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Abstract

Structure and Function of Glutamate Receptor-Like Channels (GLRs)

Marriah N. Green

Glutamate is essential for proper brain function as it is our nervous systems principal
excitatory neurotransmitter, a signal that stimulates nerve cells to send messages to other cells.
Glutamate activates ionotropic glutamate receptors (iGluRs), which are linked to several
neurological diseases in cases when they are improperly regulated. iGluRs are transmembrane
channels that allow calcium, as well as other cations, into the post synaptic neuron upon binding

of glutamate or other agonists.

Interestingly, iGluR homologs in plants also mediate calcium signaling upon glutamate
activation and were accordingly named glutamate receptor-like channels (GLRs). Cell signaling
is critical for plant survival to mediate rapid response to growth, defense, and other environmental
cues. GLRs are found in all plants and vital for their health, hardiness, and adaptation for growth
and survival in unfavorable conditions, such as drought, nutrient poor soil, temperature extremes,
pathogens, and predators. Plant research is important with vast applications. Firstly, crops are our
primary source of nutrition. In addition, plants are used as sources of drugs that we employ for
treating diseases. Some examples of plant-derived neuroactive compounds include caffeine in
coffee beans, nicotine in tobacco, and opium from poppy plants. In short, optimizing plant growth
is beneficial to maintaining our own survival and potentially achievable by understanding GLRs

role in plant health and hardiness. Despite their importance for cell signaling and implication in



plant defense and regeneration, the structural basis underlying the function of these channels

remains ambiguous, representing a critical barrier to our understanding of GLR function.

To address this problem, I dedicated my thesis work to study the structure of GLRs and
gain insight into their function. There are 20 GLRs in the model plant organism, Arabidopsis
thaliana, classified into 3 different clades (4¢GLR1-3). To narrow down which A¢/GLRs to focus
our structural studies on, we investigated clade 3 representatives, as many of these GLR3s have
been extensively studied in different plant species, especially crops. For example, studying
AtGLR3.4 could provide useful information to how the homolog in rice, OsGLR3.4, contributes
to growth and production in rice. Studying AtGLR3.4’s structure may elucidate how agonistic or
antagonistic targets bind and gate the channel, potentially revealing “druggable” targets to alter

plant response for defense and regeneration.

Without any structural information available for GLRs, I started my studies by first
focusing on their mammalian homologs, iGluRs. I first designed multiple constructs for
heterologous expression and purification from cell culture (for example HEK293S GnTI cells).
Then, I optimized protein extraction and purification to obtain pure protein samples. Purified
proteins were then subjected to cryo-electron microscopy (cryo-EM) which eventually allowed us

to solve the structure of 4#GLR3.4, the first full-length GLR structure.

AtGLR3.4’s structure revealed similarities to structures of its mammalian homologs,
iGluRs. In comparison to iGluRs, our GLR structure also showed tetrameric subunit assembly,
with a three-layer architecture that includes the ligand-binding domain (LBD) in the middle,
sandwiched between the extracellular amino terminal domain (ATD) at the top and the
transmembrane domain (TMD) at the bottom. In contrast to the majority of iGIluR structures,

however, AfGLR3.4 displayed unique symmetry and domain arrangement with the non-swapped



extracellular ATD and LBD domains. We also provided further evidence supporting ligand
binding promiscuity that was previously revealed in isolated LBD crystal structures from other
AtGLR3s. Surprisingly, we found endogenous glutathione bound to the ATDs and demonstrated

its contribution to channel activity.

It is important to fill the gaps in knowledge about GLR structure to understand how these
channels are activated and gated. In doing so, we will learn more about iGluRs as well as better
understand plant defense and growth, which has the potential to enhance crop production for food

security and our overall survival.
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Chapter 1.

Background and Introduction

1.1 Nutrition

In 2021, the World Health Organization (WHO) estimated 828 million people in the
world were affected by food insecurity, which has been impacted by climate hardships, such as
droughts or floods (WHO;, 2022). As food security worsens, it is imperative that agriculture and
food productivity are improved to facilitate appropriate strategies for defeating hunger and
malnutrition (Wu et al., 2014). Global food security concerns can be alleviated by harnessing the
ability to enhance crop yield potential and improve agricultural production as means to combat

global malnutrition through climate change. However, there is a missing gap in knowledge in

order to do so (Chen & Ham, 2022).

1.2 Plants

Worldwide crop production is currently insufficient in meeting human nutritional
requirements due to production loss or agricultural issues that arise from environmental factors,
such as disease, temperature extremes, drought, pests, and poor water quality from pesticide
contamination (Brodt, 2011; Kc et al., 2018; Shipman et al., 2021). In order to improve
agricultural productivity and sustainability for a global food supply, research is needed to
investigate the mechanisms that regulate plant growth, development, and acclimation to enhance
the stress tolerance and wound response in crop plants (Chen & Heidari, 2020). For these
mechanisms, plants use signaling and response systems coordinated across the whole organism,
critical for maintaining cellular homeostasis, signaling, response to environmental cues, and

1



overall survival (Brenner et al., 2006; De Bortoli et al., 2016; Grenzi et al., 2022). As plants
represent the primary source of food supply for human survival, it is important to fill these gaps
of knowledge in plant cellular signaling. Cell signaling plays a role in various plant
physiological functions, such as plant reproduction, development, root growth, and immune
response to pathogens, herbivore attacks and mechanical wounding. A potential target to
enhance plant hardiness is the glutamate receptor-like channels (GLRs) due to their vital roles in

mediating cell signaling for overall plant health.

1.3 Introduction to GLRs

1.3.1 GLR Discovery

In 1998, Lam et al. discovered genes encoding putative ionotropic glutamate receptors
(iGluRs) in the model plant organism Arabidopsis thaliana, also referred to as Arabidopsis, and
named them glutamate receptor-like channels (GLRs) (Lam et al., 1998). By screening
complementary deoxyribonucleic acid (cDNA) libraries with expressed sequence tag clones,
Lam et al. isolated full-length Arabidopsis GLR (AtGLR) ¢cDNAs and presented preliminary
evidence for GLR involvement in light-signal transduction (Lam et al., 1998). In addition,
Arabidopsis genomic sequence of a bacterial and yeast artificial chromosome clones were also
used to derive GLR sequences (Lam et al., 1998). This cloning and screening showed that
AtGLR cDNAs encoded proteins that display amino acid sequence similarity with mammalian
1GluRs, thus identifying animal iGluR homologs in plants (Lam et al., 1998). Based on these
findings, the authors proposed that a primitive cell signaling mechanism existed before the

divergence of plants and animals, one that evolved to the signaling between cells from excitatory



amino acids, as in animal brains. This may explain why neuroactive compounds sourced from

plants work on mammalian receptors (Chiu et al., 1999; Lam et al., 1998).

1.3.1.1 GLRs in Different Plants

GLRs are found all throughout the plant kingdom, in the genomes of gymnosperms and
angiosperms and Chlamydomonas, chlorophytes, mosses, ferns, and flowering plants (De Bortoli
et al., 2016) (Chiu et al., 1999; Wudick, Michard, et al., 2018). Nevertheless, GLRs are thus far
not found in yeast, eubacteria, fungi, and archaebacteria (Chiu et al., 1999; Wudick, Michard, et
al., 2018). Interestingly, GLRs have also been identified in the nematode Caenorhabditis
elegans as well as in marine invertebrates, such as the sea anemone Nematostella vectensis, and

the ctenophora Pleurobrachia bachei (Wudick, Michard, et al., 2018).

1.3.1.2 Diversity of GLR Genes

There is a broad diversity in the GLR superfamily, with the highest sequence variability
among the algal sequences, includes diatoms (large contributors to the world’s oxygen), brown
algae, cryptophytes, and green algae (De Bortoli et al., 2016). GLRs are expressed throughout
the entire Arabidopsis plant, and have been reported in petiole tissue, leaves, stem, and roots,
with subcellular localization in plastids, vacuolar system, endoplasmic reticulum, and like
iGluRs, in the plasma membrane (Meyerhoff et al., 2005; Nguyen et al., 2018; Teardo et al.,

2015; Teardo et al., 2011; Vincill et al., 2013; Wudick, Portes, et al., 2018).

1.3.1.3 Sequence Comparison Amongst GLRs

The GLR superfamily has been divided into subfamilies based on similarities in amino
acid sequences. Based on the prediction of subcellular localization, no strong conserved group-
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specific feature was developed during the evolution of GLRs (De Bortoli et al., 2016). The
evolutionary origin of plant GLRs have been explored via phylogenetic analysis and showed that
the plant GLR family had an original group, GLRO0, that differentiated into stable and
distinguishable subgroups GLR1-4 (Forde & Roberts, 2014). There are 4 different GLR clades,
GLR1-4, that have been identified in land plants, with GLR3 clade being the closest to GLR0
(Chen et al., 2016; De Bortoli et al., 2016; Forde & Roberts, 2014). None of the 4tGLRs falls
into clade 4 based on the classification of amino acid sequence similarities (De Bortoli et al.,
2016). Clade 3 appears to be the most ancient group of GLRs containing a particularly
consistent set of sequences (De Bortoli et al., 2016). Comparing sequences of different A#fGLRs
clades (4#GLR1-3), the region of highest sequence variability is the C-terminus (Wudick,

Michard, et al., 2018).

1.3.2 Diversity of Plant Functions Related to GLRs

Arabidopsis thaliana is a model plant organism where 20 GLR isoforms have been
identified and grouped into 3 different clades (Wudick, Michard, et al., 2018). GLRs play
signaling roles throughout the plant that provides a vast variety of vital physiological functions,
such as response to mechanical wounding, reproduction, pollen development, response to
herbivore attack, sexual reproduction, response to pathogens, chemotaxis, regulation of stomatal
aperture, immunity, and root development (Grenzi et al., 2022). More recently explored roles
include long-distance electrical and calcium signaling, linked to GLRs’ involvement in
regulation of ion fluxes across membranes and in particular calcium fluxes, as calcium represents
a key second messenger in plant cell responses to both endogenous and exogenous stimuli

(Grenzi et al., 2022).



The plant hormone jasmonic acid (JA) signals mediate growth and defense responses (Li
et al., 2022). GLRs are involved in the stimulation of JA production, which can be triggered by
biotic stress (Li et al., 2020). Biotic stress is stress from another living organism causing
damage, like a pest eating a leaf. According to the Food and Agriculture Organization of the
United Nations, each year up to 40 percent of global crop production is lost to pests while the
global economy loses over $220 billion due to plant disease related costs (Relations, 2021). A
key component to maintain or improve current and future food security is by protecting plants
from pests and diseases through curative and preventive measures (Scientific review of the

impact of climate change on plant pests, 2021).

When sessile plants are physically attacked with mechanical wounding (such as damage
from pests), JA increase happens at the site of damage as well as in distal, unharmed tissue. It
has been reported that several GLRs, especially those from clade III, are expressed in vascular
tissues and play a role in the generation and transmission of long-distance electrical and Ca**
signals acting upstream of JA signaling (Moe-Lange et al., 2021; Nguyen et al., 2018; Toyota et
al., 2018). When GLRs are mutated, the plant’s response to pests are hindered, illustrating GLRs

participation in plant stress response (Toyota et al., 2018).

1.3.3 Physiological Properties of GLRs

Plants live in perpetually changing environments and are relentlessly bombarded with
various stressors unfavorable for growth and development (Tian et al., 2020; Zhu, 2016). Plants
use calcium as a second messenger in cell signaling to respond to stress signal and to cope with
these abiotic and biotic stressors for survival (Tian et al., 2020). Adverse environmental

conditions include abiotic and biotic stressors, stress conditions imposed by non-biological and



biological factors respectively. Examples of biotic stress for plants include herbivore attack from
animals and insects, invasive plant species, and pathogen infection from bacteria, viruses, and
fungi (Tian et al., 2020; Zhu, 2016). The non-biological factors that cause stress in plants
include various abiotic stressors from the environment, such as pH imbalance from excess salt or
toxic metals like aluminum, arsenate, and cadmium in the soil, water conditions, nutrient
deficiency, light intensity, and temperature extremes (Tian et al., 2020; Zhu, 2016). These
environmental factors not only affect natural geographical distribution of plants, but also threaten

food security by limiting plant productivity in agriculture (Zhu, 2016).
1.3.3.1 AtGLR3.4 Role in Plant Reproduction

A specialized structure in plants, called the pollen tube, is essential for sexual
reproduction. It serves as a vehicle to deliver sperm cells, which are known in plant biology as
male gametes, to a female gametophyte during double fertilization to eventually lead to seed
formation (Adhikari et al., 2020). Pollen tubes growth and function have been reported to be
Ca?" influx-dependent (Michard et al., 2017). Since GLRs are known to be involved in Ca**
signaling and plant reproduction, studies have looked into investigating AtGLRs functional roles

in pollen tubes (Wudick, Portes, et al., 2018).

For example, 4tGLR3.4 contributes to plant reproduction by regulating pollen tube
calcium fluxes in addition to pollen tube development (Green et al., 2021). Pollen grain delivers
sperm cells to the embryo sac via polar tip growth of the pollen tube to participate in embryo and
endosperm production (Kim et al., 2021). 4tGLR3.4 localizes to the aperture of the pollen grain
and is associated with cell polarity in pollen tubes, which is characterized by an influx of calcium

at the tip (Green et al., 2021; Michard et al., 2011; Michard et al., 2017).



1.3.3.2 Roles of AtGLR3.4 and AtGLR3.2 in Root Growth

Lateral roots span underground as they are the building blocks of the plant’s root system
(Torres-Martinez et al., 2019). Lateral root primordium is formed as the early stages of lateral
root formation and organization (Torres-Martinez et al., 2019; Wachsman & Benfey, 2020).
Root branching relies on the formation of lateral roots, which allows the plant to extract nutrients
from the soil (Fernandez-Marcos et al., 2017; Pechanova & Pechan, 2017). Phloem is the
portion of the plants vascular tissue that conducts the transport of soluble organic compounds,
such as sugars, along with some water and minerals to the rest of the plant (Mauseth, 2021). The
apoplast is another area of the plant, that makes up the intercellular spaces and cell walls of the

plant (Mauseth, 2021).

The number of lateral root primordia was increased in Arabidopsis when either Atglr3.2
or Atglr3.4 were mutated individually or together (Vincill et al., 2013). This increase is
suggested to be an apoplastic (pathway through the cell wall) amino acid-dependent response
acting through the formation of 4#/GLR3.2/4tGLR3.4 heteromeric channels that affect lateral

root development via calcium signaling in the phloem (Grenzi et al., 2022; Vincill et al., 2013).

1.3.3.3 GLRs’ Signaling in Plant Defense and Immune Response

Plant pathogens, such as pathogenic fungus Penicillium expansum, are a major concern to
the food industry on a global scale due to its wide occurrence and ability to produce toxic
compounds, mycotoxins. Mycotoxins are produced by molds, fungi, and provide a health risk to
humans as some can cause disease and even death. Providing protection against plant pathogens
is an important step towards providing food security and combating global hunger and

malnutrition. Studying ways in which to improve plants hardiness provides valuable efforts
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needed for our future survival. For example, it has been discovered that one way to inhibit plant
pathogen growth and minimize mold rot on fruit, such as Penicillium growth on pears, is with a

topical glutamate treatment (Jin et al., 2019).

Plant pathogens can impair plant growth and reproduction. Thus, understanding their
innate immune system used in infection response could bolster crop improvement (Jones &
Dangl, 2006). For example, in O. Sativa and Solanum lycopersicum (rice and tomato,
respectively), exogenous L-Glu treatment induced the expression of genes involved in pathogen-
associated molecular patterns (PAMPs) stimulated by a bacterial flagellin-derived peptide, flg22,
response in Arabidopsis and fungal resistance (Bethke et al., 2009; Goto et al., 2020; Kadotani et

al., 2016; Yang et al., 2017).

Plants use calcium signaling for defense, regeneration, and systemic immune responses
upon wounding (Hernandez-Coronado et al., 2022; Shanmukhan et al., 2020). The antioxidant
glutathione (GSH) has been shown to induce defense response and increase cytosolic calcium
concentration, [Ca®"]eyt (Li et al., 2013). In Arabidopsis, GSH-modulated defense genes in a
GLR-dependent manner (specifically A#GLR3.3) (Li et al., 2013). An example of one of the
many defense genes upregulated is Lipoxygenase4 for jasmonic acid biosynthesis (Acosta &

Farmer, 2010; Li et al., 2013).

GSH suppressed the spread of pathogen in wild type Arabidopsis leaves but not in the
Atglr3.3 mutants (Li et al., 2013). Extracellular GSH concentration, [GSH]ex:, induces [Ca®Jeyt
rise and promotes innate immunity responses in Arabidopsis leaves through AtGLR3.3-
dependent pathways (Li et al., 2013). Similar to GSH, glutamate also evokes a AtGLR3.3-

dependent rise in [Ca® ey (Li et al., 2013).



In wild type Arabidopsis, GSH was not only shown to increase cytosolic calcium
concentration but also to induce an upregulation of defense genes (Li et al., 2013). Induced gene
expression was also observed for 4tGLR3.4 when exposed to mechanical stress (touch) and cold
temperature (Meyerhoff et al., 2005). In addition to cold and touch, A¢tGLR3.4 expression was

also induced by glutamate (Glu) (Meyerhoff et al., 2005).

1.3.3.4 GLRs in Other Signaling Pathways

GLRs have a diverse range of functions in plants and play important physiological roles.
In rice (Oryza sativa) for example, the GLR gene OsGLR3.4, an ortholog to AtGLR3.4, has been
reported to be required for plant growth and systemic wound signaling (Yu et al., 2022). Like
most GLRs, OsGLR3.4 has been indicated to be a Ca?" -permeable channel. In an agonist profile
assay, multiple amino acids have been shown to trigger transient Ca®" influx in an OsGLR3.4-
dependent manner (Yu et al., 2022). Out of 20 amino acids tested, the amino acids that induced
a Ca’" flux via OsGLR3.4 were Ala, Arg, Asn, Cys, Glu, Gly, Leu, Lys, Pro, Ser, and Thr (Yu et
al., 2022). Yu et al., reported OsGLR3.4 mediates long-distance wounding response and is
required for root-to-shoot systemic wound signaling in rice (Yu et al., 2022). When OsGLR3.4
was lacking, they observed a missing downstream response to leaves upon root injury, a

disruption of actin filament organization and growth defects (Yu et al., 2022).

In plant cells, the salt overly sensitive (SOS) signaling pathway is a key regulator to
maintain low cytoplasmic sodium concentration (Cheng et al., 2018; Deinlein et al., 2014; Zhu,
2002). Under salt stress, three SOS genes, SOS1, SOS2, and SOS3, showed reduced expression
in Atglr3.4 mutants treated with NaCl, compared to wild type Arabidopsis (Cheng et al., 2018).

In comparison to wild type, Atglr3.4 mutants in the presence of high salt (150 and 200 mM



NaCl) showed lower rates of seed germination and a greater increase in Na' concentration
accumulated in seeds (Cheng et al., 2018). An increase in NaCl leads to an increase in [Ca?"]eyt,
and AfGLR3.4 modulates [Ca*']eys variation when the plant is exposed to salt stress.
Accordingly, Atglr3.4 mutants showed suppressed [Ca*']ey: increase in response to salt stress

(Cheng et al., 2018).

1.3.4 Evolutionary Link GLRs to iGluRs

Phylogenetic trees are diagrams that depict the lines of evolutionary descent of
organisms, genes, or different species from a common ancestor, and are used to study various
aspects of evolution (Baum, 2008). The phylogenetic tree in Figure 1.1 includes all 20 AtGLRs
that make up the 3 clades. Upon GLR discovery, examination of amino acid sequence similarity
with other genes suggested that plant GLRs are most closely related to animal iGluRs and much
more distantly related to other ion channels, such as GABAa and acetylcholine receptors, or
potassium channels (Chiu et al., 1999; Price et al., 2012). Phylogenetic analyses suggested that
plant and animal iGluRs diverged from a common ancestor instead of being products of

convergent evolution of genes with similarities (Chiu et al., 1999; Price et al., 2012).

The percent identity between the full-length amino acid sequences from a GLR of the
third clade (4tGLR3.4) and representatives of the four subtypes of iGluRs ranges from around 21
to 24% (calculated with protein-protein BLAST) (Altschul et al., 1997; Altschul et al., 2005).
iGluR subtype representatives in this case are GluA2 for AMPA (a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid) receptors, GIluN2A for NMDA (N-methyl-D-aspartate) receptors,
GluK2 for kainate receptors, and finally GluD1 and GluD2 for the 6-receptors. Specifically,

AtGLR3.4 has the following percent identities to these human iGluR subtypes: 23.84% for
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GluD1, 21.14% for GluD2, 22.12% for GluA2, 24.88% for GIuN2A, and 23.76% for GluK2
(Altschul et al., 1997; Altschul et al., 2005). The common ancestry for these human iGluRs

along with all 20 4#GLRs are shown in Figure 1.1°s phylogenetic tree branches.

AtGLR3.7
AtGLR1.1
AtGLR1.4
AtGLR1.2
AtGLR1.3
AtGLR2.7
AtGLR2.8
AtGLR2.9
AtGLR2.5
AtGLR2.6
AtGLR2 4
AtGLR2.1
AtGRL2.2
AtGLR2.3
HGIUN2A
HGIuD1

HGIuD2

HGIuA2

HGIuK?2

AtGLR3.4
AtGLR3.5
AtGLR3.1
AtGLR3.2
AtGLR3.3
AtGLR3.6

Figure 1.1. Phylogenetic tree of AtGLRs. Phylogenetic tree, including all 20 4tGLRs that are

divided into the 3 clades. Each GLR clade is denoted by a color, clade 1 is boxed in green, clade
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2 is boxed in blue, and GLRs of the third clade are boxed in red. The 5 example subtypes of
human iGluRs included in the tree are unbox. The phylogenetic tree was created with
ClustalOmega viewing cladogram branch length to show common ancestry rather than the

amount of evolutionary time separating the GLRs.

1.3.4.1 Homology Between iGluRs and GLRs

Upon GLR discovery, Lam et al. reported that the degree of identity between A/GLRs
and mammalian iGluRs is 16% to 63% within certain regions (the S1, S2, and M1 to M4
domains) that is similar to the degree of identity in the same regions (LBD and TMD) between
the kainate and AMPA subtypes of animal iGluRs (Lam et al., 1998). Based on the analysis of
sequenced regions and overall sequence homology, plant GLRs were shown to be similar to both
NMDA and non-NMDA iGluR subtypes, suggesting that iGluRs and GLRs diverged prior to

their clade differentiation (Weiland et al., 2015; Wudick, Michard, et al., 2018).

1.4 Introduction to iGluRs

The most abundant free amino acid in the brain is glutamate (Zhou & Danbolt, 2014).
Glutamate is the principle excitatory neurotransmitter in the central nervous system (CNS) and it
is crucial for sensory and cognitive functions as it mediates/determines communication between
neurons by traveling through their synapses, the electrochemical junctions between neuronal

cells (Pankevich, 2011; Traynelis et al., 2010; Volk et al., 2015) (Figure 1.2).
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Figure 1.2. Neuronal Synapse. Four subtypes of iGluRs are schematically represented in the
postsynaptic membrane. The red channel, GluA, represents the AMPA (a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid) receptor, the GluK (kainate receptor) is shown in orange,
GluN subtypes of NMDA (N-methyl-D-aspartate) receptor is in green and the GluD (delta

receptor) is in blue. Created with BioRender.com

Research in the field of glutamate receptors began over 30 years ago. Glutamate, as well
as other amino acids, function as ligands that activate glutamate receptors. lonotropic glutamate
receptors (1GluRs) are ligand-gated ion channels. Ligand-gated ion channels allow ions to pass
through their pores upon ligand binding and activation. In mammals, iGluRs play an important

role in integrative cognitive processes (memory and learning) (Hansen et al., 2021). Abnormal
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1GluR function results in a wide range of neurological diseases linking iGluR to the pathology of
depression, psychosis, and even neurological diseases, such as Alzheimer’s disease (Hansen et

al., 2021).

In humans, eighteen iGIluR subunits have been identified and divided into four different
subtypes, which are distinguished based on their amino acid sequence similarity and were named
based on agonist selectivity: AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid),
NMDA (N-methyl-D-aspartate), kainate (KA), and o-receptors (also referred to as delta-
receptors or GluD receptors) (Hansen et al., 2021) (Zhou & Danbolt, 2014). There are four
subunits of the AMPA (GluA1-4), seven of the NMDA (divided into three clades GluN1-3) and
five of the kainate (GluK1-5) subtypes, respectively. The GluD subtype has only two subunits
(GluD1-2). Some iGluRs are assembled as homomers, while others are heteromers, formed from
subunits of their respective iGluR class. In other words, subunits from two different subtypes
would not be able to form a functional receptor. For example, GluN1 and GluAl are from two
different subtypes and would not assemble, but GluN1 and GluN3 form a functional iGluR

heteromer.

Glutamate is an agonist that activates three of the four 1GluR subtypes, with GluD
subtype activated by glycine or D-serine only (Carrillo et al., 2021; Yelshanskaya et al., 2022).
Among NMDA receptor (NMDAR) subunits, GluN2 subunits (GIluN2A-D) bind glutamate,
while GluN1 and GIluN3 (GluN3A-B) bind glycine and D-serine (Hansen et al., 2021). The
1GluRs that are activated by glutamate show high sequence conservation in the LBD agonist

binding pocket, unlike the subunits that bind D-serine or glycine that have more variability in
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this region (Hansen et al., 2021). All iGluR subtypes are expressed in the vertebrate central

nervous systems (CNS) and mediate the majority of excitatory neurotransmission.

1.4.1 iGluR Structural Architecture, Domain Layers and Symmetry

Four individual subunits (monomers denoted A-D) assemble the iGluR tetramer. Starting
from the plasma membrane growing out towards the extracellular region, the common
architecture of each iGluR subunit consists of a transmembrane domain (TMD), ligand-binding
domain (LBD), and an N-terminal domain (NTD), also referred to as the amino-terminal domain

(ATD). The ATD, LBD, and TMD are the three domain layers of iGluRs, shown in Figure 1.3.

ATD S1 Ml M2 M3 S2 M4 CTD

N — —-E .-

ATD

Figure 1.3. iGluR Subunit. One iGluR subunit linear representation of the polypeptide chain
of above with labeled and color-coded domain that match the below topology of an iGluR

subunit.
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The extracellular ATD mediates receptor trafficking, assembly, and functional regulation
(Ayalon & Stern-Bach, 2001; Hansen et al., 2021; Traynelis et al., 2010; Yelshanskaya &
Sobolevsky, 2022). The clamshell shaped ATD is assembled of the upper L1 and lower L2
lobes. While the ATD is formed by single contiguous stretch of the polypeptide, the upper D1
and lower D2 lobes of another iGluR domain, LBD, are assembled from two polypeptide
stretches, S1 and S2. The LBD harbors binding sites for agonists, competitive antagonists and
positive and negative allosteric modulators (PAMs and NAMs, respectively) (Hansen et al.,
2021; Yelshanskaya & Sobolevsky, 2022). PAMs increase the response elicited by agonists;
they can either increase the affinity of the agonist to the receptor, for example by slowing down
channel deactivation, or inhibit receptor desensitization (Brogi et al., 2019). The TMDs of four
subunits include the M1 — M4 segments and together assemble the ion-conducting channel
(Wollmuth & Sobolevsky, 2004). M4 is followed by the structurally undetermined intracellular
carboxy-terminal domain (CTD), which plays a role in receptor trafficking and synaptic

localization (Hansen et al., 2021; Yelshanskaya & Sobolevsky, 2022).

Structural studies of iGluR began at the end of the 20" century with a publication on the
first crystal structure of the isolated ligand-binding domain of GluA2 in 1998 (Armstrong et al.,
1998). This structure confirmed the two-lobe LBD clamshell topology, which was proposed
earlier based on homology with bacterial periplasmic amino-acid binding proteins (Stern-Bach et
al., 1994). The first full-length iGluR structure was solved eleven years later, in 2009
(Sobolevsky et al., 2009). This 3.6-A resolution full-length iGluR crystal structure of AMPA-
subtype rat GluA2 receptor was determined in complex with a competitive antagonist and for the

first time provided a complete view of iGIuR structural organization and domain arrangement
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(Sobolevsky et al.,, 2009). Although different iGluR families have varying kinetic and

pharmacological properties, their overall structural design remains similar.

1.4.1.1 iGluR Domain Organization and Subunit Arrangement

iGluR structural studies demonstrated the overall two-fold rotational symmetry in
extracellular domains where the axis of symmetry runs perpendicular to the cell membrane and
the subunits A-D are paired differently into two dimers at the ATD and LBD layers of the
structure. The subunits A and B pair forms one dimer (AB) in the ATD layer, while subunit C
pairs with subunit D to form the other dimer (CD). Within each ATD dimer, the conformations
of subunits are identical, and they are related by a local two-fold rotational symmetry. The distal
(A and C) and proximal (B and D) subunits that belong to different ATD dimers also have
similar conformations but are related to each other through the axis of the overall two-fold

rotational symmetry of the receptor.

In the LBD layer, also known as the agonist binding domain (ABD) layer, the subunits
pair differently from the ATD layer creating a so-called domain swapping between these two
layers. During this rearrangement, the AB and CD subunit pairs that form the corresponding pair
of dimers in the ATD layer swap partners to create a different dimer of dimers in the LBD. In
the LBD, subunit A is paired with subunit D, assembling an AD dimer, while subunit B is paired

with subunit C, forming a CB dimer.

The overall symmetrical organization and domain arrangement is preserved in AMPA,
NMDA, and kainate receptors with the only major iGluR outlier being GluD receptors. As
evidenced by the recent structural studies of homotetrameric GluD1 and GluD2, GluD receptors

are an exception to the common 1GluR domain arrangement because they do not show swapping
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of subunit domains between the ATD and LBD layers (Burada et al., 2020a, 2020b).
Independent of the presence of domain swapping between the ATD and LBD layers, all iGluRs
appear Y-shaped when viewed parallel to the membrane and display an overall two-fold
rotational symmetry with the axis of symmetry perpendicular to the membrane. The
extracellular domains (ECDs) show similar arrangement of distal and proximal subunit domains
in both the LBD and ATD layers. Thus, iGluR subunits A and C are distal, while B and D are
proximal in the ATD layer, whereas subunits A and C are proximal while B and D are distal in

the LBD layer.

The four iGluR subunits’ TMDs come together to assemble a pore in the cellular
membrane and form a cation-selective ion channel. The two diagonal subunit pairs that form the
2-fold symmetrical ECD come together to assemble a pseudo-4-fold symmetrical TMD. The
TMD of one subunit consists of three transmembrane helices (M1, M3, and M4) and a re-entrant
pore loop (M2). Each subunit LBD connects to their TMD by three peptide linkers, S1-M1, M3-
S2, and S2 -M4. The iGluR pore lining of the permeation pathway is contributed by the
extended region of the re-entrant M2 pore loop as well as the M3 transmembrane helices
(Hansen et al., 2021; Huettner, 2015; Sobolevsky et al., 2009; Tikhonov & Zhorov, 2020;
Traynelis et al., 2010; Wollmuth & Sobolevsky, 2004). iGluRs across all phyla have M1-M3
pore domains present, but the transmembrane helix at the periphery of the pore domain (the M4

segment) is eukaryotic-specific (Stroebel & Paoletti, 2021).

1.4.2 Amino Terminal Domain (ATD)

Initial crystal structures of isolated iGluR ATD (GluA2) demonstrated tightly associated

ATD dimers that confirmed the role of this domain in guiding subtype-specific receptor
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assembly (Jin et al., 2009). The clamshell shaped ATD of the iGluR subunits are formed from
upper and lower lobes (L1 and L2, respectively) and the region with the highest conservation in
the ATD is the L1-L1 interface (Herguedas et al., 2013). iGluR ATDs fall into type-1
periplasmic-binding protein (PBP) superfamily due to characterization of two lobes that are
separated by a deep cleft (Herguedas et al., 2013; Quiocho & Ledvina, 1996). Indeed, there is a
highly conserved sequence Leucine/Isoleucine/Valine binding protein (LIVBP) in the ATD of
1GluRs, which is shared with bacterial binding proteins (PBPs), LBDs of metabotropic glutamate

receptors (mGluRs) and gamma-aminobutyric acid (GABA) receptors (Kunishima et al., 2000).

1.4.3 Ligand-Binding Domain (LBD)

Based on homology to periplasmic amino acid-binding proteins, iGluR LBD structure
was proposed to be formed by two discrete segments separated by channel-forming domains
(Stern-Bach et al., 1994). Indeed, the LBD turned out to be composed of the S1 and S2
polypeptides (Arvola & Keindnen, 1996; Kuusinen et al., 1995; Stern-Bach et al., 1994)
separated by the M1 transmembrane helix, the M2 pore loop, and another transmembrane helix
M3 (Hollmann et al., 1994; Wo & Oswald, 1994). Two polypeptide stretches S1 and S2 of each
1GluR subunit form one clamshell-shaped LBD. The binding site for agonists and antagonists is
located in the cleft of the clamshell formed by upper (closer to the ATD) and lower (closer to the
TMD) lobes of the clamshell, referred to as D1 and D2, respectively. The D1 lobe of LBD of
one subunit makes an interface with the D1 LBD lobe of the neighboring subunit, creating an
LBD dimer. The ATD-S1 polypeptide linker joins the LBD to the ATD, while the LBD is

connected to the TMD via the S1-M1, M3-S2, and S2-M4 linkers.
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These LBD-TMD linkers mediate conformational changes that transmit agonist binding
to channel gating. The LBD of iGluRs have variations in agonist binding properties, with
different iGIuR subtypes having different ligand specificity for LBDs. When an agonist binds to
the AMPA receptor binding site (also referred to as the binding pocket) in the LBD, the lower
D2 lobes moves away from the central axis towards the D1 lobe, resulting in a closed LBD
clamshell conformation (Armstrong & Gouaux, 2000; Hansen et al., 2021; Hogner et al., 2002).
The movement of the D2 lobe in each AMPA receptor subunit causes a separation of the D2s in
the context of the LBD dimer (as the LBD takes a dimer of dimers arrangement via DI
interfaces) and pulls on the LBD-TMD linkers allowing the ion channel to open (Chen et al.,
2017; Twomey et al., 2017a; Yelshanskaya & Sobolevsky, 2022). Similar to AMPA receptors
(Armstrong & Gouaux, 2000; Sobolevsky et al., 2009; Twomey et al., 2017a; Wollmuth &
Sobolevsky, 2004), structural changes in kainate (Bowie, 2010; Nayeem et al., 2011; Perrais et
al., 2010) and NMDA (Auerbach & Zhou, 2005; Chang & Kuo, 2008; Kussius et al., 2010)
receptors experience LBD clamshell closure upon agonist binding and opening upon competitive

antagonist binding (Hansen et al., 2021).

20



a. b. c.

Resting Glu Activated Desensitized
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Figure 1.4. Conformational changes of iGluRs. Conformational changes from the closed
channel resting state (a), to the channel opening in the ligand (Glu) activated state (b), and then
closed desensitized state (c). For clarity, the figure shows only two subunits without the ATD.
Adapted illustration of the GluA2 AMPA receptor homomer (Armstrong et al., 2006; Hansen et

al., 2021).

After agonist binding to the LBDs of the closed-state AMPA receptor, the D2 lobes move
towards D1 lobes converting each clamshell to a closed conformation (Figure 1.4a). While the
D1-D1 interface remains intact, the resulting D2-D2 separation leads to channel opening (Figure
1.4b). Upon AMPA receptor desensitization, the D1-D1 interface ruptures, separating the D1
lobes and while the clamshells remain agonist-bound and closed, leading to the reduction of
distance between D2 lobes (Figure 1.4c). Reduced separation of the D2 lobes releases the strain
on linkers and allows the channel to close. Conformational transition of the LBD dimer to the
desensitized state can be accompanied by the loss of the local two-fold symmetry of the dimer,

like in the GluA2-GSGIL complex for instance, (Twomey et al., 2017b) (Klykov et al., 2021),
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while in other cases, such as GluA2-y2 and GluA2-y5 complexes, the dimer remains two-fold

symmetrical (Chen et al., 2017; Klykov et al., 2021).

In comparison to AMPA receptors, structural information about desensitization in kainate
and NMDA receptors is limited (Hansen et al., 2021). The lack of open- and apo-state structures
of kainate receptors prevents detailed comparison of kainate receptor gating to gating in AMPA
receptors. However, based on what is known, desensitization in kainate receptors is considered to
be accompanied by LBD dimer dissociation, consistent with AMPA receptors (Hansen et al.,
2021). Functional characterization has revealed that NMDARSs can become desensitized a few
different ways, some of which depend on the presence or binding of glutamate, Zinc (Zn>"),
glycine, and Ca?* (Hansen et al., 2021) (Chen et al., 2004; Sather et al., 1992; Sather et al., 1990)
(ADD Hu and Zheng, 2005; Alsaloum et al., 2016) based on functional characterization as the

molecular basis underlying desensitization remains essentially unknown.

Currents mediated by iGluRs can be reduced by applying blockers which plug the ion
channel pore, competitive antagonist that bind to the same site as agonists, and noncompetitive
inhibitors or negative allosteric modulators that bind elsewhere (Yelshanskaya & Sobolevsky,
2022). In the LBD dimers, the interface between monomers serves as a binding site for PAMs
and NAMs. When PAMs bind to the LBD interface of AMPA receptors, the LBD dimer
interface becomes stabilized, which leads to blocked or reduced desensitization (Partin et al.,
1995; Sun et al., 2002; Jin et al., 2005). Accordingly, desensitization in AMPA and kainate
receptors becomes reduced when the D1-D1 interface is strengthened by covalent crosslinking or

mutations (Stern-Bach et al., 1998; Sun et al., 2002, Weston et al., 2006b; Nayeem et al., 2009).
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1.4.4 Trans Membrane Domain (TMD)

Plant GLRs are transmembrane proteins that conduct ions in and out of the cell, similar to
their mammalian homologs, iGluRs. In the mammalian genome there are hundreds of different
ion channels that conduct ions, including Na*, K*, Ca**, and CI', in and out of cells to maintain
homeostasis as well as signal within and between cells (Dolphin et al., 2020). i1GluRs TMD
forms an ion channel that enables cation current conduction through the [postsynaptic]
membrane. Structural studies revealed that this channel opens and closes by the gate composed
of the M3 helices bundle crossing at iGluRs extracellular apex (Sobolevsky et al., 2009; Karakas
and Furukawa, 2014; Lee et al., 2014; Meyerson et al., 2014). The mechanism of channel
opening is considered generally conserved across iGluR subtypes where the M3 segments splay
away from the pore’s central axis to allow ion flux across the membrane. The gate region of the
M3 segment, specifically around the helical bundle crossing, includes the SYTANLAAF motif,
the most highly conserved motif of iGluR subunits (Hansen et al., 2021; Wollmuth &

Sobolevsky, 2004).

Along with the M3 transmembrane helix, which lines the extracellular portion of the
pore, the ion-permeation pathway of an iGIuR channel is formed by the M2 loop, with the Q/R/N
site at the tip of this loop contributing to pore constriction. The M2 regions that line the
intracellular portion of the pore have been characterized as a “selectivity filter” and have a
negatively charged surface. The selectivity filter controls channel block, single-channel
conductance, ion selectivity, and calcium permeation (Hansen et al., 2021; Traynelis et al., 2010;
Wollmuth & Sobolevsky, 2004). Above the narrow constriction (at the tip of the selectivity
filter) is the Q/R/N site. The Q/R/N site is a key site for ion permeation that resides above the

widened middle portion of the pore, called the central cavity (Hansen et al., 2021).
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Figure 1.5. iGluR functional recording and gating kinetic model. AMPA receptor functional
recording of whole-cell patch-clamp (a) and kinetic model of gating (b). (Figure 1.5 from

(Twomey & Sobolevsky, 2018)).

There are three major gating processes that determine iGIluR function: activation,
desensitization, and deactivation (shown in Figure 1.5a functional recording). To describe iGluR
gating, one can use a simple kinetic model with four states: closed (C), pre-active (P), open (O),
and desensitized (D) (Figure 1.5b). The closed state is a non-conducting state where the iGluRs
reside in the absence of agonist (A). In the presence of an agonist, iGluRs undergo a
conformational change that brings them to the pre-active state from which it can convert to either
the conducting or non-conducting state (the open conducting state and non-conducting
desensitized state, respectively) (ref fig (Twomey & Sobolevsky, 2018)). Desensitization is
reflected in the decrease of current response to a continuous application of agonist, and recovery

from it occurs after agonist withdrawal (Hansen et al., 2021; Katz & Thesleft, 1957).

1GIuR open state is generally represented by four subconductance levels (O1-O4) (Cull-
Candy & Usowicz, 1987; Jahr & Stevens, 1987; Smith & Howe, 2000; Yelshanskaya et al.,

2022). The apo (absence of agonist binding) and competitive antagonist-bound structures of

24



AMPA receptor have the same closed conformation of the ion channel (Diirr et al., 2014; Hansen
et al., 2021; Sobolevsky et al., 2009; Yelshanskaya et al., 2016). Compared to AMPA receptors,
kainate receptors undergo greater conformational changes to reach desensitized states.
Interestingly, during desensitization the GluK2/GluKS5 heteromeric kainate receptor facilitates
channel closer by substantial structural rearrangements in the 2 GluK2 subunits but not in the 2
GluK5 subunits (Khanra et al., 2021). Antagonist-bound and desensitized states showed

different LBD arrangements but similarly closed ion channels (GluK2/K5) (Khanra et al., 2021).

1.5 Questions Addressed in Thesis

Despite all the iGIuR structures available at the beginning of my thesis work, structural
information of their plant homolog, GLR, was still missing. After I started my thesis research,
the X-ray crystal structure of the isolated LBD of ArGLR3.3 was revealed (Alfieri et al., 2020).
Shortly after this, we contributed the X-ray crystal structure of the isolated 4#GLR3.2 LBD
(Gangwar et al., 2021). The LBD structures demonstrated GLRs’ promiscuity in ligand binding
and activation (Alfieri et al., 2020; Gangwar et al., 2021). This was a big step toward
progressing the GLR field of research, however, a full-length GLR structure was still needed. In
order to study GLRs structure and gain a mechanistic insight to how the receptor functions as a
channel, we set out to determine the first full-length GLR structure via cryogenic electron

microscopy (cryo-EM).
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Chapter 2.

Purification and Cryo-EM Structure Determination of

Arabidopsis Thaliana GLR3.4

This section is a paper originally published in STAR Protocols (Gangwar et al., 2021). The
paper reveals protocols in detail on how to obtain a purified 4tGLR3.4 specimen and then proceed

to solve the structure via Cryo-EM.

26



STAR Protocols o CelPress

OPEN ACCESS

Purification and cryo-EM structure
determination of Arabidopsis thaliana GLR3.4

.-. Shanti Pal Gangwar,
Marriah N. Green,

... Maria V.

... Yelshanskaya,

= .-- Alexander |.

y -.- Sobolevsky

as4005@cumc.columbia.

2-4 weeks edu
Step 1. Plasmid Step 3. Cell lysis, Step 5. Data R
construction, bacmid and protein extraction collection and Highlights
baculovirus preparation and purification processing Protocol for

ececccoceo(e)ecoe(e)ecoccce expression of plant

glutamate receptor-
like channel (GLR) in
HEK cells

Step 2. Transduction
of HEK cells for
protein expression

Step 4. Cryo-EM
sample preparation
and grid screening

Step 6. 3D recon-
struction, refinement
and model building

Purification protocol
that yields pure
monodisperse
tetrameric GLR
protein

Purified protein

subjected to cryo-EM

\_ J L J

analysis produces
high-resolution GLR
lonotropic glutamate receptors (iGluRs) are ligand-gated ion channels that play crucial roles in structure

the central nervous system. iGIuR homologs, termed glutamate receptor-like channels (GLRs),
have been found in plants. Investigating the structural and functional relationship between iGluRs
and GLRs was limited by GLR protein expression, purification, and structural characterization.
Here, we provide a detailed protocol for Arabidopsis thaliana GLR3.4 (AtGLR3.4) expression in a
mammalian cell line and purification for structure determination by cryogenic electron
microscopy (cryo-EM).

Gangwar et al., STAR
Protocols 2, 100855
December 17, 2021 © 2021
The Author(s).
https://doi.org/10.1016/
j-xpro.2021.100855



mailto:as4005@cumc.columbia.edu
mailto:as4005@cumc.columbia.edu
https://doi.org/10.1016/j.xpro.2021.100855
https://doi.org/10.1016/j.xpro.2021.100855
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xpro.2021.100855&domain=pdf

STAR Protocols @ CelPress

OPEN ACCESS

Purification and cryo-EM structure determination of
Arabidopsis thaliana GLR3.4

Shanti Pal Gangwar,’® Marriah N. Green, "% Maria V. Yelshanskaya,' and Alexander |. Sobolevsky'*>*

"Department of Biochemistry and Molecular Biophysics, Columbia University, 650 West 168th Street, New York, NY 10032, USA
?|nstitute of Human Nutrition, Columbia University, 630 West 168t Street, New York, NY 10032, USA

3These authors contributed equally

4Technical contact

5Lead contact

*Correspondence: as4005@cumc.columbia.edu
https://doi.org/10.1016/j.xpro.2021.100855

SUMMARY

lonotropic glutamate receptors (iGluRs) are ligand-gated ion channels that play
crucial roles in the central nervous system. iGluR homologs, termed glutamate
receptor-like channels (GLRs), have been found in plants. Investigating the struc-
tural and functional relationship between iGluRs and GLRs was limited by GLR
protein expression, purification, and structural characterization. Here, we pro-
vide a detailed protocol for Arabidopsis thaliana GLR3.4 (AtGLR3.4) expression
in amammalian cell line and purification for structure determination by cryogenic
electron microscopy (cryo-EM).

For the complete details on the use and execution of this protocol, please refer to
Green et al. (2021).

BEFORE YOU BEGIN

This protocol was used in a recent publication (Green et al., 2021) to purify Arabidopsis thaliana
GLR3.4 (AtGLR3.4) recombinant protein expressed in a mammalian cell line for high-resolution
full-length structure determination by single-particle cryo-EM. Before the experiment, prepare all
the buffers to be used in subsequent steps one day in advance unless otherwise mentioned.

Buffer preparation
O Timing: 1 day

Prepare 1L of T buffer, 100 mL of Cell Lysis buffer, 25 mL of Solubilization buffer, 300 mL of Size-
Exclusion Chromatography (SEC) buffer and 20 mL of Strep Elution buffer.

Construct preparation
O® Timing: 4 days

1. Subclone DNA for full-length AtGLR3.4 (Met1-Thr959) into a pEG BacMam vector (Goehring
et al., 2014) using gene-specific primers. Introduce the thrombin cleavage site (LVPRGS), fol-
lowed by an eGFP and a streptavidin (strep) affinity tag (WSHPQFEK) at the C-terminus (Figure 1).

2. Design the gene-specific forward primer with the Sall and reverse primer with the Notl site to
amplify the AtGLR3.4 DNA flanked by Kozak sequence (KZK) and thrombin site to clone in
pPEG BacMam. Conduct polymerase chain reaction (PCR) using the information described in
the tables below.

1)
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Thrombin Strep
site tag
N —. KzK AtGLR3.4 LVPRGS eGFP —C
1 959 965 968 1212 1220

Figure 1. AtGLR3.4 construct schematic

00 Pause point: PCR reaction can be stored at 4°C for 24 h or at —20°C for long-term storage.

3. Run a 1% agarose gel to verify the size and purity the PCR products.
. Add 1 uL of Dpnl enzyme and incubate the reaction at 37°C for 1 h.
5. Perform DNA cleanup using any commercially available kit. We use Monarch New England Bio

~

Labs’ PCR and DNA Cleanup Kit following manufactures protocol.
00 Pause point: DNA can be stored at 4°C for 24 h or at —20°C for long-term storage.

6. Digest PCR DNA and pEG BacMam plasmid in two separate 1.5-mL tubes following the instruc-
tion in the table below. Incubate the digest reaction at 37°C for 1 h.

7. Perform a DNA cleanup using any commercially available kit as mentioned above.

8. Ligate both the PCR and linearized plasmid following the instruction in the table below. Incubate
the ligation reaction at ~20°C-25°C for 10-15 min. Use the insert and vector DNA at 3:1 molar
ratio.

9. Transform DH5a competent cells and select the transformants on LB agar plates containing
100 pg/mL ampicillin.

a. Incubate the plates at 37°C for 12-15 h.

b. Inoculate a single colony in LB media supplemented with 100 pg/mL ampicillin and perform a
miniprep to extract and purify the plasmid DNA.

c. Sequence the DNA to confirm that the construct sequence is correct before proceeding.

Note: The circular plasmid that we used was engineered to have a Kozak sequence, thrombin
recognition site, eGFP, and Strep-tag as described in Figure 1.

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, peptides, and recombinant proteins

Tris-HCl

NaCl

L-Glutamate

PMSF

2-Mercaptoethanol (BME)
Thrombin

D-Desthiobiotin

Fetal bovine serum

S£-900 IIl SFM

Freestyle 293 expression medium
Sodium butyrate

Digitonin

Aprotinin
Leupeptin
Pepstatin A
Kanamycin

Fisher Scientific
Fisher Scientific
Sigma

Acros Organics
Acros Organics

Haematologic
Technologies

Sigma-Aldrich
Gibco

Gibco

Gibco

Acros Organics

Cayman Chemical
Company

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Fisher Scientific

2 STAR Protocols 2, 100855, December 17, 2021

Cat# BP152-1
Cat# BP358-212
Cat# 49621
Cat# 215740500
Cat# 125470100
Cat# HCT-0020

Cat#D1411
Cat# 16140071
Cat# 12658027
Cat# 12338018
Cat# 263191000
Cat#14952

Cat#A1153
Cat#L0649
Cat#P4265
Cat# BP906-5

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Gentamicin sulfate Sigma-Aldrich Cat#G1914
Tetracycline Fisher Scientific Cat# BP912
Bluo-Gal Life Technologies Cat# 15519028
IPTG Zymo Research Cat# 11001-5
Sall-HF New England Biolabs Cat# R3138S
Notl-HF New England Biolabs Cat#3189S
Quick ligase New England Biolabs Cat#M2200
Monarch Plasmid Miniprep Kit New England Biolabs Cat #T1010L
Monarch DNA and PCR Cleanup Kit New England Biolabs Cat #T1030L
Nitrocellulose membrane filter (0.22 um) Merck Millipore Cat#SA1J789H5
Wizard Plus Minipreps DNA Purification System Promega Cat#A7510
Phenol:chloroform:isoamyalcohol Life Technologies Cat# 15593031
Cellfectin Il Reagent Gibco Cat#58760
Ethanol 200 Proof Decon Labs, Inc. Cat #2701
Centrifugal Filter Unit (Amicon Ultra-15) Sigma-Aldrich Cat#UFC910024
Deposited data

Coordinates of full-length AtGLR3.4 (Green et al., 2021) PDB: 7LZH
Cryo-EM map of full-length AtGLR3.4 (Green et al., 2021) EMDB: EMD-23606
Coordinates of AtGLR3.4-5152¢, (Green et al., 2021) PDB: 7LZ0
Crystal structure of GluA2 (Sobolevsky et al., 2009) PDB: 3KG2

Experimental models: cell lines

HEK 293S GnTI™ ATCC Cat#CRL-3022
Sf9 Gibco Cat#12659017
DH10Bac Life Technologies Cat#10361012
DH5a Zymo Research Cat#T3007
Oligonucleotides

AtGLR3.4 amplification primer: 5'- This paper N/A
gtcgactccgecaccatgggatttttggtgatgataagag -3’

AtGLR3.4 amplification primer: 5'- This paper N/A

cggcaccagagtaatttcgccatgttgtgattgtga -3’

Software and algorithms

gCTF

Motioncor2
RELION 3.0

UCSF Chimera

(Zhang, 2016)

(Zheng et al., 2017)
(Zivanov et al., 2018)

(Pettersen et al., 2004)
(

http://www.mrc-Imb.cam.ac.uk/
kzhang/

https://msg.ucsf.edu/software

http://www2.mrc-Imb.cam.ac.
uk/relion/

https://www.cgl.ucsf.edu/chimera/

cryoSPARC Punjani et al., 2017) https://cryosparc.com/

PHENIX (Adams et al., 2010) https://www.phenix-online.org/

Coot (Emsley and Cowtan, http://www2.mrc-Imb.cam.ac.uk/
2004) Personal/pemsley/coot

SWISS-MODEL (Waterhouse et al., https://swissmodel.expasy.org/
2018)

Other

CF-1.2/1.3-2Au 200 mesh holey carbon grids Protochips Cat#CF-1.2/1.3-2Au

Gold wire Ted Pella, Inc. Cat#21-10

Superoseé 10/300 column

GE Healthcare

Cat# 17-5172-01

MATERIALS AND EQUIPMENT

T buffer

Reagent Final concentration Amount
Tris-HCl pH 8.0 (1 M) 20 mM 20 mL
NaCl (5 M) 150 mM 30 mL

(Continued on next page)
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Continued

Reagent Final concentration Amount
Milli-Q H,O n/a 950 mL
Total n/a 1L

Run T buffer through a 0.22 pm filter and store at 4°C for up to one month.

Cell Lysis buffer

Reagent Final concentration Amount
T buffer n/a 100 mL
B-mercaptoethanol (BME) (14.3 M) 1mM 7.1 ul
Aprotinin (0.8 mM) 0.8 uM 100 pL
Leupeptin (4.3 mM) 4.3 uM 100 pL
Pepstatin A (2 mM) 2 uM 100 pL
Phenylmethylsulphonyl fluoride (1 M) 1 mM 100 pL
Total n/a ~100 mL

Note: Protease inhibitors and BME should be added right before buffer use. Keep at 4°C, if
needed can be stored at 4°C for up to 2 hours.

A CRITICAL: Protein degradation during the purification procedure can have detrimental ef-
fects on the resulting protein quality. It is, therefore, important that fresh reducing agents
and protease inhibitors are added at the steps indicated in the protocol.

Solubilization buffer

Reagent Final concentration Amount
T buffer n/a 25 mL
B-mercaptoethanol (BME) (14.3 M) 1mM 1.78 uL
Aprotinin (0.8 mM) 0.8 uM 25 ub
Leupeptin (4.3 mM) 4.3 uM 25 ul
Pepstatin A (2 mM) 2 uM 25 L
Phenylmethylsulphonyl fluoride (1 M) 1TmM 25 L
Digitonin 2% 059
Total n/a ~25 mL

Note: Digitonin is not readily soluble at room temperature. Therefore, add digitonin to the T
buffer, heat the mixture up to 70°C-75°C and stir at medium-low speed until completely dis-
solved. Keep at 4°C, if needed can be stored at 4°C for up to 2 hours.

A CRITICAL: Protease inhibitors and BME should be added to the chilled digitonin plus T
buffer mixture right before membrane solubilization.

SEC buffer

Reagent Final concentration Amount
T buffer n/a 300 mL
Digitonin 0.05% 150 mg
Total n/a 300 mL

Note: Digitonin is not readily soluble at room temperature. Therefore, add digitonin to
the T buffer, heat the mixture up to 70°C-75°C and stir at medium-low speed until
completely dissolved. After digitonin is completely dissolved, cool to ~4°C-20°C. Once
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cooled, run SEC buffer through 0.22 uM filter. Keep at 4°C, if needed can be stored at 4°C for
up to 24 hours.

Strep Elution buffer

Reagent Final concentration Amount
SEC buffer n/a 20 mL
D-desthiobiotin 2.5mM 10.8 mg
Total n/a 20 mL

If needed, adjust the pH of Strep Elution buffer to 8.0, run it through 0.22 uM filter and store at 4°C for up to 12 h.

PCR reaction

Reagents Final concentration Volume
Autoclaved Milli-Q H,O n/a 32 uL
5% Q5 Reaction Buffer 1% 10 puL
Forward Primer (10 uM) 0.5 uM 2.5l
Reverse Primer (10 uM) 0.5 uM 2.5l
Template DNA 1-10 ng 1pL
dNTPs (10 mM) 200 uM 1ub
Q5 High-Fidelity DNA Polymerase 0.04 U/uL 1L
Total n/a 50 pL

Thermocycler settings included lid temperature at 105°C and volume of 50 pL.

PCR cycling conditions

Steps Temperature Time Number of cycles
Initial Denaturation 98°C 3 min 1

Denaturation 98°C 10s 25-35 cycles
Annealing 55°C 30s

Extension 72°C 2 min

Final extension 72°C 5 min 1

Hold 4°C Forever

Digest reaction

Reagents Volume
PCR DNA/Plasmid 80 uL
CutSmart Buffer 10x 10 uL
Sall-HF 2 ul
Notl-HF 2uL
Milli-Q H20 6 uL
Total 100 pL

Ligation reaction

Reagents Volume
PCR DNA 40-50 ng
Plasmid DNA 40-60 ng
Quick ligase buffer (2x) 5L
Quick ligase 0.5 uL
Milli-Q H20 —

Total 10 pL
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STEP-BY-STEP METHOD DETAILS

Below we provide a detailed step-by-step protocol about the AtGLR3.4 protein purification, sample
preparation, and cryo-EM structure determination (Figure 2).

Bacmid preparation and isolation
O® Timing: 4 days

According to the manufacturer protocol, bacmid preparation and isolation were carried out using
DH10Bac competent cells (Bac-to-Bac, Invitrogen). The steps are described here.

1. For transposition, prepare LB agar plates containing 50 pg/mL kanamycin, 7 pg/mL gentamicin,
10 ng/mL tetracycline, 200 pg/mL Bluo-gal and 40 pg/mL IPTG.
2. Transformation of bacmid
a. Thaw DH10Bac (Life Technologies Cat#10361012) competent cells on ice and dispense
25-30 pl to a prechilled 1.5-mL polypropylene tube.
b. Addapproximately 1-10 ng (1-2 pL) of plasmid DNA (pEG BacMam_AtGLR3.4) and mix gently
by flicking/tapping the tube several times.

Transfection of $f9
cells to produce
baculovirius

Transformation of

Transduction of HEK cells
DH10Bac cells >

for protein expression

Plasmid construction Colony selection and bacmid preparation
Cell wash

- ; &; =
[

Purification by affinity
chromatography

Membrane solubilization Mechanical homogenization
in detergent of membranes

Cell resuspension and
disruption by sonication

=
i

®

Eluted protein
concentration
L » & ‘ \
—
Plasma treatment
Protein concentration of the grids
B ——— _

10 ‘IS 20 25 30 35 40

1 ~

2

Purification by uli ik il ] £
size-exclusion N Collection of the =
chromatography peak fractions 2
-

<

l-nmig)

NN

Volume (ml)
Cryo-EM sample
preparation/ vitrification

IRFE — S
2D classification Particle picking and Grid screening
and particle cleanup data processing and data collection
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Figure 2. Overview of the protocol of AtGLR3.4 protein expression, purification, sample preparation, and cryo-EM structure determination

3D reconstruction,
Bayesian polishing
and refinement

The image has been created using BioRender (https://biorender.com/).
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Incubate on ice for 15-30 min.
. Transfer the tube to a water bath at 42°C for 45 s.
. After heat shock, immediately transfer the tube back to ice and let it cool on ice for 2-3 min.
Add 200 pL SOC media to the tube and transfer to an incubator shaker set at 220 rom and incu-
bate for 4 h at 37°C.
g. Pipette 20-100 pL of transformation reaction on the plates and spread evenly.
3. Grow transformed cells

-0 00

a. Incubate the plates for at least 24 h at 37°C. Blue and white colonies will appear; for better
results, incubate the plates for 48 h to distinguish the blue from the white colonies.

b. Carefully inoculate a single white colony in 5-6 mL LB broth supplemented with 50 pg/mL
kanamycin, 7 ng/mL gentamicin, and 10 pg/mL tetracycline.

c. Incubate for 12-15 h at 37°C with continuous rotation at 220-250 rpm.

00 Pause point: Overnight (12-16 h)

4. Isolate bacmid DNA
a. Centrifuge the culture at ~3,100 g for 10 min. Then, decant to discard the supernatant and
save the cell pellet.

Note: If needed, the pellet can be stored at —20°C for up to a couple of weeks prior to bac-
mid DNA isolation. For bacmid isolation, we use reagents from the Promega mini prep kit.
Reagents from other mini prep kits can also be used.

b. Resuspend the cell pellet in 200 uL resuspension buffer until homogeneous, via pipetting up
and down and/or by vortexing. Transfer the suspension to a 1.5-mL Eppendorf tube.

c. Add 200 pL lysis buffer and mix by gently inverting the tube several (~15-20) times. The sus-
pension in the tube turns slightly viscous.

d. Add 200 puL neutralization buffer and mix by gentle inversion several (~20) times. A white pre-
cipitate will be observed.

e. Centrifuge the tube at ~21,100 g for 10 min at ~20°C-25°C.

f. Avoiding the pellet, carefully collect and transfer the supernatant to a fresh 1.5-mL Eppendorf
tube. In the fume hood, add an equal volume (typically around 500-600 pL) of Tris equilibrated
Phenol:Chloroform: Isoamyl-alcohol (25:24:1) and mix by inverting gently several times for 1 min.

g. Spin at ~21,100 g for 5 min at ~20°C-25°C. In the fume hood, gently collect the top layer
supernatant (~500-600 L) and transfer it to a new 1.5-mL Eppendorf tube. Add 2x volume
(~1-1.2 mL) of ice-cold 100% ethanol, mix well by gently inverting for 30 s, and incubate at
—20°C for a minimum of 30 min.

h. Centrifuge at ~21,100 g for 20-30 min at 4°C. A white pellet is observed at the bottom of the
tube. Carefully decant to discard the supernatant and add 1 mL ice-cooled 70% ethanol.

i. Invert the tube gently several times to wash the pellet. Centrifuge for 5 min at ~21,100 g at 4°C.

j. Discard the supernatant by gentle aspiration (make sure to not discard the pellet as it may
dislodge from the bottom).

k. To avoid traces of remaining ethanol, air dry the pellet for 15-20 min at ~20°C-25°C in a fume
hood. Add 40-50 pL of autoclaved milli-Q water and dissolve the pellet by gentle tapping/
flicking. Once the pelletis dissolved, place the tube with bacmid DNA on ice. Now the bacmid
DNA is ready to be used for baculovirus production and can be stored at —80°C for an
extended period.

Transfection of Sf9 cells with recombinant bacmid DNA
O® Timing: 4-6 days

Production of the first-generation baculovirus (P1 virus).
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Note: The following steps should be performed under sterile conditions in a laminar hood.

5. In a 6-well plate, add 2 mL of Sf9 cells per well, with the Sf9 cell density of 0.5-0.75 x10°/mL
(1-1.5 x10° cells per P1 virus). Allow the cells to adhere for 30 min to 1 h in a dark incubator at 27°C.
6. In the meantime, take a 1.5-mL Eppendorf tube and add:
a. 180 ulL of SF900 media
b. 10 pL of Cellfectin Il
c. 10 plL of thawed bacmid DNA
7. Close and tap the tube to mix. Let mixture sit for 20-30 min in the hood.
. Add the mixture of SF?00 media, bacmid DNA, and Cellfectin Il dropwise to the cells in the well.
9. Incubate the plate at 27°C for 4-6 days. Observe the plate under the microscope to monitor cell

[oe]

behavior and fluorescence if the gene of interest is fused with a fluorescent marker gene.

Note: Itis always better to have a fluorescent marker fused to the protein of interest to monitor
baculovirus preparation and protein expression. The AtGLR3.4 P1 virus is typically harvested
on the 5% day post-transfection because most of the cells already express the protein (moni-
tored by eGFP fluorescence), while very little cell death is observed.

10. To harvest the P1 virus, filter the 2 mL medium using a 0.2 um sterile syringe filter in a laminar
hood and store the filtered virus at 4°C protected from light. The P1 virus can be stored for
4-6 months.

P2 virus production
O® Timing: 5 days

Note: The following steps (except for centrifugation and resuspension) should be performed
under sterile conditions in a laminar hood.

11. Inalaminar hood and sterile conditions, infect 500 mL of $9 cells at a cell density of 1.5% 10° cells/mL
in a 1-L non-baffled Erlenmeyer flask by adding 500 pL of P1 virus. Incubate the Sf9 cell culture in a
shaker at 27°C and 115 rpm for 72-120 h. Keep the cell culture protected from light.

12. Centrifuge the culture at ~5,000 g for 15 min at4°C in a Sorvall centrifuge. Discard the cell pellet
and save the supernatant containing the P2 virus.

13. Ultracentrifuge the supernatantat4°C for 1 hat ~61,000 gin a preparative ultracentrifuge with a
Type 45Ti Beckman Coulter rotor.

14. A small translucent pellet is observed at the bottom of the tube. Discard the supernatant and resus-
pend the pellet in 50 or 25 mL Gibco FreeStyle 293 expression media supplemented with 2% of
y-irradiated fetal bovine serum (FBS) to get 10X or 20X concentrated P2 virus, respectively.

Note: Always run the FBS through a 0.22 pm filter before adding to the media (perform this
procedure under sterile conditions in a laminar hood).

15. Pass the resuspension through a 0.22 um filter into a sterile 50-mL tube and store at 4°C well
protected from light. The P2 virus stock can be stored for 1-2 months at 4°C while protected

from light.

Note: To fully dissolve the pellet, allow it to stay in the resuspension media in the dark at 4°C
for no longer than 24 hours prior to filtration.

Transduction of HEK 293S GnTI ™ cells with P2 baculovirus

O® Timing: 3 days
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16.

17.

18.

In a laminar hood and sterile conditions, prepare 800 mL of HEK 293S GnTI™ cell culture at the
density of 2.5-3.5 x 10° cells/mL maintained in Freestyle 293 media supplemented with 2% FBS
in 2-L baffled Erlenmeyer flask and add 8 mL of 20x concentrated P2 virus stock. Incubate the
cell culture at 37°C in an orbital shaker at 110 rpm and 5% CO,.

To enhance the protein expression, add 10 mM of sodium butyrate to the culture 12-20 h post-
transduction and decrease the incubator temperature to 30°C.

After 72-74 h post-transduction, harvest the cells by centrifugation at ~5,000 g (in a Sorvall RC
5B Plus centrifuge) for 15 min at 4°C. Discard the supernatant, wash the cell pellet by resuspen-
sion in phosphate-buffered saline (PBS, pH 8.0), and transfer the suspension to a 50-mL Falcon
tube. Centrifuge at ~3,100 g for 10 min at 4°C. Discard the supernatant and store the cell pellet
at —80°C until further use.

Purification of AtGLR3.4

19.

20.

21.

22.

23.

24

25.

O® Timing: 2 days

Note: The buffers should be filtered using 0.22 pm filter (Merck-Millipore) and chilled to 4°C
prior to utilization. When required, add B-mercaptoethanol (BME) and protease inhibitors
right before buffer usage. All protein purification steps are to be carried out at 4°C or on
ice, unless otherwise noted.

Resuspend the cell pelletin ice-cold Cell Lysis buffer. Add a stir bar and ~40 mL of the Cell Lysis
buffer to the 50-mL falcon tube with the frozen cell pellet till it reaches 45-mL volume and resus-
pend the pellet by rocking on a platform or by vortexing until the cell pellet becomes detached
and dissolved.

Disrupt the cells by sonication using Misonix Sonicator with a preset program with six cycles
(3 min total process time) at the amplitude of 8, 15 s pulse on time, and 15 s pulse off time.
The sonication steps must be carried out on a stir plate (at medium speed stirring) on ice or
at 4°C to avoid heating and denaturing of the protein. Repeat this process 2 more times or until
optimal cell lysis.

Note: For optimal cell lysis, check a small droplet of the lysate under a light microscope to
confirm that cells are lysed post-sonication, as the appearance will be distinctly different
from cells prior to sonication.

Centrifuge the cell lysate suspension at ~3,100 g (using an Eppendorf Centrifuge 5810) for
10 min at 4°C to remove cell debris and unbroken cells.

Collect the clarified supernatant by decanting the supernatant into a prechilled polycarbonate
bottle assembly for ultracentrifugation. Ultracentrifuge in a Type 45Ti Beckman Coulter fixed-
angle rotor at ~186,000 g for 1 h at 4°C to obtain the membrane fraction.

Discard the supernatant and mechanically homogenize the obtained membrane fraction pellet
in Cell Lysis buffer (~25 mL) using a homogenizer.

Note: We use a prechilled dounce homogenizer and move a plunger forth and back at least 6
times to fully homogenize the pellet in the Cell Lysis buffer.

. Solubilize the membrane protein from the homogenate by adding an equal volume of solubili-

zation buffer to the homogenate (totaling ~50 mL with a final ~1% concentration of the deter-
gent, digitonin in our case) and stir/rotate (low-medium speed to prevent bubble formation) at
4°C for ~2 h (1 h minimum).

Ultracentrifuge the solubilizate at ~186,000 g in a Type 45Ti Beckman Coulter fixed-angle rotor
at 4°C for 1 h to remove insoluble material.
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26. Collect the supernatant and add 2 mL of strep resin prewashed and equilibrated in T buffer.
Rotate the mix for 12-14 h at 4°C.

00 Pause point: overnight (12-15 h)

27. Purify the protein using affinity chromatography.

a. Equilibrate 30-mL chromatography gravity column by rinsing column with milli-Q water and
allowing SEC buffer to flow through.

b. Transfer the AtGLR3.4 protein-bound strep resin to the empty pre-equilibrated gravity chro-
matography column and collect the flow-through.

c. Wash the resin by pouring 25 mL of SEC buffer into the column.

d. Elute the AtGLR3.4 protein with ~10-15 mL of freshly made Strep Elution buffer. Observe the
eGFP-tagged protein eluting from the column by the color of the collected protein appear-
ing green and the resin becoming white. No more Strep Elution buffer is needed once the
strep resin is white, stripped of its eGFP green color, indicating that the protein has been
eluted from the column.

Note: When adding buffer to the column, wait until the buffer from the previous step is almost
finished flowing through the column but do not let the column run dry.

28. Measure the concentration of the protein, add 1/300 (w/w) thrombin and incubate at 22°C for
90 min to cleave off eGFP and the strep tag. Protein concentration can be measured using a
spectrophotometer set to Azgg (absorbance at 280 nm) and blanked with the elution buffer.

Note: Successful thrombin cleavage can be monitored by fluorescence-detection size-exclu-
sion chromatography (FSEC) (Kawate and Gouaux, 2006) and SDS-PAGE (Figure 3).

29. Concentrate the thrombin digest reaction to ~500 pL using 100-kDa NMWL centrifugal filter.

30. Transfer the concentrated protein to a new 1.5-mL tube and centrifuge the concentrated protein
at ~86,500 g for 30 min at 4°C using a Sorvall MTX150 Micro-Ultracentrifuge (Thermo Fisher
Scientific) and a S100AT4 rotor.

31. Avoiding the pellet, inject the supernatant into a 500-uL loop connected to a Superose™ 6 10/300
GL SEC column attached to an AKTA FPLC (GE Healthcare) and pre-equilibrated in SEC Buffer.

32. At the end of the SEC column run at 0.5 mL/min, pool the peak fractions corresponding to
AtGLR3.4 tetramer (Figure 4) and concentrate to 3-4 mg/mL using 100-kDa NMW.L centrifugal
filter. Typically, ~800 mL of HEK 293S GnTI™ cell culture yields ~1 mg of purified protein. The
concentrated, purified protein can be stored at 4°C, structurally stable, and functionally active
for one week.

33. Inspect the purity of the protein by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE).

Optional: Protein purity can also be assessed by FSEC.
Grid sample preparation
® Timing: 2-3 h
34. For cryo-EM grid sample preparation, use UltrAuFoil CF-1.2/1.3-2Au 200 mesh holey carbon
grids covered with a thin layer of gold according to the published method (Russo and Passmore,

2014).

Optional: The user can optimize various grid types and vitrification parameters however they
see fit.
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Figure 3. On the left, FSEC traces for AtGLR3.4 before (blue) and after (red) thrombin cleavage

The chromatograms were recorded using Superose 6 column at the flow rate of 0.5 mL/min using eGFP fluorescence
(excitation, 488 nm; emission, 507 nm). On the right, SDS-PAGE demonstrating AtGLR3.4 bands before and after
thrombin digest at two (1/1,000 and 1/300) thrombin/AtGLR3.4-eGFP ratios.

a. Deposit ~50 nm of gold onto the grids using gold wire and the Edwards Auto 306
evaporator.

Note: This grid gold-coating step is only necessary for carbon-coated grids.

b. Then remove the carbon with the Gatan Solarus (model 950) Advanced Plasma Cleaning Sys-
tem Ar/O, treatment (4 min, 50 watts, 35.0 sccm Ar, 11.5 sccm O5).

Note: This carbon removal step is only necessary after the previous grid gold-coating step.

c. Before applying the purified protein sample to the gold-coated side of the grid, subject
the grids to a Hy/O, plasma treatment using the Gatan Solarus (model 950) Advanced
Plasma Cleaning System (20 s, 10 watts, 6.4 sccm Hy, 27.5 sccm O5) with the gold-coated
side facing up.

150 4 436 kDa 398 kDa
M A(GLR3.4 8 104 464 kDa—> 1 4— 341 kDa
c
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120 2
— . . 173
5 o 8 o8- GluA2-2
E 100 - S ——GLR34
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Figure 4. On the left, SEC profile for purified AtGLR3.4

The chromatogram was recorded using Superose 6 column at the flow rate of 0.5 mL/min using Azgo absorbance. In the
middle, SDS-PAGE for the protein peak fractions outlined by the red dashed lines on the SEC plot. On the right,
normalized FSEC traces for purified AtGLR3.4, rat GluA2-y2 fusion (Twomey et al., 2016, 2017), mouse TRPV3
(Nadezhdin et al., 2021; Singh et al., 2018) and human TRPV6 (Bhardwaj et al., 2020; McGoldrick et al., 2018). The latter
three membrane proteins represent molecular weight markers and confirm the tetrameric assembly of AtGLR3.4. The
chromatograms were recorded using Superose 6 column at the flow rate of 0.5 mL/min using tryptophan fluorescence
(excitation, 280 nm; emission, 334 nm).
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Note: Glow discharging step could be used as an alternative to plasma cleaning.

35. Prior to applying the purified protein to the grid, ultracentrifuge the protein at ~86,500 g for
30 min at 4°C using a SorvallMTX150 Micro-Ultracentrifuge (Thermo Fisher Scientific) and a
S100AT4 rotor. Transfer the supernatant to a prechilled tube, avoiding any possible protein
precipitation.

36. Forvitrification, set the vitrobot to 4°C with 100% humidity, a 15 s wait time, and a 4-5 s blot time
with a 4-5 blot force. Apply 3 plL of purified AtGLR3.4 protein at 3-3.5 mg/mL to the gold-
coated side of the grid and plunge freeze the grid into liquid ethane cooled to ~—190°C in
liquid nitrogen using a Mark IV vitrobot (Thermo fisher scientific).

Note: After grids are plunge frozen, they must remain at cryogenic temperatures and avoid
contamination as well as exposure to humidity or condensation.

00 Pause point: The prepared grids can stay in liquid nitrogen for long-term storage.
Grid screening, cryo-EM data collection, and processing
O® Timing: 2-4 weeks

37. Test the grids on screening transmission electron microscopes (TEMs), such as Glacios or F20
(FEI Thermo Scientific), and assess particle distribution, orientation, and ice quality.

Note: The grids can be loaded onto the F20 microscope straight from the grid storage box.
However, the grids need to be clipped before being screened on the Glacios microscope.

38. Collect cryo-EM data from the prescreened grids on a FEI Titan Krios TEM (Thermo Fisher Sci-
entific) operating at 300 kV and equipped with a direct electron detection (DED) camera in
counting mode with ~50 frames per movie and a total dose of ~58 electrons per AZ, a physical
pixel size of ~0.83 A, and a defocus value between —0.5 to —2.5 um. We used Krios with a post-
column GIF Quantum energy filter and a Gatan K3 Summit DED camera, Gatan, Pleasanton, CA,
USA.

39. Process the data in RELION 3.1 (Zivanov et al., 2018) or CryoSparc (Punjani et al., 2017). Perform
beam-induced motion correction using MotionCor2 (Dose per frame of 1.16, EER fractionation
-32, B Factor -150, number of patches 5x5) (Zheng et al., 2017) and contrast transfer function
(CTF) estimation using CTFFIND4.1 (Zhang, 2016) in RELION 3.1.

Note: All the processing steps can also be performed in cryoSPARC.

40. Manually pick ~3,000 particles by selecting any particle shape that commonly appears in the
micrographs, recognizing reoccurring shapes as well as any shape that potentially resembles
an iGluR.

Note: We used the particle/mask diameter of 230 A.

41. 2D-classify these manually selected particles to generate templates for further template-based
auto picking in RELION 3.1.

42. 4x4 bin the picked particle images to a pixel size of ~3.32 A/pixel and subject them to 3D clas-
sification into 10 classes (C1 symmetry). Select the best classes, which corresponded to the Y
shape of iGIuR (Figure 5).

Note: A model-generated iGIluR map (for example, using the GluA2 model, PDB: 3KG2
(Sobolevsky et al., 2009)), low-pass filtered to 40 A, can be used as an initial reference.
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Figure 5. Cryo-EM processing workflow

43. Extract particles for the best 3D classes without binning to an original pixel size (~0.83 A/pixel).

Perform 3D refinement using C2 symmetry in RELION 3.1. At this step, the postprocessed map from
RELION had the resolution of ~3.98 A (FSC = 0.143) from 277,615 particles (Figure 5).

44. Carry out micelle subtraction. For micelle subtraction, first create a mask using 3D refined map

45

46.

47.

as input from the last 3D refinement step in Relion. Then run Particle subtraction using optimi-
zer.star file from the last 3D refinement step and the mask as an input. Carry out multiple rounds
of 3D classification (C1 symmetry) without angular sampling to reduce particle heterogeneity
followed by 3D refinement. Also, perform Bayesian polishing and CTF refinement.

Note: Vary the regularization parameter (T) and iterations for 3D classification. We used T= 4
and iterations = 40 in 3D classification without angular sampling. Multiple rounds of 3D clas-
sification into 8 classes followed by 3D refinement on the particles from the best class using C2
symmetry and postprocessing yielded a map with resolution of 3.73A from 118,592 particles
(FSC=0.143) in RELION. Every time we used the 3D refined map from the previous job as an
input reference in the subsequent 3D classification job.

. Toimprove the map quality, import the particles from the last 3D refinement job from RELION to

cryoSPARC and clean them up by 2D classification.

Select the best 2D classes and subject the corresponding particles to homogeneous and non-
uniform refinement in cryoSPARC applying C2 symmetry. The map after non-uniform refinement
in cryoSPARC had a resolution of 3.57 A(FSC =0.143) (Chen et al., 2013) from 110,630 particles.
Estimate the local resolution using the unfiltered half-maps and Resmap (Kucukelbir et al., 2014)
(Figure 5).

Note: Local resolution can also be estimated in cryoSPARC.
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48. Use UCSF Chimera (Pettersen et al., 2004) to visualize the EM density maps.
Model building and refinement

O® Timing: 1-2 weeks
Once the high-resolution cryo-EM map is obtained, build atomic models of AtGLR3.4.

49. As guides, use the crystal structure of AtGLR3.4-S1S2 (PDB: 7LZ0) (Green et al., 2021) to build
the ligand-binding domain and homology modeling in SWISS-MODEL (Waterhouse et al., 2018)
using the GIuA2 crystal structure as a guide (PDB: 3KG2, (Sobolevsky et al., 2009)) to build the
amino terminal and transmembrane domains. Finalize the model building manually using COOT
(Emsley and Cowtan, 2004).

Note: Since AtGLR3.4 is a tetramer, it is advisable to first build two subunits, A and B, and then
duplicate the AB dimer following the C2 symmetry of the map to make the CD dimer and
assemble the ABCD tetramer.

50. Refine the obtained atomic model of AtGLR3.4 in real-space using PHENIX (Adams et al., 2010).

51. Validate the model quality. For this purpose, we used the validation programs MolProbity
(score = 1.69, clash score = 4.49, poor rotamers = 0.44%) (Williams et al., 2018) and EMRinger
(EMRinger score = 2.41, optimal Threshold = 0.67, Rotamer-ratio = 0.77) (Barad et al., 2015) in
Phenix.

EXPECTED OUTCOMES
Approximately ~ 1 mg of purified AtGLR3.4 can be obtained from 800 mL HEK cells.

LIMITATIONS
The multidomain architecture and flexibility of AtGLR3.4 could limit the resolution.

TROUBLESHOOTING

Problem 1

No PCR fragment amplified or incorrect size of the PCR product (step 3 of the Construct
preparation).

Potential solution
Optimize the primer annealing temperature by running a gradient PCR and optimize the primer
extension time.

Problem 2
Few or no transformants (step 9 of the Construct preparation and step 3 of the main protocol).

Potential solution
Check the efficiency of the competent cells by transforming a control circular plasmid. Also check the
temperature of the water bath for heat shock.

Problem 3
For different membrane proteins, one may need to use different detergents for solubilization (step
24 of the main protocol).

Potential solution

Check which detergent best extracts the protein of interest by running a detergent screen via FSEC
on crude cell samples solubilized in different detergents.
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Problem 4
Inefficient thrombin cleavage and eGFP removal (step 28 of the main protocol).

Potential solution
Optimize the concentration of the protein and thrombin amount in the reaction mixture. Sometimes,
extremely high concentration of the protein results in incomplete thrombin digestion.

Problem 5
Too high or too low particle density on the grid (step 37 of the main protocol).

Potential solution
Adjust the protein concentration accordingly or vary the blot time and blot force when using the
Vitrobot.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be ful-
filled by the lead contact, Dr. Alexander |. Sobolevsky (as4005@cumc.columbia.edu).

Materials availability
This study did not generate any new unique reagents. Further information requests about materials
and reagents should be directed to the lead contact, Dr. Alexander |. Sobolevsky (as4005@cumc.

columbia.edu).

Data and code availability

No new code has been generated during this study. The EMDB and PDB codes generated by this

data have already been deposited and reported in our previous paper (Green et al., 2021).
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Chapter 3.
Structure of the Arabidopsis Glutamate Receptor-Like Channel

GLR3.2 Ligand-Binding Domain

This chapter is a paper originally published in Structure (Gangwar et al., 2021). The paper
reveals the structural basis of an Arabidopsis thaliana GLR 3.2 (AtGLR3.2) ligand binding
activation and ligand binding promiscuity. The structures of the ligand-binding domain (LBD),
solved via X-ray crystallography, show 4¢/GLR3.2 isolated LBD in complex with agonists glycine

and methionine.
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SUMMARY

Glutamate receptor-like channels (GLRs) play important roles in numerous plant physiological processes.
GLRs are homologous to ionotropic glutamate receptors (iGluRs) that mediate neurotransmission in verte-
brates. Here we determine crystal structures of Arabidopsis thaliana GLR3.2 ligand-binding domain (LBD)
in complex with glycine and methionine to 1.58- and 1.75-A resolution, respectively. Our structures show a
fold similar to that of iGluRs, but with several secondary structure elements either missing or different. The
closed clamshell conformation of GLR3.2 LBD suggests that both glycine and methionine act as agonists.
The mutation R133A strongly increases the constitutive activity of the channel, suggesting that the LBD
mutated at the residue critical for agonist binding produces a more stable closed clamshell conformation.
Furthermore, our structures explain the promiscuity of GLR activation by different amino acids, confirm
evolutionary conservation of structure between GLRs and iGluRs, and predict common molecular principles
of their gating mechanisms driven by bilobed clamshell-like LBDs.

INTRODUCTION

lonotropic glutamate receptors (iGIuRs) are ligand-gated ion chan-
nels that mediate excitatory neurotransmission throughout the
vertebrate central nervous system (Kumar and Mayer, 2013; Tray-
nelis et al., 2010). iGluRs are assemblies of four subunits, each
containing four main domains: the amino-terminal domain (ATD)
implicated in receptor assembly, trafficking, and regulation; the
ligand-binding domain (LBD or S1S2) that harbors binding sites
for agonists, antagonists, and allosteric modulators; the trans-
membrane domain forming an ion channel; and the cytosolic car-
boxy-terminal domain, which is involved in receptor localization
and regulation (Sobolevsky, 2015; Twomey and Sobolevsky,
2018). Glutamate and other amino acids that function as neuro-
transmitters activate iGluRs by binding to the LBD and inducing
conformational changes that lead to the opening of the ion channel
(Armstrong and Gouaux, 2000; Twomey and Sobolevsky, 2018).
Homologs of mammalian iGluRs have been identified in both
vascular and non-vascular plants, known as glutamate receptor-
like channels or GLRs, and are predicted to share the structural
domain organization (Lam et al., 1998; Wudick et al., 2018a).
Recent studies revealed vital roles of GLRs in various physio-
logical processes in plants, including wound response, stomatal

L)
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aperture, seed germination, root development, innate immunity,
and pollen tube growth (Kong et al., 2015, 2016; Li et al., 2013;
Michard et al., 2011; Mousavi et al., 2013; Singh et al., 2016).
GLRs are conserved along the plant lineage (2 in mosses, 4 in
the lycophyte Sellaginella, 9 in Gingko) but went through an enor-
mous expansion in the higher plants (40 in Pinus) and dramatic
diversification into different clades in some angiosperms (Aouini
et al., 2012; De Bortoli et al., 2016; Ortiz-Ramirez et al., 2017;
Price et al., 2012; Wudick et al., 2018b). Arabidopsis thaliana
has 20 AtGLRs phylogenetically divided into three clades (Chiu
et al., 2002; Lacombe et al., 2001; Wudick et al., 2018a).
AtGLR3.2, a representative of the third clade, is widely ex-
pressed in the plant and displays highest expression in root cells
where it localizes in the plasma membrane (Vincill et al., 2013).
Overexpression of AtGLR3.2 in transgenic plants resulted in
Ca?* deprivation that was rescued by exogenous Ca®* applica-
tion, demonstrating ion channel functionality (Kim et al., 2001).
While the structure of the LBD of AtGLR3.3 has been recently
solved and predicted to accommodate various amino acids (Al-
fieri et al., 2020), there is no experimental confirmation that the
predicted ligand promiscuity bears any functional consequence,
namely in terms of activity elicitation, or other physiological con-
sequences. Intriguingly, the sequence divergence of the “gate”

Structure 29, 161-169, February 4, 2021 © 2020 Elsevier Ltd. 161
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domain (the equivalent of the SYTANLAAF motif in iGIuRs) (Woll-
muth and Sobolevsky, 2004) has led to the hypothesis that some
GLRs might function without ligand-induced activation (Wudick
et al., 2018a). This prediction is partially supported by patch-
clamp recordings from plant protoplasts where constitutive cur-
rents are abolished in glr knockout (KO) lines (Mou et al., 2020).
When expressed in the mammalian system, three channels
(PpGLR1, AtGLR3.2, and AtGLR3.3) display constitutive
currents in the absence of canonical ligands but are strongly
activated by CORNICHON-homolog proteins (CNIHs) (Ortiz-
Ramirez et al., 2017; Wudick et al., 2018b). Despite the constitu-
tive activity reported for some GLRs, they remain to be gated by
ligands, and screens designed to measure the effects of all pro-
teinogenic amino acids showed an almost continuous gradient
of AtGLR1.4 activation/inhibition (Tapken et al., 2013). A subse-
quent screen, using a different assay, showed a similar pattern
for PoGLR1, but with the strongest activity inducer being the
important plant hormone-like non-proteinogenic 1-aminocyclo-
propane-1-carboxylic acid (Mou et al., 2020). The apparent
unique gating properties of GLRs, characterized by background
ion channel activity and amino acid stimulation, require structural
and functional data to enlighten their possible physiological
meaning.

While GLRs, including AtGLR3.2, govern a broad range of
physiological and pathophysiological processes in plants,
fundamental molecular mechanisms underlying their function
remain elusive. To gain insight into how AtGLR3.2 binds to its
activating ligands, we embarked on structural studies of its
LBD. We found that the LBD of AtGLR3.2 binds to methionine
(Met) and glycine (Gly), but the binding pocket is predicted to
accommodate other amino acids as well. The LBD clamshell is
closed in both structures, suggesting that they represent an
active state of AtGLR3.2 that favors channel opening. Further-
more, we show that a point mutation of a residue critical for
ligand binding increases the channel’s constitutive activity in
the absence of either ligands or CNIHs.

RESULTS AND DISCUSSION

Structure Determination

To determine the LBD structure, we used A. thaliana GLR3.2
(AtGLR3.2) DNA to make a crystallizing construct, GLR3.2-
S1S82. The boundaries of the two segments, S1 and S2 that
assemble into the LBD, were determined based on the amino
acid sequence alignment of AtGLR3.2 with mammalian iGluRs
(Figure S1). At the beginning of S1 in the GLR3.2-S1S2
construct, there are 46 N-terminal residues that have not been
resolved in our crystal structures and presumably remain disor-
dered. We expressed the GLR3.2-S1S2 construct in bacteria
and purified the protein using affinity and ion-exchange chroma-
tography (see STAR Methods). Crystals of GLR3.2-S1S2 grew in
the presence of Met and Gly in sitting and hanging drops of vapor
diffusion crystallization trays and were cryoprotected using glyc-
erol for diffraction data collection at the synchrotron. Crystals of
GLR3.2-S1S2 grown in the presence of Gly and Met belonged to
the P2,2424 space group, contained one S1S2 protomer in the
asymmetric unit, and diffracted to 1.58- and 1.75-A resolution,
respectively (Table 1). We solved the GLR3.2-S1S2¢g, and
GLR3.2-S182)t structures by molecular replacement, initially
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Table 1. Crystallographic Statistics
GLR3.2-S1S2¢,

GLR3.2-S182)et

Beamline NE-CAT 24-ID-C NE-CAT 24-ID-C
Wavelength (A) 0.97910 0.97910
Space group P2,2424 P2:2:24
Cell parameters (a, b, c, A) 47.39, 64.37, 47.65, 65.47,
75.93 72.19
Cell parameters (a, B, v, °) 90, 90, 90 90, 90, 90
Resolution (A) 47.39-1.58 72.19-1.75
(1.61-1.58) (1.78-1.75)
No. of monomers in AU 1 1
Total observations 146,995 (5,783) 124,336 (3,896)
Unique observations 32,133 (1,553) 23,419 (1,258)
Rmerge 0.06 (0.61) 0.078 (0.67)
Rmeas 0.06 (0.67) 0.87 (0.80)
BRoim 0.03 (0.35) 0.03 (0.43)
Mean (/)/a(l) 14.9 (2.1) 13.3(1.8)
Completeness (%) 99.2 (98.7) 99.8 (99.1)
Multiplicity 4.6 (3.7) 5.3 (3.1)
CCi2 0.99 (0.69) 0.99 (0.65)
Wilson B factor (A?) 17.33 19.7
Refinement
Resolution 48.23-1.58 48.50-1.75
Reflections used in 32,086 (3,190) 23,364 (2,295)
refinement
(R 0.157 0.165
Rfree 0.183 0.199
No. of non-hydrogen atoms 2,052 1,962
Macromolecules 1,852 1,839
Ligands 9 11
Average B factor 21.13 23.87
Macromolecules 20.13 23.40
Protein residues 240 238
No. of water molecules 202 112
RMSD bond lengths (A) 0.01 0.01
RMSD angles (°) 1.89 1.90
Ramachandran plot
Preferred regions (%) 97.90 99.15
Allowed regions (%) 2.10 0.85
Outliers (%) 0 0
PBD entry 6VEA 6VE8

Values in parentheses are for the highest-resolution shell.

using a homology modeled search probe (see STAR Methods).
The clarity of the resulting electron density maps was sufficient
(Figure 1) for the de novo building of the structural models that
included residues G47 to N286, with a 108-residue-long S1 GT
linked to a 130-residue-long S2.

The structures of approximately 57 x 37 x 35 A%in dimension
have a bilobed clamshell architecture (Figures 2A and 2B), with
the ligand-binding site between the upper D1 lobe and the lower
D2 lobe, similar to iGIuR LBDs (Gouaux, 2004; Mollerud et al.,
2017; Pohlsgaard et al., 2011). The GLR3.2-S1S2g, and
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GLR3.2-S1S2)et structures superpose very well with the root-
mean-square deviation (RMSD) of 0.275 A for Co. atoms. For
the ligand-binding pocket, even side-chain orientations are
very similar between GLR3.2-S1S2¢,, and GLR3.2-5182);.

Ligand Binding

The ligand-binding pocket of GLR3.2-S1S2 resembles the
ligand-binding pocket of iGIUR LBDs (Figures 2C and 2D), with
the key interactions and binding residues conserved (Figure S1).
The ligand Gly forms hydrogen bonds with Asp126, Ala128,
Arg133, and Tyr178 and non-bonded contacts with Phe108,
Asp126, lle127, Ala128, Arg133, Ser177, Tyr178, Glu218, and
Tyr221 (Figure S2A). Similarly, the ligand Met establishes
hydrogen bonds with Asp126, Ala128, Arg133, and Tyr221 and
forms non-bonded contacts with Arg57, Phe108, Asp126,
lle127, Ala128, Arg133, GIn174, Val175, Gly176, Ser177,
Tyr178, Glu218, and Tyr221 (Figure S2B).

For both Gly and Met, the guanidinium group of Arg133 and
the backbone amines of Ala128 and Tyr178 are hydrogen
bonded to the carboxyl group of the ligand, while the backbone
carbonyl oxygen of Asp126, the carboxyl group of Glu218, and
the hydroxyl group of Tyr221 coordinate the amino group of
the ligand. The thioether group of Met is additionally coordinated
by the hydroxyl group of Tyr221, guanidinium group of Arg57,
and the amide group of GIn174. These interactions are specific
to Met and are missing in the case of Gly, which lacks the bulky
side chain. Instead, two water molecules occupy the space that
in the case of Met is occupied by the thioether group. These two
water molecules are stabilized by hydrogen bonds with Ser177
and Arg57.

Overall, the ligand-binding pocket of GLR3.2-S1S2 is shaped
to bind differently sized amino acids (for example, Gly versus

¢? CellPress

Figure 1. AtGLR3.2-LBD Electron Density
Close-up stereo views of AtGLR3.2 LBD (S1S2) in
complex with glycine (A) and methionine (B). Mesh
shows a 2F,-F electron density map contoured at
20 (blue) and F,-F, map contoured at 4o (green)
when ligands were not present in the model. See
also Figure S2.

Met) by exploiting the same interactions
for binding the conserved amino acid
core and adjusting the fit of the side
chains into the corresponding binding
pocket cavity with water. This explains a
diverse range of ligand specificity previ-
ously observed for GLRs, with at least
12 of the 20 proteinogenic amino acids
and D-serine serving as agonists for the
most studied AtGLR1.2, AtGLR1.4,
AtGLR3.3, AtGLR3.4, and AtGLR3.5
(Forde and Roberts, 2014; Kong et al.,
2016; Michard et al., 2011; Tapken et al.,
2013; Vincill et al., 2012, 2013; Wudick
et al., 2018a). In agreement with our re-
sults, the recently determined structures
of the AtGLR3.3-S1S2 (Alfieri et al,
2020) revealed similar ligand-binding pro-
miscuity. The binding pocket and the mode of ligand binding,
however, might be somewhat different among GLRs. For
example, Trp, Phe, and Tyr can serve as agonists of AtGLR1.4
but not AtGLR3.3 or AtGLR3.4 (Tapken et al., 2013; Vincill
et al., 2012, 2013), suggesting that the ligand-binding pocket in
AtGLR1.4 is likely larger to accommodate bulkier hydrophobic
side chains. In part, differences in ligand binding among GLRs
can originate from residues directly interacting with the ligand.
For example, among eight GLR3.2 residues interacting with the
ligand, six are conserved between clade 3 GLRs (Arg57,
Asp126, Arg133, Tyr178, Glu218, and Tyr221) but two are not
(Figure S1). Ala128 is Thr in GLR3.6, GLR3.4, and GLR3.7, while
GIn174is Proin GLR3.6. Ligand binding can also be allosterically
influenced by ATDs, which are much more variable in sequence
compared with LBDs. In addition, GLR ligands may bind sites
distinct from the site inside the LBD clamshell. For example, a
bulky tripeptide glutathione that activates some GLRs is unlikely
to fit the pocket accommodating Gly and Met (Figure 2) in the
GLR3.2 LBD but it might bind somewhere else on the full-length
protein.

Effect of a Point Mutation on Gating

Given the structural determinants of ligand binding, we investi-
gated the effects of possible disruption of ligand binding by
mutating critical amino acids. We focused on the highly
conserved Arg133, since the guanidinium group of this arginine
coordinates the carboxyl group of both bound ligands and is crit-
ical for their binding. The possible effects of this point mutation
were assayed by the transfection of mammalian COS-7 cells ex-
pressing the Ca®* indicator Yellow CaMeleon 3.6 (YC3.6). To
assay Ca®* influx, we first placed COS-7 cells in a Ca?*-free so-
lution containing EGTA and subsequently subjected them to

Structure 29, 161-169, February 4, 2021 163
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Figure 2. AtGLR3.2 Ligand-Binding Domain Structure

(A and B) Structures of isolated AtGLR3.2 LBD (S1S2) in complex with glycine (A) and methionine (B). The ligands are in ball-and-stick representation. Highly
conserved cysteines, C230 and C284, are connected by disulfide bonds and shown as sticks.

(C and D) Close-up views of the ligand-binding pocket with bound glycine (C) and methionine (D). Residues involved in ligand binding are shown as sticks.
Interactions between the ligands and the binding pocket residues are indicated by dashed lines.

See also Figures S1 and S2.

14.5 mM Ca®* (see the top bar in Figure 3A). In the absence of
ligand (Figure 3A, black dots), cytosolic Ca®* showed a slight in-
crease, revealing some basal conductance. When the experi-
ment was repeated in the presence of 0.5 mM Gly, this elevation
peaked at the same [Ca®*],, level and timing. Yet, while [Ca®*].,:
dropped immediately after peaking without the ligand, in the
presence of 0.5 mM Gily, [Ca2+]cyt levels were sustained for
longer, producing a statistically detectable difference between
assays (p < 0.01). However, in the presence of 1 mM Gly, the
elevation of cytosolic Ca®* was more pronounced and statisti-
cally significant when compared with the other two experiments
(p < 107 compared with control and p = 0.01 with 0.5 mM Gly).

164 Structure 29, 161-169, February 4, 2021

These elevations suggest that the wild-type AtGLR3.2 alone is
moderately gated by 1 mM Gly. We then tested the effect of
CNIHs that were previously shown to strongly promote ligand-in-
dependent activation of AtGLR3.2 currents (Wudick et al.,
2018b). Expression of AtCNIH4 alone in COS-7 cells induces
an increased Ca®* influx (Figure S3). Given the conservation of
CNIHs in plants and their capacity to complement other CNIH
homologs, namely in yeast (Wudick et al., 2018b), we interpret
this increase as a reflection of non-specific activation of COS-7
endogenous transport proteins. The effect of AtCNIH4 was
insensitive to ligand addition (Figure S3). Yet, simultaneous
expression of AtGLR3.2 and AtCNIH4 (Figure 3B) rendered



Structure

m AtGLR 3.2 without CNIH E

AtGLR 3.2 + CNIH4
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Figure 3. Effect of Point Mutations in Ligand
Gating

No Ca? Cat* 145 mM

GLR3.2 —e—
+Glycine 0.5 MM —e—

1.4 4 +Glycine 1.0 mM —o—

YC3.6 ratio (A.U.)

GLR 3.2+ CNIH4 —e—
+Methionine 0.5 MM _g—
+Glycine 0.5 MM _g,

The effect of a point mutation in the LBD on
AtGLR3.2 channel gating was assayed by the
transfection of mammalian COS-7 cells expressing
a Ca®* indicator (YC3.6).

(A) Expression of wild-type channel alone shows its
Ca?* conductance to be gated by glycine at
1.0 mM. The experimental sequence is shown on
the top black/yellow bar. Cells are Ca®*-starved
with EGTA and then perfused with 14.5 mM Ca?*.
In the absence of ligand (black dots), a slight in-
crease occurs in cytosolic Ca®*. When the exper-
iment is done in the presence 0.5 mM glycine, this
elevation is slightly, but significantly, prolonged
(p < 0.01), but in the presence of 1.0 mM glycine

GLR 3.2:R133A + CNIH4 —@—
+Methionine 0.5 mM —e—
+Glycine 0.5 MM —o—

1.0 T T T T 1.0

Time (min.)

10 0 2 4 6 8 10 0

é "1 fIS é 4o thereisavisible and statistically significant eleva-
tion of cytosolic Ca®* (p < 107® compared with
control and p = 0.01 compared with 0.5 mM Gly).
(B and C) Simultaneous expression of AtGLR3.2

and AtCNIH4 (B) renders the channel gated by

both methionine (red) and glycine (green) at 0.5 mM in comparison with the control (p < 0.01 for all comparisons). However, when the critical residue 133 is
substituted from arginine to alanine (C), the channel behaves as being constitutively open (black; compare with black control in B). Data are presented as mean +

SEM. All statistics obtained by two-way ANOVA with Tukey’s HSD.
See also Figures S3 and S4.

much larger and robust Ca®* elevations induced by both Met
(red) and Gly (green) at 0.5 mM concentrations in comparison
with the control (p < 0.01 for both).

Finally, we tested the Ca®* uptake by AtGLR3.2 with R133A
mutation in the LBD, which was predicted to disrupt ligand bind-
ing (Figure 3C). Our Ca®* uptake traces suggest that AtGLR3.2-
R133A behaved as a constitutively open channel (compare black
traces in Figures 3B and 3C), reaching the peak values of Ca®*
influx similar to or higher than that in the non-mutated channel
in the presence of 0.5 mM Gly (green; p > 0.1) or 0.5 mM Met
(red; p < 0.01). This apparent constitutive activation of the chan-
nelis independent of the presence of AtCNIH4 (Figure S4), which
reached a similar level of Ca®* flux in the presence or absence of
AtCNIH4. Remarkably, the presence of AtCNIH4 affects the
ligand-binding properties, unveiling an apparent inhibitory effect
of Gly (see Figures 3A and 3C). R133A mutation likely produces
an alteration in the clamshell structure similar to ligand binding,
i.e., clamshell closure, resulting in a similar effect on the pore.
This result is difficult to reconcile with no full-length GLR struc-
ture available, but highlights the importance of the LBD for
GLR gating. Mutations in the iGIUR LBD have been shown to
make a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
(AMPA) receptors more responsive to kainate and less respon-
sive to AMPA (Armstrong et al., 2003), to increase the efficacy
of kainate receptor agonists (Meyerson et al., 2014), and to
render N-methyl-D-aspartic acid (NMDA) receptors constitu-
tively active (Blanke and VanDongen, 2008).

The strong increase in ligand-induced AtGLR3.2 activation
caused by the presence of CNIH4 is consistent with the open-
state-stabilizing effects of HsCNIH2 and HsCNIH3 on AMPA
receptors, where CNIHs slow down the deactivation and desen-
sitization kinetics (Gill et al., 2011; Kato et al., 2010; Schwenk
etal., 2009; Shi et al., 2010) and increase single-channel conduc-
tance (Coombs et al., 2012). While AMPA receptors are activated
by ligands in the absence of CNIHs, the AtCNIH4 presence ap-
pears to always result in significant additional activation of

AtGLR3.2. In the presence of AtCNIH4, Gly and Met appear to
act as an agonist and partial agonist on wild-type AtGLR3.2 (Fig-
ure 3B). Met, however, acts like an inverse agonist on the R133A
mutant. Indeed, strong activation of AtGLR3.2 by R133A in the
presence of AtCNIH4 is not altered by Gly but suppressed to
the level of partial activation in the presence of Met (Figure 3C).
Why these ligands, which cause the same clamshell closure in
wild-type LBD (Figure 2), behave so differently is currently un-
clear and may require full-length AtGLR3.2 structures to be
understood.

Comparison of GLR and iGluR LBD Structures

The LBD, which binds agonists, competitive antagonists, and
positive allosteric modulators, adopts a similar bilobed D1-D2
clamshell architecture in vertebrate, invertebrate, and plant
glutamate receptors (Figures 4A-4F). We compared the
AtGLR3.2 LBD with the LBDs of three dominant mammalian
iGluRs (AMPA, kainate, and NMDA subtypes), rotifer Adienta
vaga subunit 1 (AvGluR1), and A. thaliana GLR3.3. These species
are separated by millions of years of evolution and their LBD
sequences share poor sequence identity. In Figure 4, we super-
imposed the GLR3.2-S1S2 with the previously solved agonist-
bound S1S2 structures of GluA2 (PDB: 1FTJ) (Armstrong and
Gouaux, 2000), GluK2 (PDB: 1S50) (Mayer, 2005), GluN1 (PDB:
1PB7) (Furukawa and Gouaux, 20083), GIuN2A (PDB: 2A5S) (Fur-
ukawa et al., 2005), AvGluR1 (PDB: 4102) (Lomash et al., 2013),
and AtGLR3.3 (PDB: 6R88) (Alfieri et al., 2020). The RMSD values
calculated for all Ca. atoms in each superposition with GLR3.2-
S1S2 are 1.9 A for GIuA2, 1.5 A for GIuK2, 1.8 A for GIuN1,
4.5 Afor GIUN2, 3 A for AvGIUR1, and 0.77 A for AtGLR3.3. Struc-
tures of AtGLR3.3 and AtGLR3.2 LBDs are very similar, consis-
tent with their sequence similarity. The amino acid sequences
of AtGLR3.2 and AtGLR3.3 LBDs share 61.6% identity, and all
eight residues that interact with the agonist are 100% conserved,
including Arg in the B1-B2 loop, Asp and Ala in the B5-aD loop,
Arg in oD, Glnin B9, Tyr in «F, Glu in 10, and Tyr in al (Figures
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GLR3.2
GIuA2

GIuN2A

S1 and S2). The extent of clamshell closure in AtGLR3.3 and
AtGLR3.2 is also nearly identical and greatly resembles the
one in AvGluR1 of the rotifer A. vaga (Lomash et al., 2013).
More significant differences were observed in superpositions
of GLR3.2-S152 with S1S2 of AMPA, kainate, and NMDA recep-
tors. The main regions of distinction are the p1-aB loop that is
extended in GLRs compared with iGluRs, as well as the protrud-
ing B-hairpin loop B2-aC and the helices oA and oG, which are
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Figure 4. Comparison of AtGLR3.2 and
iGluR LBDs

Structural superpositions of isolated LBDs from
AtGLR3.2 (cyan) in complex with glycine and (A) rat
GluA2 (PDB: 1FTJ, orange) in complex with gluta-
mate, (B) rat GluK2 (PDB: 1S50, purple) in complex
with glutamate, (C) rat GIuN1 (PDB: 1PB7, green) in
complex with glycine, (D) rat GIuN2A (PDB: 2A5S,
blue) in complex with glutamate, (E) rotifer Av-
GluR1 (PDB: 4102, magenta) in complex with
methionine, and (F) Arabidopsis GLR3.3
(PDB:6R88, yellow) in complex with glycine. The
ligands are in ball-and-stick representation. Highly
conserved cysteines connected by disulfide bonds
are shown as sticks.

present in iGluRs but absent in GLRs.
Instead of the helix G, GLRs have a short
B strand that we named 9a. In addition,
NMDA receptor LBDs have a large hairpin
loop between B1 and aB, which is missing
in GLRs, AMPA, and kainate receptors.
Apart from these regions, the secondary
structure  organization of LBD is
conserved between mammalian, rotifer,
and plant receptors. The arginine in the
aD helix (R133 in GLR3.2-S1S2 and
R551 in the full-length GLR3.2), which
forms bidentate hydrogen bonds with
the ligand’s carboxyl group, is highly
conserved across all species (Lomash
et al, 2013; Mayer, 2020). Other
conserved residues include cysteines
that form a disulfide bond between the
C-terminal ends of the helices | and K
(Cys230 and Cys284 in GLR3.2-S1S2),
which are only missing in prokaryotic re-
ceptors (Lee et al, 2008; Mayer
et al., 2001).

Compared with iGIuRs that are selec-
tively activated by certain amino acids,
AtGLRs and AvGIuR1 can be activated
by different amino acids. Such promiscu-
ity in amino acid ligand binding is sup-
ported by structures of S1S2 that were
solved for AvGIuR1 in complex with Glu,
Asp, Ser, Ala, Met, and Phe (Lomash
et al., 2013), AtGLR3.3 in complex with
Met, Glu, Ala, and Gly (Alfieri et al.,
2020), and AtGLR3.2 in complex with
Met and Gly (this study). This promiscuity
is likely due to unique features of the LBDs in these receptors
compared with mammalian iGluRs. The AvGIuR1 requires a
CI™ ion in the binding pocket for Ala, Ser, and Met complex.
AtGLR3.3 did not require ions to interact with their ligand, and
not a trace of ion density was found in its binding pocket (Alfieri
et al.,, 2020; Lomash et al., 2013). Moreover, only GLR3.2-
§182g), has two water molecules in the ligand-binding pocket
but GLR3.2-S1S2),t complex does not have any, unlike



Structure

AvGIuR1 and iGluRs. Interestingly, the AvGIuR1 and AtGLR
LBDs bound to different amino acid ligands have the same
extent of clamshell closure, which is also similar to agonist-
bound iGIuR LBDs. Since these AvGluR1 and AtGLRs ligands
have different affinities and full versus partial agonistic character
(Alfieri et al., 2020; Lomash et al., 2013), the extent of the LBD
clamshell closure seems to be independent of these two charac-
teristics. In some iGlIuR studies, the extent of the LBD clamshell
closure was postulated as a measure of the ligand partial
agonistic character (Jin et al., 2003), while other studies argued
that it is rather the fraction of time that the clamshell spends in
the fully closed conformation that matters (Ramaswamy et al.,
2012; Salazar et al., 2017; Twomey and Sobolevsky, 2018). For
example, based on the higher Ca?* signal observed for Gly
versus Met, we hypothesize that Met is rather a partial agonist
compared with Gly. This difference in agonistic character is
consistent with the previous reports on AtGLR3.1/3.5, where
Met-activated Ca®* currents were shown to be responsible for
maintaining cytosolic Ca?* (Kong et al., 2016). However, the
structural basis for such differences will remain unclear until
the structures of full-length GLRs are available as well as more
detailed analysis of their kinetics and energetics.

In summary, the overall architecture of our GLR3.2-S152¢,, and
GLR3.2-S1S2)et structures as well as the type of ligand binding
suggest that similar to iGIuRs, the clamshell-like closure of
LBDs in GLRs might provide a driving force to gate the GLR-asso-
ciated ion channel (Armstrong and Gouaux, 2000; Twomey and
Sobolevsky, 2018). To test this hypothesis, one would need to
capture the full-length structure of a GLR. The observed similarity
in the LBD clamshell architecture, ligand binding, and predicted
gating mechanism also suggests that plant GLRs and iGluRs orig-
inate from a common ancestor to function in different kingdoms of
life yet utilize similar molecular mechanisms. Our structures of
AtGLR3.2 LBD in complex with two different amino acid ligands
along with the role of CNIH in Ca?* uptake indicate that both ligand
and auxiliary protein binding are necessary for AtGLR3.2 function.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

Ampicillin Sigma Cat# A8351
Kanamycin Fisher scientific Cat# BP906-5
Tetracycline Fisher scientific Cat# BP912
IPTG Zymo Research Cat# 11001-5
Tris Fisher scientific Cat# BP152-1
NaCl Fisher scientific Cat# BP358-212
L-Glutamate Sigma Cat# 49621
L-Methionine Sigma Cat# M9625
MgS04 Fluka Cat# 13143
DNAse Sigma Cat# DN25-1
PMSF Acros Organics Cat# 215740500

2-Mercaptoethanol (BME)
Ni-Affinity Resin
Imidazole
Thrombin

Glycerol

MES buffer

PEG 2000 MME
Ammonium Sulfate
Glycine
Ammonium acetate
Sodium Acetate

Acros Organics
Takara

Acros Organics
Haematologic Technologies
Fisher scientific
Sigma

Fluka

Fisher scientific
Jena Biosciences
Fisher scientific
Fisher scientific

Cat# 125470100
Cat# 635660
Cat# 301870025
Cat# HCT-0020
Cat# BP229-4
Cat# M2933
Cat# 81321
Cat# A702-500
Cat# CS-507L
Cat# BP326-500
Cat# S209-500

Dulbecco’s Modified Eagle’s Medium Gibco Cat# 10566024

Fetal bovine serum Gibco Cat# 16140071

Penicillin Streptomycin Fungizone Cytiva HyClone Cat# SV3007901

FugeneHD Promega Cat# E2311

EGTA Sigma Cat# E4378

Bis-Tris Propane RPI Cat# B78000100.0

HEPES Sigma Cat# H3375-250G

D-mannitol Fisher scientific Cat# M120-500

Ca-Gluconate Sigma Cat# C8231-100G

Deposited Data

Coordinates of GLR3.2-S1S2-Glycine This paper PDB: 6VEA

Coordinates of GLR3.2-S1S2-Methionine This paper PDB: 6VE8

S1S2 of GluA2 (Armstrong and Gouaux, 2000) PDB: 1FTJ

S1S2 of Gluk2 (Mayer, 2005) PDB: 1S50

S1S2 of GluN1 (Furukawa and Gouaux, 2003) PDB: 1PB7

S1S2 of GIuN2A (Furukawa et al., 2005) PDB: 2A5S

S1S2 of AvGluR1 (Lomash et al., 2013) PDB: 4102

S1S2 of AtGLR3.3 (Alfieri et al., 2020) PDB: 6R88

Ligand-binding domain of NMDA receptor (Jalali-Yazdi et al., 2018) PDB: 6MMS

Experimental Models: Cell Lines

COS-7 ATTC CRL-1651

E. coli Origami B (DE3) Novagen Cat# 70837
(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant DNA
pEF1-YC3.6 Dr. Jérg Kudla lab, Univ. Muenster, N/A
Germany
Oligonucleotides
AtGLR3.2 amplification primer: 5’- This paper N/A
gtaacggccgccagtgtgctggaattcA
TGTTTTGGGTTTTGGTTCTGT-3’
AtGLR3.2 amplification primer: 5’- This paper N/A
atagggccctctagatgcatgctcg
aGTCATATTGGTCTAGAAGGT-3’
pPcDNA3 Invitrogen N/A
pCI-AtCNIH4 Wudick et al., 2018b Genebank: NC_003070.9;

pcDNA3-AtGLR3.2

pET22b-GLR3.2-S1S2

This paper

This paper

At1g12390; Salk_145991
GeneBank: NC_003075;
Araprot: At4G35290
GeneBank: NC_003075;
Araprot: At4G35290

Software and Algorithms

Pymol (Schrodinger)
PHENIX

CCP4

COOoT

XDS
Swiss-Model
PDBsum

SigmaPlot 11.0

Delano, 2002
Adams et al., 2010
Winn et al., 2011
Emsley et al., 2004

Kabsch, 2010
Waterhouse et al., 2018
Laskowski et al., 2018

Systat Software Inc.

http://www.pymol.org
https://www.phenix-online.org/
http://www.ccp4.ac.uk/

http://www2.mrc-Imb.cam.ac.uk/Personal/
pemsley/coot

http://xds.mpimf-heidelberg.mpg.de/
https://swissmodel.expasy.org/

https://www.ebi.ac.uk/thornton-srv/
databases/cgi-bin/pdbsum/GetPage.pl?
pdbcode=index.html

Systatsoftware.com

Other

DeltaVision Elite Deconvolution/TIRF
microscope system

lon Exchange Hi-Trap Q HP column
Size Exclusion Superose 10/300 column

GE Healthcare

GE Healthcare
GE Healthcare

Part # 53-851206-001

Cat# 17-1154-01
Cat# 17-5172-01

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Alexander

Sobolevsky (as4005@cumc.columbia.edu).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

Coordinates and structure factors for the GLR3.2-S152,, and GLR3.2-S1S2y; structures have been deposited to the PDB with the

accession codes 6VEA and 6VES, respectively. This study did not generate new code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Protein expression was performed in Escherichia coli Origami B (DE3) cells. Cells were cultured in LB media at 37°C until ODggg
reached the value of 1.0-1.2, then cooled down to 20°C, induced with 250 uM IPTG and incubated for another 20 hours at 20°C.
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COS-7 cells for calcium imaging experiments were maintained at 37°C and 5% CO, in Dulbecco’s Modified Eagle’s Medium, sup-
plemented with 5 % fetal bovine serum and 1 % penicillin/streptomycin.

METHOD DETAILS

Cloning and Mutagenesis

RNA was isolated from col-0 leaf tissue using Bioline ISOLATE Il RNA Plant Kit. The Bioline SensiFAST cDNA Synthesis kit was used
to generate cDNA from the col-0 RNA. The CDS for AtGLR3.2 was amplified from cDNA using the primers: 5’-gtaacggccgcc
agtgtgctggaattcA TGTTTTGGGTTTTGGTTCTGT-3’, 5'- atagggccctctagatgcatgctcgaGTCATATTGGTCTAGAAGGT-3'. The glr3.2
CDS PCR fragment was cloned into EcoRI/Xhol digested pCDNA3 via Gibson Isothermal Assembly to yield pCDNA3-
AtGLR3.2(cDNA). The final construct was verified by Sanger Sequencing. The point mutant was amplified from pCDNAS3-
AtGLR3.2(cDNA) by two PCRs using overlapping mutagenic oligonucleotide primers. Primers were as follows, PCR one: 5’- TGAT
ACTGTCTGGATCATTGC TCGAGCTGTTAAGAGACTTCTAG -3’; 5-GAAATCCACAA TCCTTGTTGC TTTCGTAACAATAGCTA
TGTCTCC-3'. PCR two: 5-GAGACATAGCTATT GTTACGAAAGC AACAAGGATTGTGGATTTCACTCAGC-3’; 5’-atagggccctctaga
tgcatgctcgaG TCA TATTGGTCTAGAAGGCT-3'. Inserts were ligated with a backbone of pCDNA3-AtGLR3.2 linearized at Xhol re-
striction sites to construct the final mutant vector by Gibson Assembly (Gibson et al., 2009).

Protein Expression and Purification
The boundaries of the GLR3.2 ligand-binding domain (S1S2) were determined based on the sequence alignment with GIUA2 (Arm-
strong et al., 1998; Sobolevsky et al., 2009). The DNA encoding AtGLR3.2 residues, S420-V572 (S1) and P682-N811 (S2), were ampli-
fied using gene-specific primers and subcloned into the pET22b vector (Novagen) between Ncol and Xhol sites with a GT linker be-
tween S1 and S2 (Armstrong and Gouaux, 2000). For purification purposes, an 8xHis affinity tag followed by a thrombin cleavage site
(LVPRG) was introduced at N-terminal.

The construct pET22b carrying GLR3.2-S1S2 was transformed into Escherichia coli Origami B (DE3) cells and grown in LB media
supplemented with 100 ug/ml ampicillin, 15 ng/ml kanamycin and 12.5 pg/ml tetracycline. The freshly inoculated culture was grown
at 37°C until ODggg reached the value of 1.0-1.2. Then cells were cooled down to 20°C, induced with 250 uM IPTG, and incubated in
the orbital shaker for another 20 hours at 20°C. Cells were harvested by centrifugation at 5488 g for 15 min at 4°C and the cell pellet
was washed with the buffer containing 20 mM Tris pH 8.0 and 150 mM NaCl. For protein extraction, cells were resuspended in lysis
buffer consisting of 20 mM Tris pH 8.0, 200 mM NaCl, 1 mM glutamate, 5 mM methionine, 1 mM BME, 1 mM PMSF, 100 pg/ml lyso-
zyme, 5 mM MgSO, and DNAse. All purification steps were carried out in buffers supplemented with 1 mM glutamate and 5 mM
methionine. The cells were disrupted by sonication and centrifuged at 18600 g in the Ti45 rotor for 1 hour at 4°C. The supernatant
was mixed with His60 Ni superflow resin (Takara) and rotated for 2 hours at 4°C. The protein-bound resin was washed with the buffer
containing 15 mM imidazole and the protein was eluted in 20 mM Tris pH 8.0, 150 mM NaCl, 1 mM glutamate, 5 mM methionine, 1 mM
BME, and 200 mM imidazole. The protein was dialyzed overnight in the buffer containing 20 mM Tris pH 8.0, 75 mM NaCl, 1 mM
glutamate, 5 mM methionine, 1 mM BME, and 4% (v/v) glycerol. After thrombin digest (1:500 w/w) at 22°C for 1-hour, the protein
was further purified using ion-exchange Hi-Trap Q HP- (GE Healthcare). The protein quality was assessed by SDS-PAGE and analyt-
ical size-exclusion chromatography using the Superpose 10/300 column (GE Healthcare).

Crystallization and Structure Determination

Crystallization screening was performed with GLR3.2-S1S2 protein at a concentration of ~7 mg/ml using Mosquito robot (TTP Lab-
tech) and sitting drop vapor diffusion in 96-well crystallization plates. Small needle-shaped crystals, which appeared after two weeks
of incubating crystallization trays at 4°C and 20°C, were further optimized using the hanging drop method and 24-well crystallization
plates. The best-diffracting long needle-shaped crystals of methionine-bound GLR3.2-S1S2 grew at 20°Cin 0.1 M MES pH 6.5, 18%
PEG MME 2K and 0.1 M ammonium sulfate. Crystals of glycine-bound GLR3.2-S1S2 grew in a similar condition but in the presence of
0.3 ul of 1M glycine that supplemented the 4 pl crystallization drop as an additive. The best-diffracting needle-shaped crystals of
glycine-bound GLR3.2-S1S2 grew at 4°C in 22 % PEG 4K, 0.1 M ammonium acetate, and 0.1 M sodium acetate pH 4.6. All crystals
were cryoprotected using 25% glycerol and flash-frozen in liquid nitrogen for data collection. Crystal diffraction data were collected
at the beamline 24-1D-C of the Advanced Photon Source and processed using XDS (Kabsch, 2010) and Aimless as a part of the CCP4
suite (Winn et al., 2011).

The structure of methionine-bound GLR3.2-S1S2 was solved by molecular replacement using Phaser (McCoy, 2007) and a search
probe generated by SWISS-MODEL homology modeling (Waterhouse et al., 2018) from the ligand-binding domain of NMDA receptor
(PDB ID: 6BMMS) (Jalali-Yazdi et al., 2018). The initial partial solution was used again as a search probe for subsequent rounds of mo-
lecular replacement, which ultimately resulted in a complete GLR3.2-S1S2 model. The model was refined by alternating cycles of
building in COOT (Emsley and Cowtan, 2004) and automatic refinement in Phenix (Adams et al., 2010). The structure of glycine-bound
GLR3.2-S1S2 was solved by molecular replacement using the methionine-bound GLR3.2-S1S2 structure as a search probe. Water
molecules were added in Coot and Phenix refine. All structural figures were prepared in PyMol (Delano, 2002). The protein-ligand
interaction plot was created using the Ligplot server (Wallace et al., 1995; Laskowski et al., 2018).
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COS-7 Cells Transfection and Calcium Imaging

Protocols for COS-7 cells transfection and Ca2* imaging were adapted from Ortiz-Ramirez et al. (2017). COS-7 cells (ATTC) were
maintained at 37°C and 5% CO, in Dulbecco’s Modified Eagle’s Medium, supplemented with 5 % fetal bovine serum and 1 % peni-
cillin/streptomycin (Cytiva HyClone), and transfected at low passage (P < 7). Cells were plated at a density at 50% confluence in 35-
mm diameter dishes and transfected using FugeneHD (Promega) as specified by the supplier. Cells were co-transfected with three
plasmids: pCI-AtCNIH4 or empty pCI (0.3 ng) plus pcDNA3-AtGLR3.2 or empty pcDNAS (0.9 ng) were co-transfected with pEF1-
YC3.6 (0.5 ng). The co-transfection with pCl-AtCNIH4 was an experimental stratagem used to enhance functional expression of
GLRs on the plasma membrane (Wudick et al., 2018b). Cells were used for imaging 38 to 41 hours after transfection. They were
washed in a Ca®*-free solution (1 mM EGTA, 10 mM Bis-Tris propane buffered to pH 7.3 with HEPES and set to 350 mosmol.kg™
with D-mannitol). Cells were imaged in the Ca2*-free solution for 1.5 min before the addition of Ca®* to a final concentration of
14.5 mM (using Ca-Gluconate). The ligands (Met or Gly, 0.5 or 1.0 mM) are added at the beginning (even before calcium is added).
Time-lapse acquisition was performed with a sampling interval of 30 secs. 8 to 12 cells were imaged in each dish using the stage
position recording tool of the microscope system. Imaging was performed at room temperature using a DeltaVision Elite Deconvo-
lution/TIRF microscope system (Olympus inverted IX-71) under a 60X lens (1.2NA UPLSAPO water /WD 0.28 mm). A xenon lamp from
the DeltaVision system was used with a CFP excitation filter (438-424 nm). Two simultaneous emission records were captured: YFP
emission (548-522 nm) and CFP emission (475-424 nm). To minimize bleaching, the laser was set to 2%. YFP and CFP imaging were
recorded with 0.6 sec exposure time. Images were processed using ImagedJ. Ratios were obtained after background subtraction and
signal clipping using the ‘“Ratio-plus’’ plug-in for ImagedJ. The signal of each channel was averaged in a circle in the middle of the cell
(with 100-200 pixel diameter, depending on the size of the cell). The YFP/CFP ratio was obtained by dividing the emission recorded
for YFP (548-522 nm) by the one recorded for CFP (475-424 nm). No significant bleaching or ratio drift was observed in our exper-
imental conditions.

QUANTIFICATION AND STATISTICAL ANALYSIS
The X-ray structures of GLR3.2-S1S2 were determined using software listed in the Key Resources Table. Statistics generated from
the data processing, refinement and validation are displayed in Table 1.

Statistical significance in calcium imaging experiments was calculated by two-way ANOVA with TukeyHSD using an R custom
script or SigmaPlot 11.0 (Systat Software Inc).
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Figure S1 (related to Figure 2 and STAR Methods): Amino acid sequence alignment.
Shown are amino acid sequences for the GLR3.2-S1S2 construct and ligand-binding
domains of AtfGLR3.2 (NP_567981.1), AtGLR3.1 (NP_028351.2), AtGLR3.3
(NP_174978.1), AtGLR3.6 (NP_190716.3), AtGLR3.4 (NP_001030971.1), AtGLR3.7
(NP_565744.1), AvGIuR1 (ADW94593.1), AMPA subtype rat GIuA2 (NP_058957), kainate
subtype rat GluK2 (P42260.2), and NMDA subtype rat GluN1 (EDL93606.1) and GIuN2A
(NP_036705.3) subunits. Numbering is for the mature protein. Secondary structure
elements for GLR3.2-S1S2 are shown as cylinders (a-helices), arrows (B-strands), and lines
(loops) colored according to domains S1 (orange and purple) and S2 (red and green). The
names of a-helices and B-strands (capital letters and numbers, respectively) are kept the
same as in structures of isolated LBD (Armstrong et al., 1998). Identical residues are
highlighted in yellow and conserved residues are highlighted in blue. Green circles indicate
cysteines connected by disulfide bonds. Red stars indicate residues involved in ligand

binding.
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Figure S2 (related to Figures 1 and 2): Ligplots showing the interactions of protein
and ligand for GLR3.2-S1S2gy (A) and GLR3.2-S1S2yet (B). The ligand and residues
involved in hydrogen bonding (green dotted lines) with the ligand are shown in ball-and-
stick representation. The interatomic distances are indicated in A. The red arcs show non-

bonded contacts.
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Figure S3 (related to Figure 3): Effect of AtCNIH4 alone in the Ca?* influx of COS cells.
The experimental protocol is the same as in Figure 3A. A{CNIH4 alone induces an increase
in the influx of Ca?*, but significantly lower than the expression of AtGLR3.2 alone (Figure
3A). The Arabidopsis CNIHs are conserved with mammalian CNIHs, and they complement
the yeast homologue mutant (Wudick et al., 2018). Thus, this effect is expected as A{CNIH4

is likely to affect other endogenous proteins. Data are represented as mean + SEM.
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Figure S4 (related to Figure 3): Control of the effect of the mutation R133A in
AtGLR3.2, without AfCNIH4. The mutation alone induces a Ca?' influx at the same
amplitude than when A{GLR3.2 is co-expressed with AfCNIH4 and the ligand at the
optimized concentration (0.5 mM Gly, Figure 3C). Surprisingly, in the absence of At{CNIH4,
the presence of 0.5 mM Gly seems to have an inhibitory effect, which is not observed for the

wild-type channel (Figures 3A and C). Data are represented as mean + SEM.



Chapter 4.

Structure of the Arabidopsis Thaliana Glutamate Receptor-Like

Channel GLR3.4

This chapter is a paper originally published in Molecular Cell (Green et al., 2021). We
solved the first full-length GLR structure, specifically Arabidopsis thaliana GLR 3.4 (GLR3.4),
and the structures of the isolated ligand-binding domain (LBD) in complex with agonists

methionine, serine, and glutamate; revealing the structural basis of a GLR activation and gating.
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SUMMARY

Glutamate receptor-like channels (GLRs) play vital roles in various physiological processes in plants, such as
wound response, stomatal aperture control, seed germination, root development, innate immune response,
pollen tube growth, and morphogenesis. Despite the importance of GLRs, knowledge about their molecular
organization is limited. Here we use X-ray crystallography and single-particle cryo-EM to solve structures of
the Arabidopsis thaliana GLR3.4. Our structures reveal the tetrameric assembly of GLR3.4 subunits into a
three-layer domain architecture, reminiscent of animal ionotropic glutamate receptors (iGluRs). However,
the non-swapped arrangement between layers of GLR3.4 domains, binding of glutathione through S-glutathio-
nylation of cysteine C205 inside the amino-terminal domain clamshell, unique symmetry, inter-domain inter-
faces, and ligand specificity distinguish GLR3.4 from representatives of the iGIuR family and suggest distinct
features of the GLR gating mechanism. Our work elaborates on the principles of GLR architecture and symme-

try and provides a molecular template for deciphering GLR-dependent signaling mechanisms in plants.

INTRODUCTION

Glutamate receptor-like channels (GLRs) have been identified
as homologs of mammalian ionotropic glutamate receptors
(iGluRs), which mediate the majority of the excitatory neuro-
transmission in the central nervous system (Traynelis et al.,
2010). GLR homologs have been identified in both vascular
and non-vascular plants (Lam et al,, 1998; Wudick et al,
2018a) and in genomes across the entire plant evolutionary
tree, including Chlamydomonas, chlorophytes, mosses, ferns,
gymnosperms, and angiosperms (De Bortoli et al., 2016; Wu-
dick et al., 2018a). On the basis of phylogenetic analysis, the
20 GLRs identified in the model flowering plant Arabidopsis
thaliana have been organized into three different clades:
GLR1, GLR2, and GLR3 (Lam et al., 1998). In contrast to iGluRs,
which are targeted mainly to the plasma membrane, GLRs have
not only been located in the plasma membrane but also located
in the plant mitochondria, chloroplast, tonoplast, endoplasmic
reticulum, and sperm cell (endo)membranes (Teardo et al.,

3216 Molecular Cell 87, 3216-3226, August 5, 2021 © 2021 Elsevier Inc.

2015; Vincill et al., 2013; Wudick et al., 2018a). GLRs play vital
roles in various physiological processes in plants, such as cell
signaling, metabolism, wound response, stomatal aperture,
seed germination, root development, innate immune response,
pollen tube growth, and water loss (Wudick et al., 2018a). Given
the diverse range of crucial physiological roles, targeting GLRs
can have practical applications, especially related to biotic and
abiotic environmental stress, which constitute a major problem
for sustainability (Jones et al., 2008). Genetic efforts to explore
GLR potential have been hindered by the apparent high func-
tional redundancy and a large number of genes coding for
GLRs in the majority of angiosperms, including crops. An alter-
native to traditional strategies for regulating GLR functions in
plants could use approaches that target their specific molecular
features (De Bortoli et al., 2016; Michard et al., 2017; Wudick
et al., 2018a, 2018b).

The molecularly oriented approaches to harness GLR function
rely on the detailed knowledge of GLR structural organization.
Recent studies of the GLR3.2 and GLR3.3 ligand-binding
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Figure 1. Functional, biochemical, and
structural characterization of GLR3.4

(A) Voltage dependence of whole-cell patch-
clamp currents recorded from COS-7 cells ex-
pressing GLR3.4, CNIH1, and CNIH4 before (black
circles) and after (red circles) application of 1 mM
Glu (n =3, mean = SEM). The control (white circles)
is endogenous currents recorded from COS-7
cells transfected with the empty vector (n = 5,
mean = SEM). Inset shows specific GFP labeling of
GLR3.4 at the plasma membrane of the pollen
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domains (LBDs), from the model organism Arabidopsis thaliana,
provided the first glimpse of the fragment of GLR structure
responsible for ligand binding (Alfieri et al., 2020; Gangwar
et al., 2021). GLR3.2 and GLR3.3 LBD structures identified
similar overall folds to iGIuRs’ LBD structures, with the distinct
features in the ligand-binding pocket that are responsible for
the promiscuous GLR activation by various amino acids. Despite
the important insights from the recent structural studies of GLR
LBDs, structures of other GLR domains, principles of their as-
sembly into the full-length receptor, its architecture, and the
structural basis of gating have remained an enigma. To fill this
gap in knowledge, we embarked on the endeavor to determine
the structure of a full-length GLR.

RESULTS

Functional characterization and structure

determination

We screened several full-length GLRs from the three different
clades using fluorescence-detection size-exclusion chromatog-
raphy (FSEC) (Kawate and Gouaux, 2006) and identified GLR3.4
from Arabidopsis thaliana as a promising candidate for structural
studies. GLR3.4 expresses at the plasma membrane of root
phloem cells, vascular bundles, mesophyll cells, and guard cells
(Meyerhoff et al., 2005; Vincill et al., 2013). We show that GLR3.4

grain aperture, an outgrowth spot where the pollen
tube will emerge.

(B) Changes in cytosolic Ca®* measured in COS-7
cells expressing the Ca®* sensor Yellow CaMeleon
3.6 (YC3.6) and expressing either CNIH1+4 alone
(control, white circles) or GLR3.4 and CNIH1+4, in
response to application of 14.5 mM CaZ* in the
absence (black circles; n = 27, mean + SEM) or
presence (red circles; n = 33, mean + SEM) of
1 mM Glu.

(C) FSEC trace and SDS-PAGE gel for purified
GLR3.4.

(D) Cryo-EM density for 3.57 A 3D reconstruction
of GLR3.4, with four subunits colored in green,
pink, blue, and orange, and non-protein densities
representing carbohydrates and ligands colored in

purple.
See also Figures S1-S3 and Table S1.

localizes specifically to the aperture of the
pollen grain (Figure 1A) and appears to be
associated with cell polarity, from the for-
mation of the early bulge, which will
develop into the pollen tube, to the reten-
tion in the apical tips after the formation of the callose plugs, or in
root phloem cells (Vincill et al., 2013; Figures S1A-S1C). Cell po-
larity in Arabidopsis pollen tubes has also been characterized by
the tip-focused influx of calcium (Ca®*) (Michard et al., 2011,
2017). Supporting the role of GLR3.4 in this cell polarity process,
two mutant alleles of gir3.4 showed reduced pollen tube Ca®*
fluxes compared with wild-type (Figure S1D).

GLR3.4 was reported to mediate currents activated by a broad
range of amino acids (Meyerhoff et al., 2005; Stephens et al.,
2008; Vincill et al.,, 2012). GLR3.4 expressing COS-7 cells
showed robust ionic currents in response to application of Glu
or Asn only when co-expressed with CORNICHON HOMOLOG
(CNIH) proteins CNIH1 and/or CNIH4 (Figure 1A; Figures S2A-
S2D), consistent with the recently discovered role of CNIHs in
GLR sorting and activation (Wudick et al., 2018b). GLR3.4 acti-
vation in the presence of Glu or Asn resulted in an increase in
cytosolic calcium (Figure 1B; Figures S2E and S2F), which may
work as a signaling mechanism in plants (Michard et al., 2011;
Mousavi et al., 2013; Ortiz-Ramirez et al., 2017).

We expressed full-length GLR3.4 in HEK293 cells, purified the
protein to sufficient purity and homogeneity (Figure 1C), and
subjected it to single-particle cryoelectron microscopy (cryo-
EM). We reconstructed a three-dimensional (3D) map to an over-
all 3.57 A resolution (Figure 1D), with the core of the molecule
resolved at ~3 A resolution (Figure S3; Table S1; Video S1).

Molecular Cell 87, 3216-3226, August 5, 2021 3217
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Figure 2. Overall architecture and symmetry

Molecular Cell

(A) GLR3.4 structure viewed parallel to the membrane (gray bars), with four subunits colored differently, molecules of GSH and Glu shown as space-filling models
and carbohydrates as sticks. The axes of the overall and local two-fold symmetries are shown as dotted and solid lines, respectively.
(B-D) ATD (B), LBD (C) and TMD (D) layers viewed extracellularly, with the overall (large ovals) and local (small ovals) two-fold and four-fold (square) symmetries

indicated.

(E) ATD and LBD dimers formed by subunits A and B, viewed perpendicular to the axis of the local two-fold symmetry and showing their broad and narrow faces.

See also Figures S4 and S5.

The map quality was adequate for building each subunit of the
GLR3.4 tetramer, excluding the S2-M4 linkers and loops con-
necting M1 to M2 and M2 to M3, which were not represented
clearly by resolved density.

Architecture and symmetry

The Y shape of the 175-A-tall GLR3.4 structure resembles the
shape of non-NMDA subtype iGIuR structures (Burada et al.,
2020b; Meyerson et al., 2016; Sobolevsky et al., 2009; Figure 2A).
Similar to all iGluRs, the structure of GLR3.4 has a three-layer ar-
chitecture, which includes the amino-terminal domain (ATD)
layer at the top, the LBD layer in the middle, and the transmem-
brane domain (TMD) layer at the base of the “Y.” The ATDs and
LBDs of subunits A/B and C/D form dimers with monomers
related by two-fold rotational symmetry. The GLR3.4 tetramer
has an overall two-fold rotational symmetry that relates one
ATD dimer to another, one LBD dimer to the second, and half
of the TMD to another half. The axes of local two-fold rotational
symmetry for the LBD and ATD dimers coincide and make a 20°
angle with the axis of the overall two-fold rotational symmetry of
the tetramer. This is very different from the domain organization
of AMPA, kainate, and NMDA subtypes of iGIuRs, where the ATD

3218 Molecular Cell 81, 3216-3226, August 5, 2021

and LBD dimers have distinct axes of local two-fold rotational
symmetry. An even more striking feature of GLR3.4 architecture
is the lack of domain swapping between the ATD and LBD di-
mers, which is an inherent property of all major iGIuR subtypes.
The only exception among iGluRs are orphan delta receptors,
which have been recently proposed to follow non-swapped
domain architecture similar to GLR3.4 on the basis of low-reso-
lution cryo-EM reconstructions (Burada et al., 2020a, 2020b).
We confirmed the unorthodox subunit and domain arrange-
ment of GLR3.4 by introducing cysteine substitutions at intersu-
bunitinterfaces and observing redox-dependent dimer formation
as aresult of spontaneous subunit crosslinking (Figure S4). There
are five intersubunit interfaces that keep the four GLR3.4 subunits
together by means of hydrogen bonds and hydrophobic and ionic
interactions (Figure S4). Inthe ATD layer, the intradimer interfaces
between subunits A and B as well as C and D are large (3,180 Az)
and involve both the upper (L1) and lower (L2) lobes. In contrast,
the interdimer interface between subunits B and D, which is medi-
ated primarily by ionic interactions between R436 and E431, is
small (209 AZ) but keeps the A/B and C/D dimers from falling
apart. Similarly, in the LBD layer, the intradimer interfaces be-
tween subunits Aand B as wellas C and D are large (800 /o-\z), while
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Figure 3. Amino-terminal domain

(A) Structure of the GLR3.4 ATD with secondary structure elements labeled. The ATD-LBD linker domain is colored red. The inset shows a close-up view of the
GSH binding pocket. GSH is covalently bound to C205 and shown in ball-and-stick representation. Binding pocket residues are shown as sticks, and their
interactions with GSH are indicated by dashed lines. Density for GSH is shown as a blue mesh.

(B) Spectrum annotation of the peptide containing C205 modified by GSH.

(C) Representative whole-cell patch-clamp recordings from COS-7 cells expressing GLR3.4:CNIH1:CNIH4 prior to treatment (background; without exogenous
GSH or Glu), after application of 1 mM Gilu (+Glu) or after application of 1 mM Glu and 1 mM GSH together (+Glu+GSH).

(D) Voltage dependencies of currents recorded from COS-7 cells expressing GLR3.4:CNIH1:CNIH4 (like those shown in C) in comparison with the ones recorded
from COS-7 cells expressing CNIH1 and CNIH4 only, before and after application of 1 mM Glu and 1 mM GSH (n = 8 for GLR3.4 background condition, n = 5 for
GLR3.4 +Glu, n = 5 for GLR3.4+Glu+GSH, n = 5 for CNIH1:CNIH4 background, and n = 5 for CNIH1:CNIH4+Glu+GSH).

(E) Voltage dependencies of currents recorded from COS-7 cells expressing wild-type GLR3.4 (n = 6), GLR3.4(C205A) (n = 4), and CNIH1:CNIH4 (n = 5) before and
after application of 1 mM GSH. Both wild-type and mutant GLR constructs were co-transfected with CNIH1 and CNIH4. All data shown in (D) and (E) are
mean + SEM.

(legend continued on next page)

Molecular Cell 87, 3216-3226, August 5, 2021 3219



¢ CellPress

the interdimer interface between subunits A and C is small
(218 Az) and mediated by hydrogen bonds between T717 and
N719. The four GLR3.4 subunits interact most extensively at
the TMD, where each of the four pairs of the neighboring subunits
(A/B, B/C, C/D, and D/A) contribute alarge (1,547 Az) intersubunit
interface. Apart from numerous hydrophobic interactions, which
are typical for transmembrane regions, these interfaces are also
stabilized by hydrogen bonds between residues T613, E615,
L686, N689, S690, T693, T697, S698, L700, K856, and S857
that belong to the adjacent subunits.

The symmetrical dimer-of-dimers organization of GLR3.4 is
maintained over the ATD and LBD layers (Figures 2B and 2C)
but changes to pseudo-four-fold symmetrical organization in
the TMD layer (Figure 2D). Correspondingly, interfaces among
four GLR3.4 subunits are equivalent at the level of TMD but
distinct between the ATDs and LBDs, with only the proximal
pairs contributing to the interdimer interfaces. Interestingly, the
pairs of proximal and distal subunits in GLR3.4 are exactly the
same as in iGluRs’ swapped topology, despite the lack of
domain swapping between the ATD and LBD layers. Indeed,
the A/C pair is distal in the ATD layer and proximal in the LBD
layer, while the B/D pair is proximal in the ATD layer and distal
in the LBD layer (Figures 2B and 2C). Switching of the proximal
and distal subunit pairs becomes possible because of the
perpendicular orientation of the ATD and LBD dimers with
respect to each other (Figure 2E).

The overall two-fold rotational symmetry of the GLR3.4
tetramer with pseudo-four-fold symmetrical TMD (Figure 2D) is
a result of two diagonal pairs, A/C and B/D, of chemically iden-
tical subunits adapting two different conformations (Figure S5A).
Although their extracellular domains related by the local two-fold
rotational symmetry have the same conformations, their TMDs
are displaced in a 93° rotation (Figure S5B). As a result of such
dramatic conformational changes, the A/C and B/D subunit pairs
play different structural roles in the extracellular portion of
GLR3.4, while contributing equally to the ion channel. As a reflec-
tion of the different structural roles of the A/C and B/D subunit
pairs, the subunits B and D ATDs are in direct contact, while
the subunits A and C ATDs are separated by more than 70 A
(Figures S5C and S5D).

ATDs

The ATDs of GLR3.4 adapt a clamshell architecture that was pre-
viously observed in the ATDs of iGluRs (Hansen et al., 2010),
bacterial periplasmic amino acid binding proteins (Trakhanov
et al., 2005), the extracellular domain of the natriuretic peptide
receptor (He et al., 2001), and the LBDs of family C G protein-
coupled receptors, including metabotropic glutamate (Koehl
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et al., 2019) and GABAg receptors (Papasergi-Scott et al.,
2020; Park et al., 2020; Shaye et al., 2020). The dimer-of-dimers
assembly of ATDs in iGluRs is important for their tetrameric sta-
bility, but functionally these domains are orphan in AMPA and
kainate subtypes because of their open clamshells that have
not been reported to bind to any ligand and pronounced inter-
faces between the upper L1 and lower L2 lobes that restrain
clamshell opening/closing transformations (Jin et al., 2009).
NMDA receptors, which bind the inhibitor zinc ion inside the
GIuN2B subunit ATD clamshell and conduct the conformational
changes in the ATDs to the LBDs and the ion channel (Jalali-
Yazdi et al., 2018; Karakas et al., 2009), are an exception. As
the overall domain organization and shape of GLR3.4 resembles
more AMPA and kainate than NMDA receptors, we expected the
ATD clamshells to be similar to non-NMDA receptors. Against
these expectations, we found that the GLR3.4 ATDs are all
bound to glutathione (GSH) through S-glutathionylation of
cysteine C205 (Figure 3A).

The binding of GSH in the middle of the ATD clamshell explains
why GSH has been previously described as an activator of GLRs
(Qi et al., 2006). The reversible covalent linking to cysteine C205
endows GSH with the potential to act as a biological switch and
be integral in several critical oxidative signaling events (Xiong
et al., 2011), including stress response in plants (Dixon et al.,
2005). Apart from its disulfide bond to C205, GSH is held in its
binding pocket by hydrogen bonds to the backbone carbonyl
of Q133 and the amide nitrogen of N259 as well as several
non-bonded contacts. As a result of all these interactions, GSH
binding is strong, signified by the clearly resolved density that
unambiguously identifies the position and pose of this molecule
in its binding pocket (Figure 3A, inset). Covalent modification of
C205 by GSH was also confirmed by the standard bottom-up
proteomics approach (Figure 3B). Wild-type GLR3.4 and
C205A mutant protein samples digested in reducing and non-
reducing conditions were subjected to mass spectrometry anal-
ysis. Samples digested in reducing conditions showed no GSH
modification. However, when the digest was carried out in
non-reducing conditions, GSH was detected at the residue 205
in the wild-type protein but not in the C205A mutant.

We tested a potential role of GSH in GLR3.4 function by heter-
ologously expressing the channel in COS-7 cells. When GLR3.4
was co-expressed with CNIH1 and CNIH4, Glu with GSH elicited
larger currents than Glu alone (Figures 3C and 3D). This acti-
vating effect of GSH was impaired by C205A mutation (Fig-
ure 3E), suggesting that cysteine C205 and the GSH binding
pocket identified in the ATD play an important role in GLR3.4
function. On the other hand, significant GSH-induced potentia-
tion of GLR3.4(C205A) currents indicates that there is a

(F and G) Superposition of the GLR3.4 ATD with GluA2 ATD (blue; PDB: 3H5V) (F) and mGluR1 ligand-binding domain (yellow; PDB: 1EWK) (G). Closure by 16° of
the GLR3.4 ATD clamshell compared with the GIuA2 ATD clamshell is indicated by the green arrow.

(H) Close-up view of the GLR3.4 interface between ATD and LBD, with the contributing residues shown as sticks.

(I) Amino acid sequence alignment for the ATD-LBD linker region of AtGLR3.4 (NP_001030971.1), AtGLR3.1 (NP_028351.2), AtGLR3.2 (NP_567981.1), AtGLR3.3
(NP_174978.1), AtGLR3.6 (NP_190716.3), AtGLR3.7 (NP_565744.1), AtGLR2.1 (NP_198062.2), AtGLR1.4 (NP_187408.2), AMPA subtype rat GIuA2 (NP_058957),
kainate subtype rat GIuK2 (P42260.2), delta subtype rat GluD1 (NP_077354.1) and GluD2 (NP_077355.1), NMDA subtype rat GIuN1 (EDL93606.1), GIuUN3A
(NP_612555.1), and GIuN2A (NP_036705.3), and AvGIuR1 (ADW94593.1). Numbering is for the mature protein. Secondary structure elements are shown as
cylinders (a helices), arrows (B strands), and lines (loops) and colored according to domains, ATD (purple) and LBD (orange). Conserved residues are highlighted

in blue.
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Figure 4. Ligand-binding domain

(A) Structure of the Glu-bound isolated GLR3.4
LBD with secondary structure elements labeled.
The inset shows a close-up view of the Glu binding
pocket, with Glu shown in ball-and-stick repre-
sentation and the omit map density for Glu at 56
shown as purple mesh. Binding pocket residues
are shown as sticks, and their interactions with Glu
are indicated by dashed lines.

(B) Superposition of the Glu-bound isolated
GLR3.4 LBD (blue) with Glu-bound isolated GluA2
LBD (green; PDB: 1FTJ) and isolated apo-state
GluA2 LBD (pink; PDB: 1FTO). Opening of the apo-
state GIuA2 LBD clamshell by 26° compared with
the Glu-bound LBD clamshells is indicated by the
pink arrow.

(C-E) Glu-bound dimers of isolated GLR3.4 LBD
(C), GluA2 LBD (PDB: 1FTJ) (D), and GluK2 LBD
(PDB: 3G3F) (E), with the distances between upper
and lower lobes indicated. The two-fold symmetry
axes are shown as vertical black lines.

(F-H) LBD dimers from the full-length structures of
GLR3.4 (F), GIuA2 in complex with GSG1L (PDB:

S
E7T10 415 E710

C205A-independent component of activation by GSH. For
example, this component can be mediated by GSH binding to
the same site in the ATD but without covalent attachment
to C205.

To infer whether GSH binding has the potential to produce
conformational changes in the GLR3.4 protein, we compared
its ATD to the ATD of the AMPA subtype iGIuR GIuA2, which
has the same overall fold but does not bind to any ligands. Strik-
ingly, GSH-bound clamshell of the GLR3.4 ATD is 16° more
closed than the ATD clamshell of GIuA2 (Figure 3F). This confor-
mation is reminiscent of the conformation of mGIuR LBD after it
closes in response to the binding of agonist glutamate (Fig-
ure 3G). Thus, a comparison of the GLR3.4 ATD with the domains
of a similar fold suggests that GSH binding can cause conforma-
tional changes in the GLR protein, which might contribute to
gating of its ion channel.

For conformational changes in the ATD to be effectively trans-
mitted to the LBD and TMD, the ATD must have a strong struc-
tural connection to the LBD, such as the one observed in NMDA
receptors (Karakas and Furukawa, 2014; Lee et al., 2014) and
which is largely missing in AMPA, kainate, or delta receptors
(Burada et al., 2020b; Meyerson et al., 2016; Sobolevsky et al.,
2009). In GLR3.4, a unique ATD-LBD linker plays the role of an
inter-domain connector, creating a strong interface between
the ATD and LBD through a network of hydrophobic (residues
W485, F487, L494, Y534, P535, V536, P809, and L810) and elec-
trostatic (residues L248, R483, N489, N490, Y534, P535, P809,
and D813) interactions (Figure 3H). Such a strong connection be-

5VHZ) (G), and GluK2 (PDB: 5KUF) (H), in complex
with Glu, L-quisqualate, and 2S,4R-4-methyl-
glutamate, respectively, and superposed with the
corresponding isolated LBD dimers (C-E) shown
in gray. Rearrangements of LBDs in the full-length
structures compared with isolated LBDs are indi-
cated by purple arrows.

See also Figure S6 and Table S2.

tween the ATD and LBD ensures that conformational changes in
the ATD are allosterically transmitted to the LBD. This interaction
appears highly specific to GLRs, as the ATD-LBD linker amino
acid sequence alignment shows low similarity between GLRs
and iGluRs (Figure 3l). On the other hand, the majority of residues
in the ATD-LBD linker are conserved among GLRs and highly
conserved among clade 3 GLRs (Figure 3I).

LBDs

LBDs are typically the drivers of conformational changes in
iGluRs that start with agonist binding to the LBD and end up
with the opening of the ion channel for current conductance.
To get a high-resolution view of GLR3.4 LBD and ligand binding,
we purified this domain separately and solved crystal structures
of the isolated LBD in complex with agonists glutamate, serine,
and methionine (Table S2). The structure of GLR3.4 LBD has a
clamshell architecture (Figure 4A; Figures S6A-S6C) that is
typical for iGluRs and similar to the recently published structures
of isolated GLR3.2 and GLR3.3 LBDs (Figure S6D). The agonist
binds in the middle of the LBD clamshell, to the binding site
between its upper D1 and lower D2 lobes, resulting in a closed
clamshell conformation (Figure 4B), and agonist binding can be
monitored using microscale thermophoresis (Figure S6E). The
serine-bound LBD structure was solved without adding the
ligand to the protein, indicating serine’s endogenous origin
(see STAR Methods). Accordingly, in thermophoresis experi-
ments, serine binding was not detected, likely because it was
already bound to the LBD (Figure SE6E). As a consequence, the
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Figure 5. lon channel

(A) lon conduction pathway (gray) in GLR3.4, with residues lining the pore
shown as sticks. Only two of four GLR3.4 subunits are shown, with the front
and back subunits removed for clarity.

(B) Pore radius calculated using HOLE. The dashed line corresponds to 1.4 A
(radius of a water molecule).

(C) Amino acid sequence alignment for the M3 region of GLRs and iGluRs. The
gate-forming residues are indicated by asterisks.

apparent dissociation constants for glutamate and methionine
unlikely report their true affinities but rather effective concentra-
tions to outcompete endogenous serine.

The key interactions with agonists and binding residues are
conserved among iGluRs and GLRs (Alfieri et al., 2020; Gangwar
et al., 2021). For all three agonists, the guanidinium group of R92
(R577 in the full-length GLR3.4) and the backbone amines of T87
and F139 are hydrogen bonded to the carboxyl group of the
ligand, while the backbone carbonyl oxygen of D85, the hydroxyl
groups of T87 and Y186, and the carboxyl group of E183 coordi-
nate the amino group of the ligand. The ligand side chains are
stabilized differently. The side-chain carboxyl group of glutamate
and the thioether group of methionine are additionally coordi-
nated by the guanidinium group of R16, amide groups of N64
and Q135, the phenol group of Y67, and the backbone carbonyl
oxygen of D136 (Figure 4A, inset; Figure S6C). These interactions
are missing in the case of serine, which lacks the bulky side
chain. Instead, a water molecule occupies the void, where it is
stabilized by hydrogen bonds with the hydroxymethyl side chain

3222 Molecular Cell 87, 3216-3226, August 5, 2021

Molecular Cell

of serine, the guanidinium group of R16, the amide group of
Q135, and the backbone carbonyl oxygen of D136 (Figure S6B).
Water molecules played a similar role in the binding of glycine to
the LBDs of GLR3.2 and GLR3.3 (Alfieri et al., 2020; Gangwar
et al.,, 2021). Altogether, these data illustrate how the ligand-
binding pocket of GLRs evolved to bind differently sized amino
acids by exploiting the same interactions for binding the
conserved amino acid core and adjusting the fit of the side
chains with water. This explains the ligand-binding promiscuity
of GLRs, which are activated by at least 12 of the 20 proteino-
genic amino acids and the non-proteinogenic amino acid ACC
(1-aminocyclopropane-1-carboxylic acid) (Forde and Roberts,
2014; Kong et al., 2016; Michard et al., 2011; Mou et al., 2020;
Tapken et al., 2013; Vincill et al., 2012; Vincill et al., 2013; Wudick
et al., 2018a, 2018b), in contrast to vertebrate iGluRs, which are
activated only by specific amino acids (Traynelis et al., 2010).
Interestingly, ACC was shown to be a partial agonist for the
NMDA receptor GluN1 subunit (Inanobe et al., 2005), while inver-
tebrate iGluRs can also be activated by different amino acids
(Lomash et al., 2013).

In our crystal structures, the isolated LBDs form dimers that
show back-to-back arrangement of monomers (Figure 4C),
typical for the open-state LBD dimers in iGluRs. Indeed, the di-
mers are held together through D1-D1 interfaces, reminiscent
of GIuA2 (Figure 4D), and GIuK2 (Figure 4E) LBD dimers. Interest-
ingly, the LBD dimers in the context of full-length GLR3.4 show a
very different assembly of monomers, with about the same dis-
tance between the upper lobes as in the isolated LBD structures
but a much shorter distance between their bottom lobes (Fig-
ure 4F). The reduced separation of the D2 lobes in dimers of
agonist-bound LBDs is the characteristic feature of the iGIuR de-
sensitized state (Figures 4G and 4H). In contrast to the open
state, which also has LBD clamshells closed with agonists, the
desensitized state is characterized by a non-conducting ion
channel.

lon channel

Similar to iGluRs, the ion channel of GLR3.4 is assembled of the
TMDs of four subunits in a four-fold symmetrical manner, each
TMD contributing the transmembrane helices M1, M3, and M4
and a re-entrant intracellular loop M2 (Figures 2D and 5A). The
extracellular part of the channel’s ion conduction pathway is
lined by the M3 helices that form the gate. Its intracellular part,
which is typically responsible for ion selectivity, is lined by the
non-helical portions of M2, apparently disordered in our cryo-
EM maps. M1 and M4 are on the periphery of the ion channel
and contact the surrounding TMD membrane lipid. M1 helices
are preceded by the short pre-M1 helices that form an extracel-
lular collar around the ion permeation pathway, which in AMPA
receptors harbors binding sites for non-competitive inhibitors,
including the antiepileptic drug perampanel (Yelshanskaya
et al., 2016).

Measurements of the pore radius (Figures 5A and 5B) suggest
that the ion channel is in the closed non-conducting conforma-
tion. The pore’s narrow constriction is formed by the extracellular
portions of the M3 helices, specifically by four rings of residues,
including T693, T697, T701, and L705. The homologous residues
in iGluRs that also form the pore’s narrow constriction are either
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Figure 6. GLR3.4 gating

(A) In the absence of CNIHs (HEK and COS-7 cells), GLR3.4 adapts desensi-
tized or inactivated conformation, where GSH is bound to ATD (purple), Glu is
bound to LBD (orange), and the channel (green) is in closed, non-conducting
conformation.

(B) In the presence of CNIHs (gray, COS-7 cells), ligand-induced conforma-
tional changes in the extracellular domain (red arrows) can lead to opening of
the ion channel and ion conductance (blue arrow).

part of the highly conserved SYTANLAAF motif or just C-terminal
to it (Figure 5C). The distinct character of gate-forming residues
in GLR3.4 compared with iGluRs suggest that gating and perme-
ation properties of GLRs might differ from iGluRs.

DISCUSSION

In the GLR3.4 structure, the ATDs (Figure 3) and LBDs (Figure 4)
are bound to agonist molecules. The ATDs are bound to GSH
and adapt closed clamshell conformations. The LBDs also adapt
closed clamshell conformations and are modeled bound to Glu,
which we added to the protein before subjecting it to cryo-EM.
There is a possibility, however, that the LBDs in the full-length
GLR3.4 structure are bound to Ser, similar to the isolated LBD,
which was found bound to Ser of endogenous origin (Figure S6;
STAR Methods). In fact, it is practically impossible to distinguish
Glu from Ser in cryo-EM maps at 3.57 A resolution (Figures 1 and
S3; Video S1). Independent of whether the LBDs are bound to
Glu or Ser, their closed clamshell conformations are identical
(Figure S6A).

Closed clamshell conformations observed for the ATDs and
LBDs are active conformations of the clamshell domains, which
can drive the opening of the GLR3.4 ion channel. However, the
ion channel in the GLR3.4 structure is in a closed non-con-
ducting state (Figure 5), suggesting that the structure represents
a desensitized or inactivated state. This conclusion is supported
by the arrangement of monomers in the GLR3.4 LBD dimers,
where the lower lobes D2 are separated by a much smaller dis-
tance (Figure 4F) than expected from dimers representing the
active state (Figures 4C—4E), recently confirmed by the open-
state structures of the intact AMPA receptor (Chen et al., 2017;
Twomey et al., 2017). Consistently, the smaller separation of
the D2 lobes was also observed in the desensitized states of
AMPA (Figure 4G) and kainate (Figure 4H) receptors. The confor-
mational state of the GLR3.4 structure, therefore, suggests com-
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mon features of the gating mechanisms of GLRs and iGluRs. At
the level of LBD, gating is triggered by the binding of agonist that
presumably leads to individual clamshell closures and separa-
tion of the D2 lobes (Figure 6). Applied to the LBD-TMD linkers,
the separation of the D2 lobes would cause ion channel opening.
During desensitization, the monomers of the LBD dimers could
rearrange to decrease the distance between the D2 lobes,
relieve the strain on the LBD-TMD linkers and convert the chan-
nel to the closed non-conducting state.

Despite the apparent similarities in the general principles of
gating between GLRs and iGluRs, there are substantial differ-
ences. First, in COS-7 cells, GLR3.4 requires CNIHs to conduct
currents (Figure 1; Figure S2). The majority of iGluRs conduct
currents in the absence of CNIHSs, although surface expression
and gating of AMPA-subtype iGIuRs are strongly regulated by
CNIHs (Nakagawa, 2019; Schwenk et al., 2009). The only iGIuR
exception is GluD-subtype channels, which alone conduct cur-
rents only if they acquire mutations in the pore region (Kohda
et al., 2000; Yadav et al., 2011). Interestingly, these silent iGluRs
are the only iGluRs that share GLR3.4’s non-swapped arrange-
ment of ATD and LBD domains (Burada et al., 2020a, 2020b).
Whether GluDs can mediate currents by binding to CNIHs or
other auxiliary subunits remains undiscovered. Similarly, the
possible roles of CNIHs in GLR trafficking to the cell surface
and acting as chaperones to alter subunit conformations and as-
sembly will require further investigation.

Second, agonist molecules can bind not only to the LBD but
also to the ATD (Figure 3), suggesting that GLR3.4’s channel
opening can be triggered from both extracellular domain layers
(Figure 6). The unique architecture of GLR3.4 with non-swapped
pairs of the ATD and LBD dimers and tight ATD-LBD linkage
through the connecting domain is likely important for transmit-
ting conformational changes in the ATD and LBD layers to the
ion channel. Similarly, the unique GLR3.4 architecture allows
the arrangement of monomers within the LBD dimers, which is
clearly different from AMPA and kainate receptors (Figures 4F-
4H). Accordingly, the distinct conformational ensemble may be
an indication that GLRs and iGluRs have principally different
desensitization mechanisms. Additional structural and functional
studies are necessary to decipher the GLR gating mechanisms,
its regulation by CNIHs, and the way it shapes GLRs’ functions in
plants.

Limitations of the study

According to our experiments, function of GLR3.4 requires CNIH
auxiliary subunits. In contrast, our full-length structure of GLR3.4
is determined in the absence of CNIH subunits. Solving struc-
tures of GLR3.4-CNIH complexes will be necessary to confirm
the physiological relevance of the GLR3.4 structure and to better
understand the molecular bases of GLR3.4 function. Our full-
length structure of GLR3.4 reports only a single conformation,
which we interpret as a desensitized state. We propose that
GLR3.4 can undergo conformational changes and open its ion
channel to carry out GLR3.4 physiological functions. To verify
this hypothesis and to characterize gating and conformational
ensemble of GLR3.4 more completely, it will be necessary to
solve structures of GLR3.4 and GLR3.4-CNIH complexes in
the closed and open states. The unique modulation of GLR3.4
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function by GSH binding to the ATD is particularly interesting, as
it has not been observed in iGIuRs. To understand the molecular
mechanism of this modulation, it will be necessary to solve struc-
tures of GLR3.4 and GLR3.4-CNIH complexes in the absence of
bound GSH.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Ampicillin Sigma Cat# A8351
Kanamycin Fisher scientific Cat# BP906-5
Tetracycline Fisher scientific Cat# BP912
IPTG Zymo Research Cat# 11001-5
Tris Fisher scientific Cat# BP152-1
NaCl Fisher scientific Cat# BP358-212
L-Glutamate Sigma Cat# 49621
L-Methionine Sigma Cat# M9625
MgS0O4 Fluka Cat# 13143
DNase Sigma Cat# DN25-1
PMSF Acros Organics Cat# 215740500
2-Mercaptoethanol (BME) Acros Organics Cat# 125470100
Ni-Affinity Resin Takara Cat# 635660
Imidazole Acros Organics Cat# 301870025
Thrombin Haematologic Technologies Cat# HCT-0020
Glycerol Fisher scientific Cat# BP229-4
MES buffer Sigma Cat# M2933
PEG 2000 MME Fluka Cat# 81321

Ammonium Sulfate

Glycine

Ammonium acetate

Sodium Acetate

CAA

TCEP

Urea

LysC

Trypsin

Formic Acid

CDS Empore™ SDB-RPS
Dulbecco’s Modified Eagle’s Medium
Fetal bovine serum

Sf-900 Il SFM

Freestyle 293 expression medium
DMEM media

Sodium butyrate

Lipofectamine 2000

Penicillin Streptomycin Fungizone
FugeneHD

EGTA

Bis-Tris Propane

HEPES

D-mannitol

Ca-Gluconate

Fisher scientific
Jena Biosciences
Fisher scientific
Fisher scientific
Sigma-Aldrich
Sigma-Aldrich
Fischer Scientific
Wako Chemicals
Promega
Sigma-Aldrich
Fischer Scientific
GIBCO

GIBCO

GIBCO

GIBCO

Corning

ACROS Organics
Invitrogen

Cytiva HyClone
Promega

Sigma

RPI

Sigma

Fisher

Sigma

Cat# A702-500
Cat# CS-507L
Cat# BP326-500
Cat# S209-500
Cat# C0267

Cat# C4706

Cat# BP169-500
Cat# 129-02541
Cat# V5280

Cat# F0507

Cat# 13-110-023
Cat# 10566024
Cat# 16140071
Cat# 12658027
Cat# 12338018
Cat# 10-013-CV
Cat# 263191000
Cat#11668027
Cat# SV3007901
Cat# E2311

Cat# E4378

Cat# B78000100.0
Cat# H3375-250G
Cat# M120-500
Cat# C8231-100G

(Continued on next page)
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Deposited data

Coordinates of GLR3.4-S1S2-Glu This paper PDB: 7LZ0

Coordinates of GLR3.4-S1S2-Ser This paper PDB: 7LZ1

Coordinates of GLR3.4-S1S2-Met This paper PDB: 7LZ2

Coordinates of full-length GLR3.4 This paper PDB: 7LZH

Cryo-EM map of full-length GLR3.4 This paper EMD-23606

Coordinates of ATD and micelle This paper PDB: 7L.ZI

subtracted GLR3.4

Cryo-EM map of ATD and micelle This paper EMD-23607

subtracted GLR3.4

MS raw files and output tables This paper PXD024563

S1S2 of AtGLR3.2 Gangwar et al., 2021 PDB: 6VE8

S1S2 of AtGLR3.3 Alfieri et al., 2020 PDB: 6R8A

Experimental models: cell lines

HEK293S GnTI ATCC Cat#CRL-3022

Sf9 GIBCO Cat#12659017

COS-7 ATTC CRL-1651

E. coli Origami B (DE3) Novagen Cat# 70837

Experimental models: organisms/strains

Agrobacterium tumefaciens strain GV3101 GoldBio CC-207-A

Arabidopsis thaliana Col-0 ecotype ABRC CS70000

Arabidopsis thaliana tDNA mutant ABRC Salk_201768C

Atglr3.4-1

Arabidopsis thaliana tDNA mutant ABRC Salk_079842

Atglr3.4-2

Recombinant DNA

pEF1-YC3.6 Dr. Jérg Kudla lab, Univ. Muenster, N/A
Germany

pcDNA3 Invitrogen N/A

pcDNA3-AtGLR3.4 This paper N/A

pcDNA3-AtGLR3.4(C205A) This paper N/A

pCl Promega N/A

pCI-AtCNIH1 Wudick et al., 2018b N/A

pCI-AtCNIH4 Wudick et al., 2018b N/A

pDONR201 Invitrogen N/A

pDONR201-AtGLR3.4(gDNA) This paper N/A

pDS_EF1-XB-gIr3.4-CFP Dr. Edgar Spalding, University of N/A
Wisconsin, Madison

pIRES-CD8 Clontech N/A

pK7FWG2-Lat52 Woudick et al., 2018b N/A

pSoup Hellens, R.P. GenBank: EU048870.1

Oligonucleotides

AtGLR3.4 amplification primer: 5'- gtcgact This paper N/A

ccgccaccatgggatttttggtgatgataagag —3’

AtGLR3.4 amplification primer: 5'- cggca This paper N/A

ccagagtaatttcgccatgttgtgattgtga —3’

B193 5’ - CACTATAGGGCGAATTGGGTAC This paper N/A

CGTCGACATAC TCGACTCAGAAGG - 3
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B204 5" - AGGGAACAAAAGCTGGGG
AATTCAGGTCACTG GATTTTGGTTT
TAGG -3’

B278 5’ -
CGTAATACGACTCACTATAGGGC
GAATTGGGT ACC GTCGACGAGT
CAGTAATAAACG - 3

B279 5 - TCGTTCAGCTTTTTTGT
ACAAACTTGTGATATCA CTAGTCT
GTTAATCAGAAAAACTCAG -3’

B394 5" -
GGGGACAAGTTTGTACAAAAAAGC
AGGCTTCA TGGGATTTTTGGTGATGA
TAA -3

B395 5 - GGGGACCACTTTGTACAAG
AAAGCTGGGTCAG TAATTTCGCCATGT
TGTGAT - 3

B579 5’ - TGCAGATATCCATCACACT
GGCGGCCGCATGG GATTTTTGGT
GATGATAAGAG - 3’

B580 5’ - ATAGGGCCCTCTAGATGC
ATGCTCGAGTTAAGT AATTTCGCC
ATGTTGTGATTGT -3

C328 5' - CCCGTTCCTGCCAGCCT
CATCATCAACGAATA -3

C329 5' - CGTTGATGATGAGGCTGGCAG
GAACGGGAT ATC - 3

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Software and algorithms

Leginon

gCTF

Motioncor2

RELION 2.0

UCSF Chimera
Pymol (Schrédinger)
PHENIX

CCP4

COOT

XDS
Swiss-Model
PDBsum

SigmaPlot 11.0
Origin 2015 Sr2
pFind
PDBePISA

CheckMyMetal

Suloway et al., 2005

Zhang, 2016

Zheng et al., 2017b

Kimanius et al., 2016
Pettersen et al., 2004
Delano, 2002

Adams et al., 2010

Winn et al., 2011

Emsley and Cowtan, 2004

Kabsch, 2010
Waterhouse et al., 2018
Laskowski et al., 2018

Systat Software Inc.
OriginLab Corporation

Chi et al., 2018

Krissinel and Henrick, 2007

Zheng et al., 2017a

https://emg.nysbc.org/redmine/projects/
leginon/wiki/Leginon_Homepage

https://www.mrc-Imb.cam.ac.uk/
kzhang/Gctf/

https://msg.ucsf.edu/em/software/
motioncor2.html

https://www2.mrc-Imb.cam.ac.uk/relion/
https://www.cgl.ucsf.edu/chimera/
https://www.pymol.org/2/
https://phenix-online.org/
https://www.ccp4.ac.uk/

https://www2.mrc-Imb.cam.ac.uk/
Personal/pemsley/coot

https://xds.mr.mpg.de/
https://swissmodel.expasy.org/

https://www.ebi.ac.uk/thornton-srv/
databases/cgi-bin/pdbsum/GetPage.pl?
pdbcode=index.html

Systatsoftware.com
https://www.originlab.com/doc/
http://pfind.ict.ac.cn/

https://www.ebi.ac.uk/pdbe/prot_int/
pistart.html

https://cmm.minorlab.org/

(Continued on next page)
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Other

DeltaVision Elite Deconvolution/TIRF GE Healthcare Part # 53-851206-001
microscope system

CF-1.2/1.3-2Au 200 mesh holey Protochips Cat#CF-1.2/1.3-2Au
carbon grids

Gold wire Ted Pella, Inc. Cat#21-10

lon Exchange Hi-Trap Q HP column GE Healthcare Cat# 17-1154-01
Size Exclusion Superose 10/300 column GE Healthcare Cat# 17-5172-01

RESOURCE AVAILABILITY

Lead contact
Further information and requests for the resources and reagents should be directed to and will be fulfilled by the lead contact, Alex-
ander Sobolevsky (as4005@cumc.columbia.edu).

Materials availability
New materials listed in key resources are available upon request.

Data and code availability

Cryo-EM map for full-length GLR3.4 and after ATD and micelle subtraction have been deposited to the EMDB with the accession
codes EMD-23606 and EMD-23607, respectively. Coordinates for full-length GLR3.4 and after ATD and micelle subtraction have
been deposited to the PDB with the accession codes 7LZH and 7LZI, respectively. Coordinates and structure factors for GLR3.4-
S1S2g1,, GLR3.4-S1S2g,, and GLR3.4-S1S2et structures have been deposited to the PDB with the accession codes 7L.Z0, 7LZ1
and 7LZ2, respectively. Raw files and full output tables for mass spectrometry results are available through PRIDE repository with
identifier PXD024563 (reviewer access username: reviewer_pxd024563@ebi.ac.uk, password: UDehuNMe). This study did not
generate new code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Expression of the full-length GLR3.4 protein was performed in HEK293S GnTI" cells (ATCC) that were cultured in the Freestyle 293
expression medium (GIBCO) at 37°C and 5% CO,. Baculovirus for infecting HEK293S GnTI" cells was produced in Sf9 cells (GIBCO)
that were cultured in the Sf-900 Ill SFM media (GIBCO) at 27°C. S1S2 protein expression was performed in Escherichia coli Origami B
(DES3) cells (Novagen). Cells were cultured in LB media at 37°C until ODgqg reached the value of 1.0-1.2, then cooled down to 20°C,
induced with 250 uM IPTG and incubated for another 20 hours at 20°C. COS-7 cells for calcium imaging experiments were main-
tained at 37°C and 5% CO, in Dulbecco’s Modified Eagle’s Medium, supplemented with 5% fetal bovine serum and 1% peni-
cillin/streptomycin.

METHOD DETAILS

Constructs

The full-length Arabidopsis thaliana GLR3.4 (residues 1-959; Uniprot Q8GXJ4, NCBI NP_001030971.1) was introduced into a pEG
BacMam vector for baculovirus-based protein expression in mammalian cells (Goehring et al., 2014), with the C-terminal thrombin
cleavage site (LVPRGS), followed by eGFP and streptavidin affinity tag (WSHPQFEK). The GLR3.4-S1S2 construct for expression of
the isolated LBD was made by introducing S1 (residues 492-601) and S2 (residues 709-842) fragments of GLR3.4 connected by the
glycine-threonine (GT) linker into a pET22b vector (Novagen), with the N-terminal 8xHis affinity tag followed by the thrombin cleavage
site. The boundaries of S1 and S2 were determined based on sequence alignment of GLR3.4 with GIuA2 and GLR3.2 LBDs
(Armstrong and Gouaux, 2000; Armstrong et al., 1998; Sobolevsky et al., 2009).

For expression in COS-7 cells, full-length GLR3.4 cDNA was amplified by PCR from vector pDS_EF1-XB-gIr3.4-CFP (from Spald-
ing’s lab) with the primer pair B579/B580. The resulting PCR product was cloned into Notl/Xhol digested pcDNA3 via GIA (Gibson
Isothermal Assembly) to yield pcDNAS3-atglr3.4. In order to generate the mutant pcDNA3-atglr3.4(C205A), two PCRs were performed
using pcDNA3-atglr3.4 as template with the primer pairs B579/C328 and C329/B580. The resulting PCR products were cloned into
Notl/Xhol digested pcDNAS3 via GIA.

For expression in Arabidopsis pollen, a custom gateway destination vector, pGreenll-OLE1p::OLE1::eGFP atUBQ10p::Gate-
way::eGFP, was generated. The pLat52 Gateway cassette with C-terminal eGFP was PCR amplified with the primer pair B193/B204
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using pK7FWG2-Lat52 (Wudick et al., 2018b) as a template and the resulting product was digested with Spel and purified. PCR using
Arabidopsis Col-0 gDNA was performed with the primer pair B278/B279 to amplify the atUBQ10 (At4g05320) promoter. Both PCR prod-
ucts were then cloned into Kpnl/EcoRI digested pGreenll-OLE1p::OLE1::eGFP Lat52p::Gateway (Wudick et al., 2018b) via GIA.
The genomic coding sequence of atglr3.4 was amplified with primer pair B394/B395 via PCR using Arabidiopsis Col-0 gDNA as a tem-
plate. The resulting PCR product was then used in a Gateway BP reaction with pDONR201 to create the donor clone, pDONR201-
atglr3.4. A Gateway LR reaction was performed with donor clone pDONR201-atglr3.4(gDNA) and destination clone pGreenll-OLE1-
p::OLE1::eGFP atUBQ10p::Gateway::eGFP to generate the expression clone pGreenll-OLE1p::OLE1::eGFP atUBQ10p::atgir3.4
(oDNA)::eGFP.

Plant transformation

Expression construct pGreenll-OLE1p::OLE1::eGFP atUBQ10p::atglr3.4(gDNA)::eGFP was transformed into Agrobacteria strain
GV3101 harboring the pSoup helper plasmid via electroporation. Arabidopsis thaliana Col-0 plants were then transformed via the
floral dip method according to standard protocols (Wudick et al., 2018b).

GLR3.4-S1S2 expression and purification

GLR3.4-S1S2 was transformed into Escherichia coli Origami B (DE3) cells and grown in LB media supplemented with 100 pg/ml
ampicillin, 15 pg/ml kanamycin and 12.5 pg/ml tetracycline. The freshly inoculated culture was grown at 37°C until ODggg reached
the value of 0.8-1.2. Then cells were cooled down to 20°C, induced with 250 pM isopropyl -d-1-thiogalactopyranoside (IPTG)
and incubated in the orbital shaker for 20 hours at 20°C. The cells were harvested by centrifugation at 5,000 rpm for 15 min at
4°C and washed with the buffer containing 150 mM NaCl and 20 mM Tris pH 8.0.

For GLR3.4-S1S2¢,,, all buffers in the following purification steps were supplemented with 1 mM L-glutamate. First, the cells were
resuspended in the lysis buffer containing 200 mM NaCl, 20 mM Tris pH 7.5, 1 mM B-mercaptoethanol (BME), 1 mM phenylmethy-
sulfonyl fluoride (PMSF), 200 png/ml lysozyme, 5% glycerol and DNase and disrupted by sonication. After the lysate was centrifuged at
40,000 rpm using the Ti45 rotor for 1 hour at 4°C, the supernatant was mixed with His60 Ni superflow resin (Takara) and rotated for 2
hours at 4°C. The protein-bound resin was washed with the buffer containing 200 mM NaCl, 20 mM Tris pH 7.5, 1 mM BME and
20 mM imidazole and the protein was eluted using the same buffer but containing 200 mM instead of 20 mM imidazole. The protein
was 3x diluted in the buffer containing 150 mM NaCl, 20 mM Tris pH 7.5, 1 mM BME and 5% glycerol and subjected to thrombin
digestion (1:500 w/w) for 1.5 hour at 22°C. The protein was further purified using ion-exchange Hi-Trap Sepharose-SP (GE
Healthcare).

For GLR3.4-S1S2e: and GLR3.4-S1S2g,,, protein purification was similar, except 1 mM L-glutamate was omitted from all purifi-
cation buffers. In addition, instead of ion exchange chromatography, we used size-exclusion chromatography with the Superdex 16/
60 column (GE Healthcare) and the buffer containing 150 mM NaCl, 20 mM Tris pH 7.5, 1 mM BME, and 5% glycerol. The purified
protein was evaluated using SDS-PAGE and FSEC (Superose 10/30 column, GE Healthcare) and supplemented with the correspond-
ing ligand (Met) before subjecting it to crystallization.

GLR3.4-S1S2 crystallization and structure determination

Purified GLR3.4-S1S2,, protein concentrated to ~8-10 mg/ml was first subjected to crystallization screening using Mosquito robot
(TTP Labtech) in sitting drop vapor diffusion 96-well crystallization plates at 4°C. After two weeks, small octagonal crystals appeared
in the condition consisting of 2 M ammonium sulfate and 0.1 M Sodium Acetate pH 4.6. For GLR3.4-S1S2et, 1 MM methionine was
added to the purified protein and the ligand-protein mixture was incubated for 30-40 min on ice before crystallization screening with
Mosquito. By not adding any ligands to the protein we intended to solve the S1S2 structure in the apo state, but instead ended
up solving the GLR3.4-S1S2g,, structure with serine of an apparent endogenous origin. Small octagon-shaped crystals of
GLR3.4-S1S2)set and GLR3.4-S1S2g,, grew in 2 M ammonium sulfate at 4°C. All crystals were cryoprotected using crystal growth
buffers supplemented with 25% glycerol and flash-frozen in liquid nitrogen. Crystal diffraction data were collected at the beamline
24-1D-C of the Advanced Photon Source (APS) and processed using XDS (Kabsch, 2010) and Aimless as a part of the CCP4 suite
(Winn et al., 2011).

The structure of GLR3.4-S1S2¢,, was solved by molecular replacement using Phaser (McCoy, 2007) and GLR3.2-S1S2¢,, (PDB
6VEA) as a search probe. The model was refined by alternating cycles of building in COOT (Emsley and Cowtan, 2004) and automatic
refinement in Phenix or Refmac (Adams et al., 2010). The structures of GLR3.4-S1S2),t and GLR3.4-S1S2g, were solved by mo-
lecular replacement using the GLR3.4-S1S2¢,, structure as a search probe. Water molecules were added manually in Coot. Analysis
of possible inclusion of metal ions in the S1S2 crystal structures was performed using the CheckMyMetal validation tool (https://
cmm.minorlab.org/) (Zheng et al., 2017a). All structural figures were prepared in Pymol (DeLano, 2002).

Measurements of ligand binding to GLR3.4-S1S2 using microscale thermophoresis

GLR3.4-S1S2 was purified as described above, except the N-terminal 8xHis tag was not cleaved by thrombin and remained with the
protein. The unlabeled GLR3.4-S1S2 protein was subjected to microscale thermophoresis (MST) in the Monolith NT Label free
(Nano Temper Technologies), which detected its intrinsic tryptophan fluorescence. The 1.5-uM purified protein stock solution was
made using the interaction buffer containing 150 mM NaCl and 20 mM Tris pH 7.5. The stock solutions of the ligands L-glutamate,
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L-methionine, and L-serine were prepared at the concentration of 16 mM and serially diluted using the same buffer. For interaction
measurements, the protein and ligand solutions were mixed at the 1:1 (v/v) ratio, with the protein concentration kept constant and the
ligand concentration varied. The interaction mix was incubated at room temperature for 5-10 min and subjected to thermophoresis
measurements in 16 capillaries with medium MST and 20% LED power at 24°C. For each ligand, the experiment was repeated 3-4
times and the data was averaged, normalized and fitted with the logistic equation using Origin 2015 software (OriginLab Corporation).

Full-length GLR3.4 expression and purification

The GLR3.4 bacmid and baculovirus were made by using the standard methods (Goehring et al., 2014). The P2 virus was produced in
Sf9 cells (GIBCO, 12659017) and added to HEK293S GnTI" cells (ATCC, CRL-3022) incubated at 37°C and 5% CO.. Cells were sup-
plemented with 10 mM sodium butyrate 12 hours post infection and the temperature was changed to 30°C. Cell were harvested 72
hours post infection using low-speed centrifugation (5,500 g, 10 min), washed using 1X PBS pH 8.0 and pelleted again (5,500 g,
15 min). The pellet was resuspended in 50 mL per 1 L of the initial cell culture lysis buffer consisting of 150 mM NaCl, 20 mM Tris
pH 8.0, 1 mM BME, 0.8 uM aprotinin, 2 pg/ml leupeptin, 2 uM pepstatin A and 1 mM PMSF and lysed by sonication. The lysate
was centrifuged (9,900 g, 15 min) to remove cell debris and the supernatant was subjected to ultracentrifugation (186,000 g,
40 min) to pellet cell membranes. The membranes were mechanically homogenized and solubilized for 2 hours in the buffer contain-
ing 150 mM NaCl, 20 mM Tris-HCI pH 8.0, 1 mM BME and 1% digitonin (Cayman Chemical Company, 14952). Insoluble material was
removed by ultracentrifugation (186,000 g, 40 min), while the supernatant was added to the pre-equilibrated Streptavidin-linked resin
(2 mL resin per 1L of the initial cell culture) and the mixture was rotated for 10-14 hours at 4°C. The protein-bound resin was washed
with 25 mL of the buffer containing 150 mM NaCl, 20 mM Tris-HCI pH 8.0 and 0.05% digitonin and the protein was eluted using the
same buffer supplemented with 2.5 mM D-desthiobiotin. The eluted protein was subjected to thrombin digestion (1:300 w/w) at 22°C
for 1 hour. The digest reaction was injected into Superose 6 10/30 size-exclusion column (GE Healthcare) equilibrated with the buffer
containing 150 mM NaCl, 20 mM Tris-HCI pH 8.0, and 0.05% digitonin. The tetrameric GLR3.4 peak fractions were pooled, concen-
trated to ~2.5 mg/ml and used for cryo-EM sample preparation. All the steps, unless otherwise noted, were performed at 4°C.

Cryo-EM sample preparation and data collection

Au/Au grids were prepared as described in the literature (Russo and Passmore, 2014). Briefly, grids were prepared by first coating C-flat
(Protochips, Inc., Morrisville, NC) CF-1.2/1.3-2Au 200 mesh holey carbon grids with ~50 nm of gold using an Edward Auto 306 evapo-
rator. Subsequently, an Ar/O, plasma treatment (6 minutes, 50 W, 35.0 sccm Ar, 11.5 sccm O,) was used to remove the carbon with a
Gatan Solarus (model 950) Advanced Plasma Cleaning System. The grids were again plasma treated (Ho/O», 20 s, 10 W, 6.4 sccm Ho,
27.5 sccm Oy) prior to sample application in order to make their surfaces hydrophilic. Purified GLR3.4 protein was mixed with 1 mM L-
Glutamate and incubated onice for ~30 min before grid preparation. A Vitrobot Mark IV (FEI) was used to plunge-freeze the grids after the
application of 3 pl protein solution with 100% humidity at 4°C, a blot time of 3 s, blot force set to 3, and a wait time of 20 s. The grids were
clipped and loaded into a 300 kV Titan Krios microscope equipped with Gatan K3 direct electron detection camera. 11,854 micrographs
were collected in counting mode with a pixel size of 0.83 A (~105,000x magnification) across a defocus range of —1.0 umto —2 um. The

o

total dose of 58 e"A~2 was attained by using a dose rate of ~16.0 e "pixel”'s™ across 50 frames for 2.5 s total exposure time.

Image processing

The total of 11,854 micrographs were collected as two datasets, dataset 1 (6,119 micrographs) and dataset 2 (5,735 micrographs) and
initially processed in Relion 3.1 (Zivanov et al., 2018). Frame alignment was done using MotionCor2 (Zheng et al., 2017b). CTF esti-
mation was performed using Gctf (Zhang, 2016) on non-dose-weighted micrographs while subsequent data processing was done
on dose-weighted micrographs. For each dataset, ~3,000 particles were manually selected to generate 2D classes that were used
as templates to autopick 1,044,465 particles from dataset 1 and 1,116,729 particles from dataset 2. The particle images were 4x4
binned to a pixel size of 3.32 A/pixel and subjected to 3D classification, each dataset into ten classes. A density map was generated
in Chimera from the crystal structure of GluA2 (PDB ID: 3KG2), low-pass filtered to 40 A, and used as an initial reference. The best 3D
classes contained 190,076 particles for dataset 1 and 145,948 particles for dataset 2, which were further unbinned to a pixel size of
0.83 A/pixel and re-extracted. These particles were cleaned up by 3D classification and subsequently subjected to Bayesian polishing
and CTF refinement. After refinement and postprocessing, the resulting 109,759 particles for dataset 1 and 117,856 particles for data-
set 2 produced 3D maps at the resolution of 5.0 and 4.2 A, respectively. Then the particles for datasets 1 and 2 were joined and sub-
jected to micelle subtraction and multiple rounds of 3D classification to reduce particle heterogeneity. After additional beam tilt CTF
refinement, followed by regular refinement and postprocessing, the remaining 118,592 cleaned up particles produced a map at the
resolution of 3.73 A. These particles were imported into cryoSPARC (Punjani et al., 2017) and subjected to several rounds of 2D clean
up, homogeneous and non-uniform refinement with C2 symmetry, resulting in a final map at 3.57 A resolution (110,630 particles).
Focused classification and focused refinement were performed to improve density in the TMD region (Figure S3D). The total of
227,615 combined particles from the two datasets were particle subtracted in Relion 3.1 by providing a soft mask around the LBD-
TMD region. The subtracted particles were refined, cleaned by several rounds of 2D classification in Relion 3.1 and refined again
with a soft mask to yield a final map at 4.39 A resolution (174,044 particles). The overall resolution was estimated using the Fourier
shell correlation (FSC = 0.143) criterion on masking-effect-corrected FSC curves calculated between two independent half-maps
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(Chen et al., 2013; Scheres, 2012). The local resolutions were estimated with unfiltered half-maps using ResMap (Kucukelbir et al.,
2014) and EM density maps were visualized using UCSF Chimera (Pettersen et al., 2004).

Model building

For model building of the LBD, the GLR3.4-S1S2q,, crystal structure was used as a guide. To guide model building of the ATD and
TMD, homology models of these domains were created using Swiss-Model (Waterhouse et al., 2018) and the GIuA2 structure (PDB
ID: 3KG2) as a template. The remaining parts of GLR3.4 were built de novo using cryo-EM density as a guide. The resulting model was
real space refined in Phenix (Afonine et al., 2012) and visualized using Chimera (Pettersen et al., 2004) or Pymol (Del.ano, 2002). The
analysis of intersubunit interfaces as well as surface area calculations were performed using the PDBePISA web service (https://
www.ebi.ac.uk/pdbe/prot_int/pistart.html) (Krissinel and Henrick, 2007).

Cysteine crosslinking

Cysteine substitutions were introduced using conventional PCR-based methods. Constructs were verified by sequencing over the
entire length of the GLR3.4 coding region. Wild-type and cysteine-substituted GLR3.4 proteins were expressed and purified as
described above, except 1% lauryl maltose neopentyl glycol (LMNG) detergent (Anatrace) was used instead of digitonin for protein
extraction. Binding of protein to streptavidin-linked resin lasted for 1 hour. Instead of 0.05% of digitonin, 0.1 mM LMNG was in the
buffers that were used to wash the protein-bound resin, elute the protein, and for size-exclusion chromatography. For crosslinking,
~2.5 ng of protein was subjected to denaturing conditions by addition of SDS sample buffer in the absence (non-reducing condition)
or presence (reducing condition) of 600 mM dithiothreitol (DTT). The protein samples were then run on a 4%-15% gradient SDS-
PAGE gel and protein bands were visualized by AquaStain Protein Gel Stain (Bulldog Bio). The oligomeric state of wild-type and
cysteine-substituted GLR3.4 was assessed by subjecting ~2 pg of protein to FSEC.

COS-7 cells transfection and Ca®* imaging

Protocols for COS-7 cells transfection and Ca®* imaging were adapted from the previous studies (Ortiz-Ramirez et al., 2017). COS-7 cells
(Sigma-Aldrich) were maintained at 37°C and 5% CO, in Dulbecco’s Modified Eagle’s Medium, supplemented with 5% fetal bovine
serum and 1% penicillin/streptomycin (GIBCO), and transfected at low passage (p < 7). Cells were plated at a density at 50% confluence
in 35-mm diameter dishes and transfected using FugeneHD (Promega) as specified by the supplier. Cells were co-transfected with pCl-
AtCNIH4 (0.2 ng), pCI-AtCNIH1 (0.2 pg), pcDNA3-AtGLR3.4 (0.8 pg) and pEF1-YC3.6 (0.5 ng). The co-transfection with pCl-AtCNIH4
and pCI-AtCNIH1 was previously shown to enhance functional expression and activity of GLRs (Wudick et al., 2018b). In experiments
illustrated in Figure S2E, pCI-AtCNIH4 was increased to 0.4 ng (red circles) and replaced by empty pCl plasmid in cells expressing
AtGLR3.4 alone (black circles). Cells were used for imaging 38 to 41 hours after transfection. They were washed in a Ca?*-free solution
(1mM EGTA, 10 mM Bis-Tris propane buffered to pH 7.3 with HEPES and set to 350 mOsmol with D-mannitol). Cells were imaged in the
Ca?*-free solution for 1.5 min before the addition of Ca®* to a final concentration of 14.5 mM (using Ca-Gluconate). The ligands (Glu, Asn,
or Gly; 0.5 or 1.0 mM) were added at the beginning, before Ca?* was introduced. L-glutamate, Glycine and L-Asparagine were prepared
as 100 mM stock solutions (Sigma-Aldrich, St. Louis, MO, USA). L-Glu stock solution was adjusted to pH 7.0 with Bis-tris propane. Time-
lapse acquisition was performed with a samplinginterval of 30 s. 8 to 12 cells were imaged in each dish using the stage position recording
tool of the microscope system. Imaging was performed at room temperature using a DeltaVision Elite Deconvolution/TIRF microscope
system (Olympus inverted I1X-71) under a 60X lens (1.2NA UPLSAPO water /WD 0.28 mm). A xenon lamp from the DeltaVision system
was used with a CFP excitation filter (438-424 nm). Two simultaneous emission records were captured: YFP emission (548-522 nm) and
CFP emission (475-424 nm). To minimize bleaching, the laser was set to 2%. YFP and CFP imaging were recorded with 0.6 s exposure
time. Images were processed using Imaged. Ratios were obtained after background subtraction and signal clipping using the ‘‘Ratio-
plus’” plug-in for Imaged. The signal of each channel was averaged in a circle in the middle of the cell (with 100-200 pixel diameter, de-
pending on the size of the cell). The YFP/CFP ratio was obtained by dividing the emission recorded for YFP (548-522 nm) by the one
recorded for CFP (475-424 nm). No significant bleaching or ratio drift was observed in our experimental conditions.

Patch-clamp recordings

For patch-clamp recordings, COS-7 cells were maintained and transfected according to the protocol described in the COS-7 cells
transfection and Ca®* imaging section. Cells were co-transfected with pCI-AtCNIH4 (0.2 ng), pCl-AtCNIH1 (0.2 ng), pcDNA3-
AtGLR3.4 (0.4 ng) and pIRES-CDS8 (0.05 png), the latter to select transfected cells with the help of anti-CD8 antibody-coated beads
(Dynabeads, Thermo Fisher Scientific, USA). In experiments described in Figure S2B, the quantity of pcDNA3-AtGLR3.4 was
increased to 0.8 ng. Patch-clamp was performed in the whole-cell configuration, 39 to 45 hours after transfection. Pipettes were
pulled using a P97 puller (Sutter Instrument, Novato, CA, USA). Their resistance was 3-5 MQ in the bath solution. Whole-cell currents
were recorded at the sampling frequency of 2-4 kHz and filtered at 1-2 kHz using an Axopatch 200A amplifier with an Axon 1200
DigiData analog-to-digital converter and pCLAMP software (Molecular Devices, Sunnyvale, CA, USA). The pipette solution contained
150 mM Na-Gluconate, 3 mM MgCl,, 4 mM HCI, 5 mM EGTA, and 10 mM Bis-tris-propane pH 7.2 (adjusted using HEPES). The bath
solution contained 20 mM Ca-Gluconate, 10 mM Na-Gluconate and 10 mM Bis-tris propane pH 6.5 (adjusted using MES). Solutions
were adjusted to 350 mOsmol with D-mannitol. L-glutamate, Glycine and L-Asparagine were prepared as 100 mM stock solutions
(Sigma-Aldrich, St. Louis, MO, USA). L-Glu stock solution was adjusted to pH 7.0 with Bis-tris propane. In experiments illustrated in
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Figure S2C, washout was performed by gravity perfusion at the rate of 1 mL per minute. For the experiments with GSH, the pipette
solution contained: 150 mM NaCl, 3mM MgCl,, 10 mM BTP, 5 mM EGTA, and 100 nM free Ca%*. pH was adjusted to 7.3 with HEPES
and osmolarity to 350 mOsmol with D-mannitol. Bathing solution contained: 15 mM CaCl, and 10 mM BTP. pH was adjusted to 7.3
with HEPES and osmolarity to 350 mOsmol with D-mannitol. The voltage protocol during current acquisition followed the sequence:
(1) cells were clamped at a holding potential of 0 mV, and (2) 1.5-s voltage pulses were applied in the range of —100 to +60 mV with the
20-mV steps. The holding potential was returned to 0 mV for 1.1 s between the pulses.

Extracellular calcium influx measurements

Extracellular Ca®* influx was measured at the tip of the pollen tubes using the ion-selective vibrating probe with simultaneous growth
rate monitoring, as described previously (Wudick et al., 2018b). Measurements were performed in two Arabidopsis thaliana indepen-
dent T-DNA insertion lines, Atgir3.4-1 (SALK_201768) and Atgir3.4-2 (SALK_079842), while Col-0 was used as wild-type. Plants were
grown under short-day conditions (12 hours of light at 22°C and 12 hours of dark at 18°C, with an irradiance of ca. 100 pmol m2sec™).
Arabidopsis pollen grains were collected from fresh flowers and then germinated in liquid medium containing 500 pM KCI, 500 pM
CaCly, 125 pM MgSQy,, 0.005% H3zBO3, 125 uM HEPES pH 7.5 and 16% sucrose. Pollen grains were incubated at 21.5°C for at least 3
hours. Growing pollen tubes longer than 150 um were selected for flux and growth rate measurements.

Confocal microscopy of Arabidopsis pollen

Wild-type Col-0 pollen stably expressing UBQ10:GLR3.4-GFP was mounted in germination medium (500 uM KCI, 500 pM CaCl,,
125 pM MgSOy, 0.005% HzBO3, 125 uM HEPES pH 7.5 and 16% sucrose) and visualized using the 63 x /1.4 plan- apochromat
objective of a Zeiss LSM700 laser scanning confocal microscope using the 488 nm laser for excitation (emission recorded at
500-530 nm). Image analysis was performed using Imaged (https://rsbweb.nih.gov/ij/).

Liquid chromatography and mass spectrometry

Purified full-length GLR3.4 was alkylated with 40 mM 2-chloroacetamide (CAA, Sigma-Aldrich) followed by the addition of Urea
(Sigma-Aldrich) to a final concentration of 8 M. For reducing conditions, tris(2-carboxyethyl)phosphine hydrochloride (TCEP,
Sigma-Aldrich) was added to a final concentration of 10 mM. The resulting solution was heated to 37°C for 1 h. Next, the samples
were diluted with 50 mM ammonium bicarbonate (Sigma-Aldrich) and digested by a combination of LysC (Wako) and Trypsin (Prom-
ega). The final peptide mixtures were acidified with formic acid (Sigma-Aldrich) to a final concentration of 1% and then desalted with
CDS Empore™ SDB-RPS (Fischer Scientific) in house-packed stage-tips (Rappsilber et al., 2007).

Desalted peptides were injected into an EASY-Spray PepMap RSLC C18 50 cm x 75 pm column (Thermo Scientific), which was
coupled to the Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). Peptides were eluted at the flow rate of 250 nL/min
with a non-linear 120-min gradient of 5%-30% buffer B consisted of 0.1% (v/v) formic acid and 100% acetonitrile. The column tem-
perature was maintained at 50°C throughout the entire experiment. Thermo Scientific Orbitrap Fusion Tribrid mass spectrometer was
used for peptide MS/MS analysis. Survey scans of peptide precursors were performed from 350 to 1500 m/z at 120K FWHM reso-
lution (at 200 m/z) with a 2 x 105 ion count target and a maximum injection time of 60 ms. The instrument was set to run in top speed
mode with 3 s cycles for the survey and the MS/MS scans. After the survey scan, tandem MS was performed on the most abundant
precursors exhibiting a charge state from 2 to 6 of greater than 2 x 105 intensity by isolating them in the quadrupole at 1.6 Th. HCD
fragmentation was applied with 30% collision energy and the resulting fragments were detected using the auto: m/z Normal in the
Orbitrap. The AGC target for MS/MS was set to 5 x 10* and the maximum injection time limited to 30 ms. The dynamic exclusion was
set to 30 s with a 10 ppm mass tolerance around the precursor and its isotopes. Monoisotopic precursor selection was enabled.

The acquired raw data were analyzed with pFind software platform (Chi et al., 2018) against reduced database based on the reviewed
Arabidopsis thaliana proteins (16,268 entries, version 2021_02, downloaded from UniProt) from which 1,000 random entries plus GLR3.4
were retained. Full-specific mode with TrypsinKR_C and up to two missed cleavages were used. Precursor tolerance and Fragment
tolerance were set to 20 ppm. Modification search was performed in an open mode with Carbamidomethyl (C), Glutathione (C), and
Oxidation (M) set as dynamic modifications. In case of Glutathione, a neutral loss was defined as 129.1148 Da. The FDR was set as
1% with the peptides mass in the range of 600-10,000 Da and the length between 6 and 100 residues. The raw files and full output tables
are available through PRIDE repository with identifier PXD024563 (reviewer access username: reviewer_pxd024563@ebi.ac.uk, pass-
word: UDehuNMe).

QUANTIFICATION AND STATISTICAL ANALYSIS

Calcium imaging and confocal microscopy data (Figures 1B, S1, S2E, and S2F) were analyzed using Imaged. Mass spectrometry
data (Figure 3B) was analyzed using pFind. Statistical analysis was performed using SigmaPlot 11.0 (Figures 1A, 1B, 3C-3E, S1D,
and S2) and Origin 2015 Sr2 (Figure SGE). In all figure legends, n represents the number of independent biological replicates. All quan-
titative data were presented as mean + SEM. Statistical analyses were conducted using one-way ANOVA followed by the post hoc
Dunnett test (Figures S1D and S2D). Values of p < 0.05 were considered statistically significant.
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Figure S1. GLR3.4 is associated with cell polarity and Ca?* influx in growing pollen tubes, Related to Figure 1

A. GLR3.4 is an early marker of differentiation of the aperture domain of the plasma membrane that will outgrow into
the pollen tube (sequence from left to right). B. GLR3.4 remains a marker of the apical end of the pollen after the
formation of a callose plug. C. GLR3.4 labels the top ends of root phloem cells (arrows). Bars are 10 ym-long. D.
Extracellular Ca?* influx is reduced at the pollen tube tip of two allele mutant lines (Atglr3.4-1 and Atglr3.4-2) when
compared to wild-type (Col-0). Violin plots show the probability density with color-filled curves obtained from individual
replicates (open gray circles), boxplots (thick black lines and outliers as black dots) overlaid with the mean and SEM
(red circles and lines). Asterisks indicate the significant difference (p < 0.001) compared to wild type (one-way ANOVA
followed by the post-hoc Dunnett test).
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Figure S2. GLR3.4 are ligand-gated Ca?*-permeable channels that need CNIHs for functional expression in
COS-7 cells, Related to Figure 1

A. Currents recorded from COS-7 cells expressing GLR3.4 alone (left traces) or co-expressing it with CNIH1+4 in the
absence (middle traces) or presence of 1 mM Glu (right traces). The recording conditions are the same as for Figure
1a. B. Voltage-dependence of currents recorded from COS-7 cells expressing GLR3.4 alone (without CNIHs) before
(black circles) or after (red circles) application of 1 mM Glu (n = 13, mean + SEM). C. Voltage-dependence of currents
recorded from COS-7 cells co-expressing GLR3.4, CNIH1 and CNIH4 before (black circles) or after (red circles)
application of 1 mM Asn. The current amplitude increases in response to Asn application but returns to the basal level
after washout (green circles) (n = 6, mean £ SEM). D. Violin plots of data distribution shown in Figure 1A (+60 mV, left
plot), as well as this figure panels B (+40 mV, middle plot) and C (+60 mV, right plot). The values presented are non-
normalized total current amplitudes overlaid with the mean and SEM (blue circles and lines). E. Changes in cytosolic
Ca?* measured in COS-7 cells expressing YC3.6 and either GLR3.4 alone (black circles; n = 21, mean + SEM), GLR3.4
and CNIH4 (red circles; n = 13, mean = SEM) or GLR3.4 and CNIH1 and CNIH4 (green circles; n = 33, mean + SEM).
Note the additive activating effect of CNIHs on the GLR3.4-mediated Ca?* influx. F. Changes in cytosolic Ca?* measured
in COS-7 cells expressing YC3.6 and GLR3.4 and CNIH1 and CNIH4 in response to applications of 0.5 mM Gly (black
circles; n =9, mean + SEM) or 0.5 mM Asn (red circles; n = 3, mean + SEM). Asn elicits comparable to Glu Ca?* influx,
while the response to Gly is much smaller.
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Figure S3. Overview of single-particle cryo-EM for GLR3.4, Related to Figure 1

A. Example cryo-EM micrograph for GLR3.4 with example particles circled in red. B. Reference-free 2D class averages
of GLR3.4 illustrating different particle orientations. C. Distribution of particle Euler angle orientations contributing to
the final reconstruction, with larger red cylinders representing orientations comprising more particles. D. 3D
reconstruction workflow. E. Local resolution mapped on the GLR3.4 density viewed parallel to the membrane either in
its entirety (left) or coronally halved (right). F. Fourier shell correlation (FSC) curves from refinement. G. Density for the
transmembrane domain of 4.39-A reconstruction after ATD and micelle subtraction. Shown are subunits A and C, with
subunits B and D omitted for clarity. H. Fragments of the 3.57-A resolution full-length GLR3.4 cryo-EM map for the
transmembrane segments M1, M3 and M4 of subunit A.
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Figure S4. Probing intersubunit interfaces in GLR3.4, Related to Figure 2

A. GLR3.4 structures with each subunit in a different color. B-F. Close-up views of ATD intradimer (B), ATD interdimer
(C), LBD intradimer (D), LBD interdimer (E) and TMD (F) interfaces, with residues contributing to the interfaces shown
in sticks and mutated to cysteine labeled in bold font. G. FSEC traces for purified wild type GLR3.4 and cysteine-
substituted mutants showing a single tetrameric protein peak tracked by intrinsic tryptophan fluorescence. H-l. SDS-
PAGE analysis of spontaneous crosslinking of cysteines introduced at intersubunit interfaces. Left and right panels
illustrate experiments carried out in reducing and non-reducing conditions, respectively. Filled and open triangles
indicate positions of monomeric and dimeric bands, respectively.



Figure S5. Non-equivalence of subunits in GLR3.4, Related to Figure 2

A. Subunits A and B with the same orientation of ATDs and LBDs (blue ovals). The axis of the local two-fold symmetry
is shown as a vertical solid line. B. Superposition of subunits A and B with the difference in TMD conformation illustrated
by the pink arrow. C-D. Diagonal A/C (C) and B/D (D) subunit pairs with the same orientation of TMDs (red ovals). The
axis of the overall two-fold symmetry is shown as a dotted line.
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Figure S6. Structures of isolated LBDs, Related to Figure 4

A. Superposition of GLR3.4-S1S2 structures in complex with Glu (blue), Ser (yellow) and Met (pink). The ligands are
shown in ball-and-stick representation. Black rectangle indicates the region expanded in (B-C). Secondary structure
elements are labeled. B-C. Closeup views of the ligand binding pocket in GLR3.4-S1S2ser (B) and GLR3.4-S1S2wet
(C), with the omit map density for Ser and water (B) and Met (C) at 2.5¢ shown as a blue mesh. Binding pocket residues
are shown in sticks and their interactions with the ligands and water (W) are indicated by dashed lines. D. Superposition
of the Met-bound isolated LBDs for GLR3.2 (PDB ID: 6VES; green), GLR3.3 (PDB ID: 6R8A; purple) and GLR3.4 (pink).
E. Changes in tryptophan fluorescence of GLR3.4-S1S2 detected by microscale thermophoresis at different
concentrations of Glu, Ser and Met. The straight lines are logistic equation fits with the apparent dissociation constants
for Glu, 90 £ 12 uM (n = 4), and Met, 14.2 + 5.9 uM (n = 4). Note, Ser, which is already bound to GLR3.4-S1S2, shows
no binding (n = 3). Data are represented as mean + SEM.



Table S1. Cryo-EM data collection, refinement, and validation statistics, Related to STAR

Methods and Figure 1.

Data collection and
processing

Full-length GLR3.4

GLR3.4 after ATD and micelle
subtraction

PBD accession code 7LZH 7LZI
EMDB accession code EMD-23606 EMD-23607
Magnification 105,000 105,000
Voltage (kV) 300 300
Electron exposure (e-/A2) 58 58
Defocus range (um) -1to0 -2 -1to-2
Pixel size (A) 0.83 0.83
Symmetry imposed C2 C2
Initial particle images (no.) 2,159,194 227,615
Final particle images (no.) 110,630 174,044
Map resolution (A) 3.57 4.39
FSC threshold 0.143 0.143
Map resolution range (A) 2.27 t0 8.25 4.2t05.0
Refinement

Model resolution (A) 3.57 4.39
FSC threshold 0.143 0.143
Model resolution range (A) 2.27 10 8.25 4.2105.0
Map sharpening B factor (A?) -118.3 -170.6
Model composition

Non-hydrogen atoms 25,306 11,782
Ligands-Glu 40 40
Ligands-GSH 80 0
Sugar-NAG 224 112
Number of Protein residues 3,192 1,480
B factors (A2)

Protein 98.54 184.96
Ligands 77.13 129.34
r.m.s. deviations

Bond lengths (A) 0.009 0.005
Bond angles (°) 1.271 1.187
Validation

MolProbity score 1.69 1.60
Clashscore 4.49 4.41
Poor rotamers (%) 0.44 0.16
Ramachandran plot

Favored (%) 92.57 94.49
Allowed (%) 7.43 5.51
Outliers (%) 0 0




Table S2. Crystallographic data collection and refinement statistics, Related to STAR
Methods and Figure 4.

GLR3.4-S1S2¢,, GLR3.4-S1S2s,, GLR3.4-S1S2yt
PDB accession code 7LZ0 7LZ1 7L.22
Beamline NE-CAT 24-ID-C NE-CAT 24-ID-C NE-CAT 24-ID-C
Wavelength (A) 0.97910 0.97918 0.97918
Space group P6522 P6522 P6522
Cell parameters
(a,b, c,A) 74.34,74.34, 513.56 | 74.51, 74.51, 507.98 | 74.58, 74.58, 508.89
Cell parameters
(a, B, Y, %) 90, 90, 120 90, 90, 120 90, 90, 120
Resolution (A) 64.38-2.29 64.53-1.51 84.81-1.50

(2.29-2.23) (1.54-1.51) (1.55 - 1.50)

N of monomers per AU 3 3 3
Total observations 366,555 (33,632) 2,020,815 (92,162) | 1,796,831 (89,595)
Unique reflections 39,519 (3,657) 133,111 (6,458) 136,052 (6,600)
Rmerge (%) 0.117 (0.769) 0.084 (1.438) 0.060 (1.141)
Rmease (%) 0.131 (0.858) 0.090 (1.544) 0.065 (1.231)
Rpim (%) 0.057 (0.376) 0.031 (0.559) 0.024 (0.460)
Mean (l)/sigma (1) 12.9 (2.8) 15.4 (1.5) 19.3 (1.9)
Completeness (%) 99.7 (97.0) 100 (100) 99.9 (100)
Multiplicity 9.3(9.2) 15.2 (14.3) 13.2 (13.6)
CC (1/2) 0.998 (0.805) 0.999 (0.524) 0.999 (0.654)
Wilson B-factors (A?) 36.3 22.3 21.7
Refinement
Resolution 64.46-2.29 64.61-1.51 84.96-1.50
Reflections used in 37,406 126,247 129,095
refinement
Rwork 21.12 20.42 18.59
Riree 24.76 23.09 20.88
Number of non-hydrogen atoms
Macromolecule 5,877 5,867 5,899
Ligands 30 21 27
Average B factor (all 39.0 28.5 28.0
atoms)
Average B Factor 39.36 28.36 27.58
Macromolecule
Number of Protein 751 749 755
Residues
Number of water 98 211 335
molecules
RMSD bond lengths (A) 0.0042 0.0113 0.0135
RMSD angles (°) 1.2528 1.6652 1.8753
Ramachandran plot
Preferred regions (%) 97.58 97.04 97.45
Allowed regions (%) 2.42 2.69 2.14
Outliers (%) 0 0.27 0.40
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