties compared to CI-AMPARs, including faster
kinetics''®, higher single channel conductance®®, and inward rectification''®'?°. Despite these
profound differences in functional properties, architectural information of CP-AMPARs is
fundamentally lacking. Therefore, to shed light on the subunit composition, physiological
architecture, and the gating mechanisms of CP-AMPARs, we immunoaffinity purified CP-
AMPARSs directly from mouse cerebella. Using single-particle cryo-EM analysis, we identified five
putative tetrameric assemblies, with GluA1 accessible at each of the four subunit positions, A-D.
Strikingly, in all of the receptor assemblies, we observed displacement of the two ATD dimers in
“outward” directions away from the central axis, markedly distinct compared to CI-AMPARs.
Furthermore, we observed asymmetrical arrangement of the M3 helices, crucial elements of the

gating machinery, emphasizing the relationship between the structural assembly of AMPARs and

their complex gating and kinetic properties.
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Introduction
At chemical synapses in the central nervous system (CNS), excitatory neurotransmission
is largely governed by AMPARSs that translate chemical signals to electrical impulses?. The extent

of glutamatergic synaptic transmission varies across the CNS, partially dependent on the

85,149,207

assembly of AMPARSs, which is a critical determinant of receptor localization , gating

147208209 ' and ion permeability!'®119121.137.142 The majority of AMPARS are heteromeric

properties
GluA2-containing assemblies'"”, while those lacking GIuA2 constitute a separate population of
distinct receptors. RNA editing of GIuA2 at codon 607 results in the substitution of a genetically
encoded glutamine (Q) with an arginine (R)*°. This switch from a neutral to a positively charged
residue at the apex of the pore-forming selectivity filter causes receptors containing Q/R-edited
GIuA2 to have a substantially reduced Ca®" permeability compared to those lacking GIuA2. As
MRNA editing is nearly 100% for the GIuA2 subunit, AMPARSs are divided into GluA2-containing
Ca*-impermeable (Cl-) and GluA2-lacking Ca?*-permeable (CP-) AMPAR subtypes?'®. Although
their global abundance is low under basal conditions, CP-AMPARSs are essential to many central
synapses, and play pivotal roles in several important forms of synaptic plasticity. Additionally, the
upregulation or dysfunction of CP-AMPARSs is involved in the pathogenesis of several neurological

116,211

diseases including Alzheimer's disease , glioblastomas?'2, and chronic pain®'3.

In the CNS, the region which harbors the greatest abundance of CP-AMPARSs is the

140 123 124,125
)

cerebellum'’. In the cerebellum, stellate cells™, basket cells'®, Bergmann glia and

oligodendrocyte precursor cells'®

are known to express CP-AMPARSs, which play essential roles
in the learning and execution of coordinated movements. Quantitative proteomics identified GluA4
as the most abundant receptor subunit in the cerebellum'"’, with multiple studies detecting
GIuA1/GluA4 heteromers in the cerebellum'""''%'2 Furthermore, two transmembrane auxiliary
proteins — TARP-y7 and TARP-y2 (transmembrane AMPA receptor regulatory protein gamma 7
and 2), are predicted to co-assemble with a fraction of cerebellar AMPARs at postsynaptic

membranes and influence receptor trafficking, kinetics, and conductance''123.13¢,
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Despite how well-characterized the abundance, localization, and functional properties of
cerebellar CP-AMPARSs are, information about their physiological architecture and assembly is
fundamentally unknown. In all of the previously reported structures of recombinant and native
AMPARSs, the GIuA2 subunit exclusively occupies the gating-critical B/D positions, which play a
prominent role in translating structural rearrangements to channel opening'®'%'63 Because
cerebellar CP-AMPARs do not harbor the GIuA2 subunit, there exists a gap in understanding of
which subunits occupy the B/D positions, and how this may alter the canonical gating model.

Therefore, to elucidate the physiological architecture and subunit arrangement of CP-
AMPARs, we employed antibody fragments covalently engineered with affinity tags to
immunoaffinity purify CP-AMPARs directly from mouse cerebellar tissue. We carried out single-
particle cryo-EM studies on these native receptor complexes and discovered the disruption of the
ATD dimer-dimer interface, revealing that the ATD dimers adopt a wide range of conformations
which “splay outward” from the central axis, strikingly distinct compared to CI-AMPARs'**?%, The
heterogeneity associated with the mobile ATDs prevented accurate receptor subunit assignment,
but nevertheless, we exploited distinct features for the anti-GluA1 11b8 antibody fragment in our
2D class averages to propose the five distinct GluA1-containing receptor assemblies. We found
GluA1 able to access all four tetrameric positions, including the gating-critical B/D positions.
Additionally, while the resolution of the maps was insufficient to model auxiliary proteins, we
observed extracellular protrusions from the detergent micelle at the B'/D’ positions, extending
towards the lower lobe of the proximal LBD, reminiscent of TARPs. Finally, we noticed distinct
changes in the M3 helices and M3-S2 linkers between our CP-AMPARs and previously solved
CI-AMPARs'**'*5 which are crucial elements of the receptor gating machinery linking agonist
binding to channel gating. Whereas CI-AMPARs formed a symmetrical gate, we observed a
compact, asymmetric gate, underscoring a potential structural basis for faster kinetics and higher

single channel conductance, endemic to CP-AMPARSs.
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Material and Methods

Purification of 3x-FLAG-tagged 11b8 scFv: The 11b8scFv pET-22b E.coli (BL21) expression
vector was modified to include a C-terminal 3xFLAG tag sequence
(DYKDHDGDYKDHDIDYKDDDDK). Cells were grown at 37 °C in TB containing 100 pg/mL
ampicillin. Expression of the 11B8 scFv was induced by addition of 0.1 mM IPTG when the ODgoo
reached 1.5. The temperature of the cultures was reduced to 20 °C and the cells were grown for
another 24 h. Cells were collected by centrifugation and lysed by osmotic shock in a lysis buffer
containing 200 mM Tris pH 8.0, 20% sucrose and 1 mM EDTA for 30 min on ice. Centrifugation
at 200,000gq, for 1 h at 4 °C, was carried out to separate periplasmic proteins from cells and cell
debris. The supernatant was dialyzed (10 kDa bag) over 48 hrs against 2L (3-4x) of TBS buffer
(20 mM Tris, pH 8.0 and 150 mM NacCl) at 4 °C to remove sucrose. The 11b8 scFv was purified
by FLAG affinity-chromatography and the eluted protein was subjected to size-exclusion
chromatography (SEC). Peak fractions corresponding to monomeric 11b8 scFv were pooled and
stored at —80 °C.

Preparation of mouse cerebella: Cerebella were dissected from mice and immediately washed
in ice cold PBS buffer. Cerebella were then dounce-homogenized 30-35 times in buffer + Pls until
the solution exhibited a uniform consistency. This crude material was then sonicated 0.04*70with
the following parameters: 3sec ON, 5 sec OFF, power = 4.0 for a total of 1.5 min. A low speed
spin pelleted the white matter, and the supernatant was saved. Membranes were pelleted
following ultracentrifugation and resuspended in TBS.

Immunoaffinity purification of GluA1-containing CP-AMPARSs: Mouse cerebellar membranes
were solubilized in 2% Digitonin + 2.5uM MPQX, with MPQX included in all subsequent steps.
After 3 hrs, ~80 ug of 15F1-Fab-GFP-TwinStrepll were added to the solubilized supernatant and
incubated on ice for 30 min. Next, the material was passed through Streptactin XT resin (1 mL)

to deplete GluA2-containing AMPARs and the flow-through was retained. The 11b8-3xFLAG-
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scFv was added to the flow-through and incubated on ice for 20 min. Post-incubation, FLAG
affinity chromatography separated GluA1-containing AMPARs and the 5B2 antibody fragments
was added to the eluate. After 15 min incubation on ice, the material was subjected to SEC to
separate GluA1-containing CP-AMPARSs from unbound antibody. Peak fractions were pooled and
concentrated for grid preparation.

Cryo-EM data acquisition: Peak fractions were concentrated to 0.04 mg/mL to a final volume of
70 uL. Quantifoil R2/1, 300 mesh, + 2nm C (Au) grids were glow discharged (15 mA, 20 sec) just
prior to grid vitrification. Grids were blotted with 2.6 uL of sample, with a blot time of 3 sec, a blot
force of 0, in 100% humidity at 14°C. A total of ~44k movies were collected on a Titan Krios with
multi-shot collection at Janelia Research Campus equipped with a K3 detector and a BioQuantum
energy filter tuned to a 20 keV slit width. Movies were collected in super-resolution mode at a
nominal magnification of 105k (0.4155 A/px), with a defocus range from -1.2 —-2.2 ym, and dose-
fractionated to 50 frames for a total dose of 50 e/AZ.

Cryo-EM data processing: Movies were motion-corrected by patch motion correction with an
output Fourier cropping factor of 1/2 (0.83 A/pixel). Contrast transfer function (CTF) parameters
were estimated by patch CTF estimation in cryoSPARC v3.3%'*. A total of 41,228 movies were
selected by curated based on ice thickness, CTF fit, and motion curvature. Particles were picked
using blob-picker with minimum and maximum particle diameters of 140 A and 250 A, with a
minimum separation distance of 0.8 (diameters). After several rounds of 2D classification, ‘junk’
particles were removed, resulting in 433,476 particles. Following initial classification, an ab-initio
map was generated in cryoSPARC and all subsequent rounds of 3D classification and refinement
were carried out in cryoSPARC.

Animal use statement: No experimental manipulations or euthanasia were performed on
animals. Pig and cow brain tissue were obtained directly from commercial sources and sheep and
rodent brain tissue was dissected from animal carcasses. Euthanasia was not performed by me

or any members of Dr. Gouaux’s lab.
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Results
Immunoaffinity purification of cerebellar GluA1-containing CP-AMPARs
To isolate calcium-permeable AMPA receptor complexes

Mouse brains
from cerebella, we implemented a tandem, orthogonal

Cerebella
purification strategy to selectively isolate GIuA1- ¢
. . Homogenize
containing CP-AMPARs (Fig. 4.1). Through systematic ¢ Strep-tagged
anti-GluA2
Solubilize

screening of orthogonal tags and multi-step

GIuA2—containing-) A1/A2

chromatographic approaches, we designed a three-step W AMPAR subtypes  a1/a2/A3
A2/A3
FLAG-tagged

purification strategy relying on a Strep-affinity step to first  anti-GluA1 (scFv)
FLAG-affinity purification

®

purification step to capture GluA1-containing AMPARS, anti-GluA3
SEC

deplete GluA2-containing AMPARSs, followed by a FLAG

and finally, SEC to separate unbound antibodies from

receptor complexes. | solubilized 50 mouse cerebellar Cryo-EM

Figure 4.1. Immunoaffinity purification
workflow to isolate cerebellar CP-
AMPARs. Schematic outlining the
purification strategy to isolate GIuA1-
AMPA receptor complexes'#+'452% We incubated excess containing AMPARs from mouse
cerebella. Dashed arrow highlights the
depletion step for biochemical removal of
GluA2-containing AMPAR subtypes.

with 2% (w/v) digitonin detergent in the presence of 1 mM

MPQX, previously shown to preserve the integrity of

15F1 with this solubilized material, leveraging the C-
terminal Twin-Strepll tag engineered to this antibody
fragment to deplete GluA2-containing AMPARs. Next, we added excess of the 11b8 scFv
antibody fragment modified with a C-terminal 3xFLAG tag to affinity-purify GluA1-containing
AMPARs from the flow-through. Post-SEC, isolated GluA1-containing cerebellar CP-AMPARs
showed sufficient purity by SDS-PAGE analysis and were monodisperse by fluorescence size-
exclusion chromatography?'® (FSEC) (Fig. 4.2a,b). Immunoblotting was unable to detect GIuA2,

indicating that the majority of the purified receptor complexes are calcium-permeable (Fig. 4.2c).
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Figure 4.2. Biochemical and cryo-EM analysis of GluA1-containing cerebellar CP-AMPARs. (a)
FSEC analysis of the final sample. (b) SDS-PAGE analysis of the final sample. Lanes 1, 2, 3, and 4 are
the final sample, 11b8 scFv, 15F1 Fab, and the 5B2 Fab, respectively. (c) Western blotting to detect
AMPAR subunits in the final sample. (d) Representative micrograph of particles on 2 nm C grids. Yellow
circle outlines a putative particle. (e) A subset of the final 2D class averages.

While, detection of GIluA1 and GluA4 was confirmed by Western blotting, interestingly, we were
unable to detect GIuUA3, suggesting a preferential association of GIUA3 with GIuA2 assemblies in
the cerebellum (Fig. 4.2c). The final yield of protein was 2.8 ug, sufficient for grid vitrification with

2 nm carbon support grids and cryo-EM analysis.
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Figure 4.3. Data processing to resolve the structure of a single ATD dimer. (a) Data processing
strategy leading to the final map. All steps were carried out in cryoSPARC. (b) Local resolution estimation
(units are in A), angular distribution plot, and gold standard FSC resolution estimation (from left to right).

Conformational mobility of ATD dimers

To define the molecular basis of assembly and gating for CP-AMPARs, we sought to
elucidate the structures of cerebellar GluA1-containing CP-AMPARSs using single-particle cryo-
EM (Fig. 4.2d, Table 4.1). Strikingly, 2D classification revealed a highly conformationally mobile
ATD layer, with the majority of the 2D class averages showing blurry ATD features (Fig. 4.2e). In
all of the classes, each of the two ATD dimers are “splayed open” away from the global central
axis. They adopt a wide range of conformations, precluding structural elucidation and
unambiguous identification of receptor subunit occupancy of the A-D positions. However, iterative

3D heterogenous refinement revealed distinguishable secondary structural elements of a single
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Figure 4.4. Defining two conformations of a GluA1-containing ATD dimer. (a) Cryo-EM structure of
single ATD dimer. (b) Sequence comparison of all four receptor subunits for the linkers connecting each
ATD protomer to its corresponding LBD. (c) Superposition of a GluA1 ATD protomer (PDB: 7LDD) and a
GluA4 ATD protomer (PDB: 4GPA). (d) Modeling possible ATD conformations of a GluA1-containing ATD
dimer based on the 2D class averages.

ATD dimer from a small subset of the particles. Using Local Refinement in cryoSPARC, we
resolved a 6.0 A map of an ATD dimer bound to a single 11b8 scFv fragment (Fig. 4.3a,b, Fig.
4.4a). Using an ATD dimer from the previously solved GIuA1/GIuA2 diheteromeric structure™®
we rigid body fit these coordinates into our map, relying on the quaternary structure of the 11b8
scFv for accurate fitting. Identification of GIuA1 was predicated on visualization of the density
attributed to 11b8. With insufficient resolution to provide the identification of the protomer coupled
to GluA1 in this ATD dimer, we defined it as a subunit unlabeled by an antibody fragment (Fig.
4.4d). Interpreting the orientation of the 11b8 scFv from our 2D class averages enabled us to
approximate two putative conformations. In the first orientation, we propose the ATD dimer rotates
substantially “backward” into the z-plane (Fig. 4.4d). The second conformation is modeled as a

“forward” rotation into the negative z-plane ~180 degrees, with an observed downward translation
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Figure 4.5. Structural modeling of the ATD layer (a) 11b8 scFv labeling of GluA1 at the B and D positions
in the ATD. When both positions are occupied by GluA1, indicated clashes between the scFv's are
highlighted. (b) The ATD structure of GluA4 (PDB: 4GPA) and GluA1 (PDB: 7LDD) are overlaid at the B/D
positions of GluA2 (PDB: 7LDD). Clashes at the dimer-dimer interface are highlighted.

towards the LBDs (Fig. 4.4d). Based solely on the 2D class averages corresponding to this
conformation, the ATD dimer appears poised to form interactions with its connected LBD dimer
(Fig. 4.4d), but likely is an artefact of 11b8 interacting with the receptor.

Homology modeling of the ATD layer supports the possibility of exogenous stabilization of
the ATD layer by presynaptic proteins. First, modeling of GluA1 at the B and D positions reveals
two regions where significant steric clashes between the 11b8 scFv’s would occur (Fig. 4.5a).
These clashes could induce disruption of the ATD dimer-dimer assembly, causing them to
separate and “splay open.” However, this case is specific only for occupancy of GluA1 at both the
B/D positions, and yet we still observe ATD dimer-dimer disassembly for all particles. It has been
previously proposed that stabilization of the ATD layer is contingent upon the formation of a

144

charge-helix dipole interaction at the interface of the B/D positions™**. As seen in native GluA2-

containing AMPARSs, His208 at opposing B/D positions, close to the global axis of symmetry, is
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Figure 4.6. Data processing workflow to resolve the LBD-TMD layer. All data processing was carried

out in cryoSPARC.
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positioned near the negative dipole end of the a7 helix of the opposing subunit (Fig. 4.5b).

Sequence comparison reveals that this Histidine residue is conserved in GIUA3 and GluA4;

however, at the equivalent position at GluA1, this residue is Lys203 which appears to clash with

the opposing dimer, even in the case of GluA1/GluA4 heteromers (Fig. 4.5b). Therefore, loss of

the conserved ATD dimer-dimer stabilization could induce the observed rotational and

translational mobility in native GluA1-containing CP-AMPARSs.

Structure determination of the LBD-TMD layer

While we observed significant
heterogeneity of the ATD dimers, the TMD
and LBD layers were more well-resolved in
the 2D class averages (Fig. 4.2e). Therefore,
we combined all particles together regardless
of receptor subtype, knowing that the amino
acid sequences of the TMD layer are highly
conserved. We used 2D and 3D classification
to sort particles, employing signal subtraction
to remove the ATD layer and antibody
fragments in order to yield a high-resolution
map. Our final map resolved to 6.0 A
resolution based on the gold standard FSC
criterion, exhibiting hallmark features of the
LBD clamshells and the receptor TMD (Fig.

4.6, Fig. 4.7a-e). The local resolution varied

across the map, with the lowest resolution for

putative
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Figure 4.7. The cryo-EM structure of the LBD-TMD
layers. (a,b) Representative views of the LBD-TMD
map. The four subunit positions, A-D are colored in
green, gold, purple, and red, respectively. Density within
the micelle (blue) at the B’/D’ positions may represent
co-assembled auxiliary proteins. (¢) Local resolution
estimation, (d) gold standard FSC resolution estimation,
and (e) angular distribution plot.
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Figure 4.8. Architecture of the LBD layer. (a) Coordinates for the a GluA1 LBD protomer (PDB: 7LDD)
were rigid-body fit into the cryo-EM density for each LBD protomer at the A-D positions. (b) Superposition
of the hippocampal LBD layer (PDB: 7LDD) (orange) with our LBD structure (dark blue), exhibiting an
“outward” expansion away from the two-fold axis (dashed line and black oval) based on the calculated
COMs (colored circles).

the receptor TMD region and the strongest for the LBDs (Fig. 4.7c). The resolution of the map
was insufficient for de novo model building; however, we were able to trace the Ca carbon

backbone for the LBDs, and elements of the TMD, including the gating-critical M3 helices.

Architecture of the LBD layer

To generate an initial model for the LBD layer, we extracted an individual GluA1 LBD
protomer from the MPQX-bound native GluA1/GIuA2 hippocampal structure*® and fit each LBD
into the EM density as a rigid-bodies (Fig. 4.8a). We note that the occupancy of receptor subunits
in the A-D positions represents a mix of GluA1 and GIluA4 preventing accurate subunit
assignment; however, the degree of clamshell closure is in line with the LBD layer adopting the

closed, resting conformation (Fig. 4.8a). We next sought to compare our LBD structure with the
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coordinates from native hippocampal AMPARs. Superimposing both of the LBD structures shows
that in the CP-AMPAR structure, each of the LBD dimers are expanded “outward” away from the
central axis (Fig. 4.8b), with a greater degree of separation for the A/D dimer compared to the
opposing B/C dimer. By calculating the center of mass of each dimer, we highlight an “outward*®
displacement 2.5 A for the A/D dimer, whereas in the B/C dimer, we measured this displacement
to be only 1.9 A. We note that resolution limitations may preclude exact measurements of these
movements, nevertheless, we surmise this expansion, upon agonist binding, could lead to

increased tension of the linkers connected to the channel gate.

Putative TARP-like densities at the B’/D’ positions

Unlike the well-resolved LBD layer, we observed discontinuous density for the pre-M1,
M1, M2, and M4 helices in the transmembrane domain (Fig. 4.7a,b, Fig. 4.9a). We inspected the
map for the appearance of co-assembled auxiliary proteins, finding putative density at the B’/D’
positions compared to the homologous A’/C’ positions, where we observe almost no density (Fig.

4.9a,b). While the resolution at the B’/D’ positions was insufficient for modeling an auxiliary

86



protein, several features of the EM density permit us to cautiously ascribe these features to
auxiliary proteins. At the B’/D’ positions, the presence of multiple tube-like densities, oriented
orthogonal to the putative plasma membrane, suggest they may represent transmembrane
helices. Furthermore, inspection of the map at low thresholds reveals extracellular density
protruding out of the detergent micelle, positioned underneath the D2 lower lobes of the LBDs
(Fig. 4.9c). We speculate that this density can be, in part, attributed to the conserved acidic
spanning residues 85-95 (EDADYEADTAE) present on the extracellular loops of TARPs and
poised to interact with the basic KGK motif on the lower lobe of the receptor, a conventionally-

accepted interaction critical to how TARPs modulate receptor gating'°8203216,

Interactions between the M3-S2 linkers

Although the overall resolution of the map is insufficient to precisely model side-chain
interactions, remarkably, we found the strongest density features in the gating-critical M3 helices,
which persisted even when contouring the map to high thresholds (Fig. 4.10a,d). It is likely these
densities are well-resolved due to the fully conserved sequence of the M3 helix across all four
receptor subunits (Fig. 4.10b). At opposing subunit pairs, A/D and B/C, the M3-S2 linkers are
within close proximity of each other and remain visible even at high thresholds (Fig. 4.10c,d). The
M3-S2 linkers have no secondary structure, requiring flexibility in order to exert the mechanical
pulling force on the M3 helices to gate the channel. Notably, in previous CI-AMPARs maps, the
EM density for these linkers rapidly disappears at high thresholds. To provide a molecular basis
to explain how the linker interaction may be stabilized, we modeled a putative Arg poised to
interact with the backbone carbonyl of the neighboring Glu (Fig. 4.10c). The distance between
these two atoms is 2.3 A, within sufficient distance to form a highly stable hydrogen bond.
However, we remain cautious when interpreting this interaction, as the resolution of our map is
insufficient for accurate side-chain assignment, and moreover, interactions of M3-S2 linkers with

each other may have profound effects on channel gating.
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Figure 4.10. Structural and geometric analysis of the gating machinery. (a) Cryo-EM map of the
LBD-TMD layer highlighting density for the M3-S2 linkers. (b) Complete sequence conservation of the
M3 helix and M3-S2 linkers between all receptor subunits. (¢) Magnified views of the putative interaction
between neighboring pairs of A/D and B/C M3-S2 linkers with each other. (d) EM density for the LBDs,
M3-S2 linkers, and M3 helices are visible in the LBD-TMD map even at a high threshold. (e) Helix E, M3
helices, and the M3-S2 linkers highlighted in the LBD-TMD structure viewed parallel to the membrane.
(f) Top down view of the gating machinery, highlighting distances calculated between proximal and
opposing helix E COM pairs for both CI-AMPARs (PDB: 7LDD) and our CI-AMPAR coordinates.
Schematic illustrating changes in distances between the Ca-coordinates of Thr625 from each of the four
M3 helices. Indicated values colored in grey and black represent CI-AMPARs (PDB: 7LDD) and our CP-
AMPARSs, respectively. All distances are in angstroms (A).
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The upper gate adopts a compact, asymmetric conformation

The putative interaction between neighboring M3-S2 linkers emboldened us to examine
the structural arrangement of the M3 helical gating machinery. The extracellular ends of the M3
helices, referred to as the M3 helical bundle crossing, constitutes the upper gate, which dictates
ion accessibility to the channel pore. The structures of the gating machinery — denoted as the M3
helices, the M3-S2 linkers, and Helix E were derived from the GluA1/GIuA2 diheteromeric
structure™® and rigid body fit into the EM density. To describe the D2 lobe separation in these
structures, we measured distances between the COMs of helix E, located on the LBD D2 lobe
and directly connected to M3 through the M3-S2 linker, for both diagonally opposed positions —
B/D and A/C (Fig. 4.10e). We confirmed no obvious changes in the B/D positions, however, the
distances between helix E in the A/C positions are increased in our CP-AMPAR structure by 1.5
A (Fig. 4.10f). Geometrical analysis of the upper gate, using the Ca carbons for Thr625 to measure
distances between the four M3 helices, revealed a more tightly packed conformation of than CI-
AMPARs (Fig. 4.10g). The arrangement of the gate in our CP-AMPAR structure is asymmetric,
with an increase in distance between the A/B helices and the C/D helices by 0.5 and 2.1 A,
respectively. Interestingly, we noted a decrease in distances between the A/D and B/C M3
helices, by 1.3 and 3.7 A, respectively, likely supported by the putative M3-S2 linker interaction
between these subunit pairs. Therefore, we propose that the gating machinery for cerebellar CP-
AMPARSs adopts a unique, compact asymmetric gate conformation, alluding to greater tension of

the M3-S2 linkers upon agonist binding.

Defining subunit occupancy for cerebellar CP-AMPARs

The data processing strategy to resolve our final map did not begin with separation of
AMPAR assemblies, rather, we combined all particles together throughout all classification and
refinement steps. Therefore, to examine which tetrameric receptor subtypes comprise the LBD-

TMD map, we re-extracted our particles and used 2D classification to examine the subunit
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Figure 4.11. Positional occupancy of GluA1 in the LBD-TMD map. (a,b) 2D classification was used to
group particles comprising the LBD-TMD map into five distinct assemblies based on density for 11b8 at
the A-D positions. Yellow arrows indicate density for the 11b8 scFv.

arrangement of CP-AMPARs. Despite the mobility of the ATD layer, we observed apparent
features for 11b8 in several 2D class averages, enabling us to define the arrangement of GluA1.
We identified 5 distinct classes, observing GluA1 positions at each of the four positions within the
receptor tetramer (Fig. 4.11a,b). Interestingly, at the gating-critical B/D positions, we observed a
mix of unlabeled subunits and GIluA1, including one assembly with GIuA1 simultaneously residing
at the B/D positions (Fig. 4.11b). These arrangements imply CP-AMPARs require a less
systematic assembly compared to CI-AMPARSs, which require GIuA2 at both the B/D positions.
We realize that modeling of GIuA1 simultaneously at two positions within the same receptor based
solely on 2D class averages is controversial. Clustering of misaligned particles containing a single
GIuA1 in the same class average may falsely result in incorrect tetrameric assemblies, and
moreover distinguishing occupancy between the equivalent pairs A and C, and B and D, is not
possible. Interestingly, no class averages in this map, or through all of data processing, revealed

the existence of assemblies with three GluA1 subunits per receptor, nor a GluA1 homomer.
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Discussion

Here we present structures of GluA1-containing CP-AMPARs isolated from mouse
cerebella using a multistep immunoaffinity purification strategy. Unexpectedly, Western blotting
post-purification was unable to detect GIuA3 (Fig. 4.2b), and neither any of the 2D class averages
or 3D reconstructions displayed density for the anti-GluA3 5B2 Fab. This apparent depletion of
GIuA3 indicates that the maijority, if not all GIUA3 subunits, exclusively assemble with CI-AMPARs.
Although this does not preclude the existence of cerebellar GIuA3 homomers, or GluA1/GIuA3 or
GIuA3/GluA4 heteromeric assemblies, only minor populations of GluA1/GIuA3 heteromers have
been detected in CA1/2 hippocampal tissue?"”, with no evidence for the assembly of GIuA3/GluA4
heteromers in any brain region. Furthermore, recombinant expression studies of GIuA3
homomers displays an energetically unfavorable assembly and the formation of intracellular

aggregates, suggesting that native GIuA3 homomers do not exist?'®

. Our results are in agreement
with Co-IP™*® and GIuA3 KO studies®'®??' which have proposed that GIuA3 preferentially
assembles with GluA2, assembling as heteromers in Golgi cells and Purkinje neurons, and
contributing to LTP through cAMP-dependent increase in the receptor P,?%2.

The most dramatic rearrangements of the ATD layer have been observed in desensitized
AMPARs'”; however, the degree of mobility we observe for our purified receptors is profoundly
distinct. This striking difference may be a consequence of unintended disassembly of presynaptic
protein complexes during our purification process. The ATDs have been shown to bind
presynaptic proteins and play roles in synapse formation and synaptic anchoring®-?22%*_ For
example, the GluA4 ATD has been proposed to bind with neuronal pentraxin-1 (NP1) a lectin
protein expressed on axons, which promotes postsynaptic localization of GluA4?%°. Perhaps NP1
participates in ATD stabilization, and happened to dissociate during our purification procedure.
Furthermore, Lectins have previously been shown to modulate AMPAR function®?, with galectins

shown to slow desensitization kinetics?’. Therefore, the possibility remains that the heterogeneity

of the ATD layer is not benign, but rather, a functional mechanism distinct to CP-AMPARSs.
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It has been previously hypothesized that the ATD layer biases AMPAR assembly in favor
of specific combinations. Indeed, thermostability and sedimentation experiments of isolated ATDs
revealed that the Ky values of dimerization differ substantially between GluA1, GluA2, and GIuA3,
at ~100 nM, <10 nM, and >1 uM, respectively'®'?%. Interestingly, heterodimerization is reduced
to nanomolar affinity for both GIluA1/GIuA2 and GIuA2/GIuA3 heteromers®?, ostensibly providing
a molecular basis supporting the high abundance of GluA1/GIluA2 and GIuA2/GIuA3 heteromers.
Our results show a less systematic assembly of CP-AMPARS, with seemingly no rules governing
subunit occupancy. Based on our 2D class averages, we found GluA1 is able to access each of
the A-D positions, in sharp contrast to hippocampal CI-AMPARSs, where GluA1 exclusively resides
at just the A/C positions'®. From quantitative mass spectrometry analysis, GluA4 was found to
be the most abundance receptor subunit, amounting to an average of ~2.5 GluA4 subunits per
tetramer'”. Despite the absence of a suitable antibody for GluA4-specific labeling native
receptors, the Western blots and reported high abundance of GluA4 supports the assumption that
the unlabeled subunits we observed in our 2D classes and 3D reconstructions are GluA4, and
thus, the majority of GluA1-containing CP-AMPARs in the cerebellum are GIluA1-GluA4
heteromers.

Our purification strategy relied on preparing membranes prior to solubilization, leaving
questions unanswered about which cell compartment the receptors were extracted from.
Ostensibly, our isolated native receptors are comprised of a mixture of synaptic, extrasynaptic,
and ER-localized receptor complexes. Defining which auxiliary proteins co-assemble with our
receptor populations may shed light on their localization. The extracellular protrusions from the
detergent micelle underscore the existence of co-assembled TARPs in our map. The most

abundant auxiliary proteins in the cerebellum are TARP y-7 and TARP y-2'", which are likely
associated with the putative auxiliary protein density we observe in our cryo-EM map. Previous

studies have implicated TARP -7 to selectively enhance expression of CP-AMPARs'?, further
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supporting our assumption TARPs are present in our map. Interestingly, quantitative mass
spectrometry propose that some receptor complexes in the cerebellum harbor only two co-
assembled auxiliary proteins, which is also consistent with interpretation of our LBD-TMD map.
Nevertheless, the lack of density at the A’/C’ positions does not preclude occupancy of auxiliary
proteins at these positions, with further examination required to define auxiliary protein co-
assembly.

The prevailing model describing how AMPARs open their channels is defined by

229,230

independent subunit gating In saturating glutamate conditions (>1 mM), AMPAR

231,232

conductance levels follow a binomial distribution , Whereas in sub-saturating concentrations

of glutamate, the relative occupancies deviate considerably from a binomial distribution, exhibiting

a greater occupancy at higher conductance levels®'?%

This asymmetrical distribution
underscores complex gating mechanisms, which only recently has been defined within a

structural framework using sub-saturating concentrations of glutamate with GluA2-TARP-y2'%. In

our best-resolved map, we find an asymmetric conformation of the M3 helical bundle crossing,
constituting a striking deviation from the pseudo-symmetric conformation in CI-AMPAR
structures®'452%%_ This asymmetric conformation is likely germane to heteromeric GluA1/GluA4
heteromers, as our final map is comprised from multiple assemblies. While an asymmetric gate
is a hallmark of some ion channels?®*2% thus far, it has not been observed in any previous
AMPAR structure. The M3 and M3-S2 linkers are fully conserved, leaving the question open as
to why we observe an asymmetric conformation of the upper gate. Previous cryo-EM structures

largely rely on imposition of C2 symmetry'*'4

, which although may enhance resolution, may in
fact, be selecting a subset of particles amenable for high-resolution structure determination and
unintentionally screening out populations of receptors in asymmetric conformations. Perhaps this
conformation of the gate enables the M3-S2 linkers to be poised for greater tension exerted upon

them following agonist binding and clamshell closure. Conceivably, this gate conformation could

also reside at a lower energy barrier, where upon agonist binding, the receptor can more easily
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transition to the open state, and ostensibly, reside longer in high conductance levels. We
acknowledge this could be a non-functional artefact and that further studies capturing CP-AMPAR
structures in agonist-bound states will be important to probe the mechanism of channel gating. In
particular, the extent of expansion of the gating ring, which consists of all four D2 lobes, and
connected to the M3 helices through the M3-S2 linker, will be a critical component to examine

channel gating of CP-AMPARSs in future studies.
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GluA1-containing cerebellar CP-AMPARs

Microscope parameters

Microscope Titan Krios (Janelia Krios 3)
Camera K3 + BioQuantum GIF
Magnification 105,000

High tension (keV) 300
Exposure time (s) 3.3 sec

Total dose (e/A2) 50

Frames 50

Pixel size (super-res, A/px) 0.4155
Defocus range (um) -1.2--22
Collection strategy 3 x 3 (7 shots per hole)
Slit width (ev) 20

Total movies 44,850

Data processing parameters

Movies curated 41,228
Amplitude contrast 0.07
Spherical aberration (mm) 2.7

Particles picked 5,648,362

2D classification cryoSPARC
2D/3D-cleaned particles 484,159

3D classification cryoSPARC

3D refinement cryoSPARC

Table 4.1: Cryo-EM data collection and processing statistics
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CONCLUDING REMARKS
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Outlook and summary

The history of glutamate receptors has an exceptional and remarkable story. Beginning in
the early 1960s, with debate surrounding the veracity of glutamate as a neurotransmitter®® and
the existence of excitatory amino acid receptors®, to now, more than half a century later, the
establishment of glutamate as the principal excitatory neurotransmitter in the CNS and the
extensive characterization of ionotropic glutamate receptors; innovative experimental methods
have played a significant role in this evolution.

It is not surprising that chemists made notable contributions during the story of glutamate
receptors. Indeed, Povl Krogsgaard-Larsen, now a professor of medicinal chemistry, converted
ibotenic acid, a neurotoxin found in mushrooms, into the synthetic amino acid, AMPA®, and is
credited with the nomenclature of AMPA receptors. Many years later, beginning in 1989,
molecular biologists etched their names into the glutamate receptor story using PCR-mediated
screening to identify ionotropic glutamate receptor subunits®” %1% At the same time, recombinant
and electrophysiology methods progressed the story of glutamate receptors forward, most notably
by Peter Seeburg, Nail Burnashev, Bert Sakmann, and Michael Hollmann, who conducted elegant

137 splice variants'®, and AMPAR ion

studies which defined the Q/R site®®, ion permeability
channel kinetics®. Building from these studies, Roger Nichol’'s group leveraged gene targeting to
discover the existence of auxiliary proteins'®, finally providing the missing link connecting
discrepancies between in vivo and in vitro electrophysiology recordings. Almost a decade later,
Sasha Sobolevsky, Michael Rosconi, and Eric Gouaux employed X-ray crystallography to solve
the first full-length structure of an AMPAR®, providing a complete view of the overall architectural
organization of the ATD, LBD, and TMD layers. Finally, just a few years ago, Yan Zhao revealed
the architecture of a spectrum of native AMPAR assemblies using single-particle cryo-EM'.
Collectively, this study, as well as the preceding research efforts, serve as the inspiration for my

dissertation, which is aimed at determining the architecture and assembly of native AMPARSs with

region-specificity.
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The hippocampus plays a central role in declarative or explicit memory®, in acquisition of
new spatial information®¥’, as well as in episodic memory®, because of its remarkable ability to
rewire neuronal circuitry, resulting in synaptic plasticity and synaptic potentiation®’ and
depression®. Early exploration of hippocampal neuronal circuitry provided evidence for both
inhibitory and excitatory synapses?®®, and subsequent studies illuminated the central role played
by AMPARSs in the fast excitatory signaling throughout hippocampal neuronal circuits %1782 The
molecular structures of hippocampal AMPAR complexes reveal GIuA1 and GIuA2 are the most
prevalent subunits assembled in the hippocampal AMPAR complex, highlighting the important
roles of GIuA1 and GIuA2 in synaptic transmission. The GIuUA1/GIuA2 and the GIuA1/A2/A3
subtypes are the major assemblies harboring the GIuA2 subunit exclusively at the B/D positions,
while the A/C positions are more permissive, suggesting that differential insertion of GluA1 or
GIuA3 subunits at the A/C positions is a mechanism of synaptic tuning. | discovered the
remarkable conservation of auxiliary protein composition and assembly, with TARP-y8 and CNIH2
occupying the B’'/D’ and the A’/C’ positions, respectively, forming extensive interactions with the
M1 and M4 helices of the receptor. The well-resolved density of the GluA1/A2 LBD-TMD structure
defines the position of crucial residues that modulate the permeation and gating of the receptor,
including two Arg residues, one at the ion channel Q/R site® and the second at the LBD R/G
position'". Finally, we propose that the auxiliary protein, SynDIG4, assembles on the periphery
of the TMD, interacting extensively with CNIH2, consistent with its primary role in modulating
receptor trafficking and kinetics.

239

The cerebellum coordinates voluntary movements®®®, maintains posture®®, and regulates

motor control®. Underlying cerebellar synaptic circuitry are sensory and motor inputs from the

cerebral cortex, mediated, in part, by calcium-permeable AMPARs?*'

. Evidence suggests
cerebellar CP-AMPARs are important for fine-tuning complex motor behavior'?, involved in
multiple synaptic plasticity paradigms, including long-term potentiation and depression®?, and,

furthermore, in circuit remodeling associated with chronic disorders, including fear-related
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behaviors'®, drug addiction?*?, and neuropathic pain®*?. Structure determination of cerebellar CP-
AMPARSs revealed stochastic occupancy of the B/D positions by GluA1 and GluA4, suggesting
non-deterministic rules governing assembly of these receptors, and intimating that synaptic tuning
is not constrained by receptor assembly. Accordingly, compared to the conserved two-fold

arrangement of TARP-y8 and CNIH2 in the hippocampus, cerebellar CP-AMPARs have non-

uniform auxiliary protein stoichiometry, suggesting that non-conserved arrangements underscore
cerebellar synaptic signaling. Strikingly, the M3 helices are arranged in an asymmetric
conformation, providing the first empirical evidence of an asymmetric gate in an antagonist-bound
state. Moreover, the M3-S2 linkers exhibit a robust interaction, which may serve as a mechanism
which elicits faster channel kinetics and higher single-channel conductance. Finally, the mobility
of the ATD layer and disruption of the ATD dimer-dimer interface may also serve as a structural
basis for regulating AMPAR gating, emphasizing the mysterious nature of the ATD layer, and
collectively, challenge the requirements for conserved assembly and symmetry in canonical

AMPAR functional properties.

Future directions

Despite attempts to improve the resolution of cerebellar CP-AMPARSs, | was only able to
obtain reconstructions of an ATD dimer and the LBD-TMD layers at ~6 A resolution. The primary
challenge remains computationally sorting the heterogeneity into discrete classes for high-
resolution refinement. In the LBD-TMD reconstruction, imposition of symmetry resulted in a
substantial decline in resolution, due to asymmetry of the LBD promoters and the M3 helices, as
well as the heterogenous stoichiometry of auxiliary proteins. While | suspect there may be
populations of two-fold symmetric LBD-TMD conformations, these likely represent a small
population, and ultimately, | hope that future work will overcome these resolution limitations and

result in improved reconstructions. Moreover, future studies capturing native receptors in open or
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desensitized states will provide a beautiful glimpse into the gating cycle of native heteromeric
AMPAR complexes.

Recent proteomic studies have identified a host of ER-associated proteins which regulate
the biogenesis of AMPARSs by selectively interacting with receptor assembly intermediates in the
ER'™. A large body of evidence suggests receptor subunit monomers dimerize and subsequently
tetramerize, driven by interactions of the ATD'®:244245 gnd assisted by proteins such as FRRS1L
and CPT1c. Solving structures of immature receptor complexes during this assembly-line like
process will shed light on the stoichiometry, binding positions, and assembly mechanisms these
chaperones impart on AMPARSs, answering long-standing questions of how AMPARs assemble.
Therefore, native purification strategies which can selectively isolate these proteins for cryo-EM
analysis is undoubtedly a direction worth pursuing. Furthermore, these strategies can also be

246 which can also

applied to mouse models of drug addiction, such as cocaine-sensitized rodents
shed light into disease treatment and behavioral therapies. Finally, cryo-tomography of excitatory
synapses, with sufficient resolution to model secondary structure, combined with antibody labeling
could provide unprecedented insight into the geometric and spatial architecture of synapses,

providing localization and contextual information towards understanding the dynamics of

excitatory synaptic transmission.
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