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Abstract

Plant glutamate receptor-like (GLR) genes encode ion channels with
demonstrated roles in electrical and calcium (Ca**) signaling. The expan-
sion of the GLR family along the lineage of land plants, culminating in the
appearance of a multiclade system among flowering plants, has been a topic
of interest since their discovery nearly 25 years ago. GLRs are involved in
many physiological processes, from wound signaling to transcriptional reg-
ulation to sexual reproduction. Emerging evidence supports the notion that
their fundamental functions are conserved among different groups of plants
as well. In this review, we update the physiological and genetic evidence
for GLRs, establishing their role in signaling and cell-cell communication.
Special emphasis is given to the recent discussion of GLRs’ atomic struc-
tures. Along with functional assays, a structural view of GLRs’ molecular
organization presents a window for novel hypotheses regarding the molec-
ular mechanisms underpinning signaling associated with the ionic fluxes
that GLRs regulate. Newly uncovered transcriptional regulations associated
with GLRs—which propose the involvement of genes from all clades of
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Ionotropic receptors:
sometimes referred to
as ligand-gated ion
channels, the receptor
is formed by a
ligand-binding domain
linked to an ion
channel-forming
transmembrane region

Arabidopsis thaliana in ways not previously observed—are discussed in the context of the broader
impacts of GLR activity. We posit that the functions of GLRs in plant biology are probably much
broader than anticipated, but describing their widespread involvement will only be possible with
(@) a comprehensive understanding of the channel’s properties at the molecular and structural
levels, including protein—protein interactions, and (b) the design of new genetic approaches to
explore stress and pathogen responses where precise transcriptional control may result in more
precise testable hypotheses to overcome their apparent functional redundancies.
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1. INTRODUCTION

Plant glutamate receptor-like (GLR) ion channels are ionotropic receptors, ion channels that are
activated by ligand binding. Akin to their mammalian homologs, GLRs are sometimes referred to
simply as glutamate receptors. However, in plants, the range of ligands for GLRs is much broader
than just glutamate, and GLRs’ physiological repertoire in plant biology has been steadily in-
creasing in recent years. The interest and scrutiny of these amino acid—receptor channels are
proportional to the number of reviews covering their characterization, from the initial steps of
identification and evolution (27, 40, 44, 118, 158) to more focused aspects such as roles in long-
distance communication (47), structural and functional comparison to animal homologs (165), and
physiological functions (48).

GLRs are named according to their homology to the mammalian ionotropic glutamate
receptors (iGluRs), which are ligand-gated ion channels (85, 147). iGluR specificity for glutamate
binding activates ion-selective transport that is key to neurotransmission (50, 56, 147). As plants
lack an anatomical nervous system and GLRs have been documented in diverse physiological
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processes across plant organs, the functional definition of GLRs is not fully understood. The
uniting factor of GLRs and iGluRs is their control over electrical signaling and calcium (Ca?*)
signaling. However, major gaps in GLR knowledge exist in fundamental areas such as ion selectiv-
ity and channel gating properties, which are critical parameters underpinning signal transduction
in a cell—cell communication context. The localization of GLRs in various subcellular structures
other than the plasma membrane [e.g., endoplasmic reticulum (ER), tonoplast, and plastids] also
diverges from the canonical iGluR function in plasma membrane-based cell-cell communication,
suggesting that new roles may have evolved, such as Ca’* store operation, for which plants lack
practically all the canonical small-ligand regulatory systems described in animals [e.g., ryanodine
receptors and inositol triphosphate (IP3) receptors]. The recent burgeoning understanding of
GLRs’ molecular detail provided by various atomic structures, including the ligand-binding
domain (LBD) (2, 42) and the full-length channel of AtGLR3.4 (45), offers a new lens through
which to examine the available genetic and physiological evidence for GLR function and extract
hypotheses both to propel the plant membrane transport field and to enlarge the palette of
GLR-associated roles in plant physiology.

2. GLUTAMATE RECEPTOR HOMOLOGY AS SEEN
BY ATOMIC STRUCTURE

The glutamate receptor family members are evolutionarily conserved ion channels that are only
absent in archaebacteria and fungi (20, 43, 64, 99, 122, 133). The model flowering plant Arabidopsis
thaliana encodes 20 GLRs divided into three phylogenetic clades (84) (Figure 1). Clade 3 is the
most ancestral, while clade 1 is the most recently diverged group and is specific to Brassicaceae
members (28). Clade 2 has been described as a sister to clade 1 (20). Absent from Arabidopsis is
the novel clade 4, which appears rare and includes many unannotated and largely uncharacterized
genes (4, 28, 89). Of relevance, a dramatic multiplication of genes and the multiclade structure
made their appearance with flowering plants (28, 84, 165) (Figure 1). For comparison, Arabidopsis
clades 1 and 2 diverged more from clade 3 than clade 3 diverged from the moss Physcomitrium
patens and the lycophyte Selaginella moellendorffii, despite hundreds of millions of years of diver-
gence. Without apparent preference for clade assignment, GLRs in flowering plants are expressed
throughout the whole plant and are proposed to exhibit widespread subcellular localization to the
plasma membrane, vacuolar system, ER, plastids, and mitochondria (45, 102, 111, 143, 144, 153,
166) (Table 1). Notwithstanding the existence of possible reported localization artifacts from
overexpression when constitutive promoters are used, most of the reported localizations were
done with native promoters, and in a few cases with antibodies, suggesting that localization to the
plasma membrane and other endomembranes is agreed upon among researchers. For example,
ArGLR3.5 is the only GLR gene with a signal sequence cognate to localization in mitochondria
and plastids, which was functionally confirmed (143). Localization of other GLR members seems
to need specific membrane-sorting mechanisms from the ER. For example, 4fGLR2.1 sorts to the
vacuole in pollen and, in the extreme, A#*GLR3.3 localizes to the external and plasma membranes
of sperm but not to the pollen tube membrane a few micrometers away, despite localizing to the
plasma membrane in root cells (152, 153, 166). Both of these GLRs were found to depend on the
coat protein complex IT (COPII) cargo adaptor CORNICHON-HOMOLOG (CNIH) family of
proteins (see Section 3.1) and become retained in the ER when two or more CNIH genes are
mutated (165, 166). Last but not least, the multiplicity of GLR genes and their discrete group-
ings thus pose immediate but long-standing questions if new genes arose by duplication events
or if divergent clades adopted original attributes by strong evolutionary pressure to co-opt novel
functions that are not present in the mosses, ferns, or early land plants (27). Neither outcome is
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Figure 1

Phylogenetic relations of plant GLRs and iGluRs. The phylogenetic relations of glutamate receptors from
the model flowering plant of Arabidopsis thaliana (At) and other flowering plants that are described to show a
conserved phenotype, including Zea mays (Zm), Oryza sativa (Os), Solanum lycopersicum (SI), Gossypium
birsutum (Gh), and Raphanus sativus (Rs), as well as basal land plants such as the moss Physcomitrium patens
(Pp), the liverwort Marchantia polymorpha (Mp), and the lycophyte Selaginella moellendorffii (Sm), compared to
the invertebrate Caenorbabditis elegans (Ce) and AMPARs, NMDARs, KARs, and 8-receptors from mammals
(without prefix). Also included are the bacterial GIuRO from Synechocystis PCC 6803 and AvGluR1 from the
freshwater rotifer Adineta vaga (Av). GLRs from A. thaliana and mammals are shown in colored text for
clarity. Proteins identified with the prefix XP are unannotated sequences from O. sativa containing signature
GLR motifs. Sequences were aligned using MUSCLE software, and the phylogenetic tree was constructed
using the neighbor-joining method (35, 126). Sequences are available in the Supplemental Text, and
selected accession numbers are included in the Supplemental Text or Table 1. Additional abbreviations:
AMPAR, o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; GLR, glutamate receptor-like;
iGluR, ionotropic glutamate receptor; KAR, kainate receptor; MUSCLE, multiple sequence comparison by
log-expectation; NMDAR, N-methyl-p-aspartate receptor; 3, 3-receptor.

mutually exclusive, and mapping of tandem genes on the same chromosome suggests the existence
of duplication events.

2.1. The Domain Architecture of Ionotropic Glutamate Receptors

The homology between GLRs and iGluRs was discovered by complementary DNA sequences re-
vealing a predicted topology consisting of a transmembrane domain (TMD)—comprised of three
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LBD TMD LBD  TMD

a Ne— ATD
b N

Apoplast

ATD

LBD

TMD

CTD
Cytosol COOH

8-receptor

Figure 2

GLR architecture. (2,b) Linear representation of common GLR domains and GLR subunit topology
showing the three main structural and functional protein domains: ATD, LBD, and TMD with the CTD.

(¢) Structure of the A*GLR3.4 homomer (PDB ID 7LZH) next to a diagram displaying the paired subunits
in the TMD, LBD, and ATD. (d,¢) Common architecture representative of AMPAR, NMDAR, KAR, and
8-receptors (PDB IDs SWEO, 510V, 7KS3, and 6KSS, respectively). Diagram displaying the paired subunits
appears as in panel ¢. Abbreviations: AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor; ATD, amino-terminal domain; CTD, C-terminal domain; GLR, glutamate receptor-like; GSH,
glutathione; KAR, kainate receptor; LBD, ligand-binding domain; NMDAR, N-methyl-p-aspartate
receptor; PDB ID, Protein Data Bank identification; TMD, transmembrane domain; 8, 3-receptor.

transmembrane pass a-helixes plus one partial reentry pore loop—along with a putative LBD that
is conserved with bacterial periplasmic amino acid-binding proteins (PBPs) and animal iGluRs
(1, 85). The atomic structures of isolated LBDs of A#GLR3.2 (42), A*GLR3.3 (2), and A1GLR3.4
(45) captured by X-ray crystallography plus the full-length channel of 4#GLR3.4 solved by cryo-
electron microscopy (cryo-EM) (45) validate the evolutionary relationship between GLRs and
iGluRs. GLRs, like iGluRs, form ion channels by tetramerization, showing a similar modular lay-
out (45) (Figure 2). The TMD layer, which contains the ion channel pore, is made up of three
transmembrane-spanning domains (M1, M3, M4) and one reentry pore loop (M2), reminiscent
of canonical iGluRs. The M1, M2, and M3 domains are concatenated by a pair of intracellular
linkers, L1 and L2, although these segments are not yet characterized. The TMD is attached to
the LBD by another set of polypeptide linkers (S1-M1, M3-S2, S2-M4). Found in the apoplastic
extracellular space, the LBD is encoded by the S1 and S2 segments of each gene and translated
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into a clamshell-shaped receptor with an upper (D1) and a lower (D2) globular lobe. An amino-
terminal domain (ATD) layer sits on top of the LBD. Lastly, a carboxyl-terminal domain (CTD)
is present intracellularly (Figure 2).

M3 is the most highly conserved domain of the protein, harboring the consensus sequence
SYTAxLxxx (21). Coined as the ion channel gate, four M3 helixes achieve a fourfold symmetry
converging in a conic shape pointing inwards and marking the extracellular border of the ion
permeation pathway crossing the lipid membrane (149, 150). The SYTAxLxxx motif is entirely
conserved in Homo sapiens represented by SYTANLAAF and is essential for iGIuR gating (147).
Plant GLRs differ in four of the eight amino acids, with consensus motifs also diverging between
the three clades (165). While the conservation of the SYTAxLxxx motif would suggest an impor-
tant functional role, there is no data illustrating if these divergences in GLRs reflect any functional
adaptation.

An important uniqueness of GLRs comes from the M2 pore loop, which is critical for GLR
function since it comprises the pore and selectivity filter (largely governing the ion selectivity). The
amino acid residues within GLRs” M2 pore loops are dramatically different from any within iGluR
tamilies (27, 31). This divergence makes any prediction by sequence comparison with mammalian
channels (or for any other known ion channel) futile in terms of predicting what ions pass—inward
or outward—through GLRs (27, 31). While the three-clade system of A#GLRs is well-rooted in
their sequence divergence, if only the channel’s transmembrane M1 and M3 domains with the
M2 pore loop are analyzed, then the clade separation disappears (20, 44), suggesting a conserva-
tion of ion selectivity among plant GLRs of different clades. We presently have no experimental
evidence for this, and, in the absence of any evident patterns regarding functional differences be-
tween clades, the strong divergence of the pore region of GLRs from other glutamate receptors
(mammalian and prokaryotic) remains counterintuitive. As a result, best guesses would logically
conclude that the extracellular domains of the LBD and ATD harbor the most divergence sepa-
rating plant GLR clades and therefore could underlie diverse ligand-gating properties and general
channel regulation, while ion selectivity between clades should be similar. Presently available data
allow no confirmation or falsification of these general principles.

2.2. The Evolution of an Amino Acid-Signaling Ion Channel

The pivotal step in the evolution of all glutamate receptors appears to have come from the fusion
of a prokaryotic potassium (K*) ion channel pore loop with a bacterial amino acid-binding pro-
tein (162). The acquisition of an amino acid receptor by a transmembrane ion channel indicates
that these ionotropic receptors evolved to operate in amino acid signaling. The acquisition of a
second amino acid binding that forms the ATD (see Figure 2) would be expected to emphasize
the apparent importance of amino acid binding (1, 165). However, there is no evidence of amino
acid binding to the GLR ATD. Several allosteric modulators, including zinc (Zn?*), protons (H*),
and ifenprodil, have been discovered to bind the ATD of some human iGluRs, making it a strong
regulatory domain and candidate site for drug design (63). From an evolutionary perspective of
the TMD, it seems increasingly apparent that the ion selectivity governed by the pore has greatly
diversified between kingdoms. Experimental data foremost support the hypothesis that the pore
loop is derived from an unknown K* channel, creating a phylogenetic link between glutamate
receptors and K* channels (81, 163). The bacterial glutamate receptor GluRO from Synechocystis is
only a three-transmembrane pass ion channel, missing the M4 domain in addition to lacking the
ATD that was later developed in eukaryotes. GluRO is also a K*-selective ion channel (18). The
freshwater rotifer Adineta vaga is thought to encode the first eukaryotic glutamate receptor with a
modular architecture and four-transmembrane pass channel similar to those of GLRs and iGluRs
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and is also a K*-selective ion channel (64). Among mammals, iGluRs evolved to be nonselective
cation channels, many with permeability to Ca**. The nonselectivity of iGluRs—and relative gain

of sodium (Na') permeability—was one adaptation to promote membrane depolarization of neu- ..
Depolarization:

) ) ‘ ) ) ) a change in the

An exact comparison cannot be drawn to plant GLRs, given that anions are involved in the main  membrane potential to

rons and comprises their main physiological role (165) (see the sidebar titled Neurotransmission).

depolarization mechanisms of plants. Theoretically, anionic permeability of GLRs would fulfill  more positive (or less
the same physiological role that Na* permeability of iGluRs does to drive membrane depolariza- ~ negative) voltages
tions for electrical signaling (see the sidebar titled Different Environments: Do Plant Glutamate

Receptors Function Like Tonotropic Glutamate Receptors?) (see also Figure 3). Presently, there

is, however, no data to support such a hypothesis.

NEUROTRANSMISSION

Synapses impose barriers for neurotransmission, which are overcome by glutamate when it binds to specific iGluR
subtypes to electrochemically connect neurons. The subtypes are defined by their agonist pharmacology and
include a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), N-methyl-p-aspartate re-
ceptors (NMDARSs), and kainate receptors (KARs) (a fourth group, the 3-receptors, is not so well characterized).
The release of glutamate into the synaptic cleft is initiated by a presynaptic depolarization activating voltage-gated
Ca?* channels (Ca,s), which evokes Ca?* -dependent exocytosis (90, 132). Glutamate binding to AMPARs and KARs
with an ECs as low as 1 pM initiates a rapid depolarization through a Na* influx to propagate the electrical sig-
nal (147) (Figure 3a,b). While depolarized, a Ca’* influx at the postsynaptic neuron occurs when glutamate plus
glycine or p-serine binds to NMDARs (Figure 3a4.,b).

DIFFERENT ENVIRONMENTS: DO PLANT GLUTAMATE RECEPTORS FUNCTION
LIKE IONOTROPIC GLUTAMATE RECEPTORS?

Most functional hypotheses about plant GLRs took inspiration from their homology to mammalian iGluRs. The
model of electrical and glutamatergic signaling exemplified by iGluRs during neurotransmission is complicated
by various factors in plants and should be scrutinized for viable analogies of glutamate receptors or for where
evolutionary divergence seems to predicate distinct GLR properties not yet described. First, the Nat concentration
in the apoplast is too low to generate a suitable chemical gradient for fast depolarization. Standing concentrations
of ions are variant by cell type and species, but overall they are supported by a membrane transport system different
from that of animals (5, 33, 34, 100). All other cells—except for animal cells—use H" -pumps to energize membranes
by a pH gradient. In plants, this role is performed by P-type, auto-inhibited H*-ATPase (139). The H motive force
contributes to a hyperpolarized resting membrane potential, allowing an anionic efflux, instead of the Na* influx,
to drive depolarizations. The plant action potential is thus orchestrated by H*, anions, Ca’*, and K* (Figure 3¢,d)
(6,26,41,52,53,57,65,77,95,117, 142, 148). Classes of plant anion channels [such as aluminum-activated malate
transporters (ALMTs) and slow-type anion channel homologs (SLAHs)] have no mammalian homologs, and plants
lack fast voltage-dependent Na* or Ca?* channels (54, 113). From a physiological and genetic standpoint, the
evidence suggests that electric signaling in plants has taken a different path.

Secondly, glutamatergic signaling in plants lacks the specificity of that in neurons. Glutamate bolsters plant
development through the regulation of hundreds of genes (17, 49, 69, 121, 154, 155). Despite incertitude and the
emergence of recent conflicting data (17), glutamate and other amino acid concentrations in the apoplast seem to
fall into the millimolar range (39, 59, 91), orders of magnitude above the measured ECso of GLRs (74). And no data
in plants support the clearance of extracellular glutamate that characterizes synapses and sustains their ligand-gated
mode of action.
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Figure 3

Different environments for iGluRs and GLRs. (#) High-fidelity synaptic transmission moderated by Glu and iGluRs at the postsynaptic
membrane. (b)) Minimal iGluR ligand-gating scheme underpinning neuronal activity. (¢) Ion concentrations of the typical plant cell at
rest and putative ion channels/transporters that regulate ion transport. (4) Ionic basis of electrical signaling in plants for maintaining the
resting membrane potential and evoking depolarization and repolarization. In panels ¢ and 4, arrows represent fluxes of ions either
determined (so/id arrows) or conceptually predicted (dashed arrows). Arrow thickness depicts ion flux intensity, where K* and Cl~ carry
the bulk of the repolarization/depolarization, inward/outward currents, respectively. Abbreviations: ADP, adenosine diphosphate;
AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; ATP, adenosine triphosphate; Ca’*, calcium; Cay,
voltage-gated Ca’* channel; Cl~, chloride; ER, endoplasmic reticulum; GLR, glutamate receptor-like; Glu, glutamate; iGluR,
ionotropic glutamate receptor; H*, protons; K*, potassium; KAR, kainate receptor; LBD, ligand-binding domain; Na*, sodium;
NMDAR, N-methyl-p-aspartate receptor; NO; ™, nitrate; NSC, nonselective channel; P, phosphorus; TMD, transmembrane domain;
Vm, membrane potential.

3. PLANT GLUTAMATE RECEPTORS ARE INVOLVED
IN ELECTRICAL AND CHEMICAL SIGNALING

Given their centrality in neurobiology, iGluRs have been the focus of a large research commu-
nity over the past few decades, which has expanded the knowledge about iGluR mechanisms in
every possible cutting-edge direction, from physiology to atomic structure (50, 170). Unsurpris-
ingly, plant GLR research has been strongly impinged by these paradigms, particularly in areas
of ligand gating and glutamate-specific signaling. Consequently, many of the screenings for GLR
functions in plants have focused on the established roles of iGluRs in cell-cell communication,
such as electrical (through a depolarization of the membrane) or Ca** signaling. Such studies in
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plants now comprise pharmacology, reverse genetics, Ca’>* imaging, and various electrophysiol-
ogy techniques, including the use of heterologous expression in animal single-cell systems, which
warrant the conclusion that GLRs also evolved electrical and Ca** signaling functions.

3.1. Genetic Evidence for Plant Glutamate Receptors in Electrical
and Ca’* Signaling

The major advancement in characterizing GLRs came from reverse genetics. Genetic analysis
yielded reproducible evidence that GLR phenotypes are prominently associated with a channel’s
role in membrane depolarization and the generation of Ca’* signals (Table 1). Genetic analyses
became powerful tools complementing the widespread use of classical iGluR pharmacology to
challenge plant GLRs (29, 30, 32, 78, 83, 85).

The Arabidopsis GLRs of clade 3 have been particularly amenable to genetic characterization.
Intracellular membrane potential measurements revealed that amino acid stimulation of mutants
for Arglr3.3 or Atglr3.4 had weaker depolarization amplitudes; while the exact cells/tissues im-
paled were not defined in these experiments, imaging also revealed abolished elevations in the
free cytosolic Ca’* concentration ([Ca’*],,) in the case of Atglr3.3 (2, 120, 137). The impale-
ment of roots with electrodes putatively recorded from cortical cells outside the phloem also
shows a typical waveform with attenuated depolarizations and incomplete repolarization (120,
137). In response to mechanical wounding or herbivory in leaves, depolarization of the mem-
brane potential detected by surface potential measurements preceded an elevation of [Ca**],,
that is suppressed by mutations of Atglr3.1, Atglr3.2, Atglr3.3 or Atglr3.6 (107, 111). The double-
mutant knockout of Atgl3.3 Atglr3.6 renders the most potent phenotype, showing a nearly
complete loss of membrane depolarization and [Ca’*],, elevation at distal leaves. 4#GLR3.3 and
AtGLR3.6 thus appear to be the synergistic master regulators, despite not showing colocaliza-
tion (37, 105,107, 111, 127, 128, 135, 146, 151). Suppression of Arglr3.3 Atglr3.6 also attenuated
light-induced or wound-induced reactive oxygen species (ROS) accumulation in response to light
(38, 86).

GLR-dependent electrical wound signals are based on cell-cell communication and can travel
long distances to a systemic scale, propagating to neighboring leaves and roots (111, 127, 135).
The characteristic wound-induced root-to-shoot phenotype was shown to be evolutionarily con-
served in rice (Oryza sativa, Os), and dependent on OsGLR3.4. In tomato (Solanum lycopersicum, S),
wound-induced root-to-shoot signaling was shown to be dependent on SIGLR3.5, a close homolog
of AtGLR3.6, thus phenocopying the Atglr3.3 Atglr3.6 double-mutant knockout (156, 169). Re-
markably, changes in the phloem membrane potential within the wounded leaf were not affected
by Atglr3.3 Atglr3.6 knockouts (111, 127).

Measurements by whole-plant electrical penetration graph (EPG), a technique that measures
gross potentials across leaf phloem by forming an electric circuit through aphid penetration and
soil electrodes, were also used to characterize these potentials (128). Mild caterpillar feeding
wounds in the phloem induced fast depolarization of +60 mV within 2 s on the eaten leaf.
Interestingly, these fast waves induced jasmonate-related genes locally but not in neighbor leaves,
which only saw jasmonate-related genes induced after major damage and membrane potential
changes with a slower component (indicative of the potential change in the root) and less intense
amplitude (approximately +30 mV) (127, 128). In short, all electrical activity was suppressed
in the Atglr3.3 Atglr3.6 double mutant. EPG was further used to show a role for AtGLR3.5 in
regulating excitability in wound-induced potentials but only along leaf phloem networks, showing
no differences in the potentials from roots (127). Depending on the leaf development pattern-
ing (numbered to correspond to the underlying vascular anatomy), plants exhibiting Argh3.5
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expression knockdown showed either a reduced wound-induced potential amplitude or new
signals not seen in the wild type, suggesting intricate regulatory mechanisms (127). Differences
in cellular and subcellular localization, ion channel gating, and ion selectivity have yet to be fully
elucidated among these three channels and may offer explanations for this phenotypic difference.
In that regard, it should be noted that A#GLR3.5 is unique among the 20 Arazbidopsis GLRs as the
only one that harbors a cognate signal peptide targeted to plastids and mitochondria (143, 165).

Clades 1 and 2 have been the subject of fewer genetic investigations. A#GLR1.4 has been shown
to affect the plasma membrane potential in cotyledons upon exposure to amino acids (140). Ge-
netic analysis in the pollen tube stands out for having attributed a role for GLRs from every
clade in pollen tube growth and morphogenesis associated with Ca?* extracellular fluxes (45, 104,
166). So far, 9 of the 20 genes encoding GLRs in Arabidopsis have been documented in the single-
celled pollen tube system. GLR documentation in pollen tubes also demonstrated for the first
time the impact of subcellular localization to membranes other than the plasma membrane as well
as the heavy involvement of CNIHs. CORNICHONS (CNIs) were originally cloned in Drosophila,
and their mutant is embryo lethal by affecting neuronal function; later they were found to have
a dual role as (#) a cargo adaptor in the COPII ER-secretion pathway to export iGluRs to the
plasma membrane and (b)) a modulator of glutamate receptor channel activity (see Section 4.3)
(9, 134, 138). Such functions were found to be conserved in plants. With Arabidopsis bearing a
family of five members, CNIHs were shown to traffic A#GLRs, establishing localization to the
plasma membrane or endomembranes in the pollen tube (165, 166). Importantly, plants lack a
small ligand-operated Ca’* store system such as those in all other kingdoms (34), so differential
subcellular localization of GLRs bears the potential to play a role in cytosolic Ca’* homeostasis by
coordinating fluxes from different reservoirs, including the apoplast, vacuole, or ER. CNIHs also
act on channel activation, as CNIH co-expression converted inert A#GLR3.3 and AtGLR3.2 into
functionally active ion channels during heterologous expression (166). Still to be determined is the
effect of specific CNIH isoforms and their assignment to trafficking tasks, roles in channel activa-
tion, or roles in preferentially targeting specific GLRs. Intriguingly, pairs of mutations of any two
CNIHs are sufficient for disrupting the trafficking of GLRs from the ER, while single mutations
produce no effect (166). However, heterologous co-expression of a single CNIH is sufficient to
strongly increase currents mediated by A#GLR3.2 and AtGLR3.3 (166). These nonobvious effects
warrant further dissection of the genetic interactions between GLRs and CNIHs.

Recent breakthroughs from screening differential GLR expression levels within various
tissues of Arabidopsis unearthed the involvement of clade 1 and clade 2 to a much greater extent.
In studies using assay for transposase-accessible chromatin with high-throughput sequencing
(ATAC-seq) and RNA sequencing (RNA-seq) after root wounding by root cap excision, the
GLR family stood out as one of the fastest and most dynamically affected with genes from
all three GLR clades showing dramatic variations (55). These experiments provided evidence
that AtGLR3.3-AtGLR3.7 have reduced expression in the few hours postwounding, while
AtGLR1.2, AtGLRI1.4, AtGLR2.2-AtGLR2.4, and AtGLR2.9-AtGLR3.2 expression was elevated
24 h postwounding, outlining distinct short-term and long-term transcriptional regulation (see
Table 1). Upon root cap excision, the Ca>* component of the wounding currents measured
by a Ca’*-specific vibrating probe in the quadruple mutant Azglrl.2 Atglrl.4 Atgh2.2 Atgl3.3
reached a weaker steady-state flux faster than wild-type (WT) plants (55). Callose sealing of
damaged cells likewise was affected in various GLR mutant lines compared to that of the W',
with effects correlated with the number of mutations, up to quadruple mutants, before reaching
a comparable level, suggesting that GLR suppression is beneficial for the short-term wounding
response (55). This effect was pharmacologically phenocopied in maize, both in severed roots and
in the regeneration of recalcitrant calli as both dramatically improved after applying the GLR
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inhibitor 6-cyano-2,3-dihydroxy-7-nitroquinoxaline (CNQX) (55) (see Section 4.2.2). The fast
and dynamic nature of these changes in GLR expression underscores the biological significance
represented by the multiplicity of genes and division of clades. In this specific case, waves of GLR
repression and induction could further be associated with GLRs playing opposing roles in the
balance between regeneration and defense (55).

In a separate study, genes encoding AtGLR2.7, AtGLR2.8, and A*GLR2.9 were shown to be
a part of a general stress response upregulated by immune elicitors such as peptides flagellin 22
(flg22), €lf18, and Pepl (7). The triple knockout of these genes led to lower [Ca®*],,, pheno-
copying a bakI-5 mutant (7). BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASE
1 (BAK1) is a key signaling kinase in the early immune response, and, while it has yet to be shown
to directly interact with a GLR, its signaling pathways have been found to intersect with signal-
ing that is dependent on GLRs and the A. thaliana tandem-pore channel 1 (4#TPCl) vacuolar
Ca?* channel under aphid attack (151). This association may further reveal that GLRs and TPC1
cooperatively regulate [Ca?*],, dynamics. In studies of small radish and cotton plants, ReGluR
and GHGLR4.8 have been found to confer resistance to pathogens, suggesting a conserved role
of GLRs in plant—pathogen interactions (71, 89). Both wounding and pathogen resistance require
fast signaling that could fit the properties of GLRs, and both reveal unexpected and complex GLR
gene regulation patterns, implying the existence of feedback mechanisms and the need for specific
GLR family members to be present spatially and temporally. Moreover, adult Venus flytrap plants
that are excitable by touch show a robust increase in DmGLR3.6 RNA relative to the nonexcitable
juvenile plants as well as an enriched expression of DmGLR3.6 RNA compared to other membrane
transporters (129). Computational approaches have further suggested that expression patterns of
specific AtGLRs are associated with stress responses at various levels, including a predicted link
to the stress G-protein-coupled y-aminobutyric acid (GABA) signaling pathway (124).

3.2. Plant Glutamate Receptors’ Impact on Gene Expression, Near and Far

Consequential to the elicited GLR-dependent signals are reported transcriptional regulations and
the identification of hormonal signaling networks also associated with GLRs. The most dramatic
published example regards the reproduction of the moss P. patens when its only two GLR genes
are mutated. The Ppglrl Ppglr2 knockout abrogates the sperm chemotaxis reaction and further
produces profound transcriptomic alteration on the gametophores, including the suppression of
the transcription factor BELL1, which is essential for postmeiotic embryo development, rendering
the double mutant sterile (115).

Prominent regulations in angiosperms include the association to genes encoding members of
the JASMONATE ZIM DOMAIN (JAZ) family, reputable marker proteins for activity in the jas-
monic acid signaling pathway that is critical to defense signaling. 747 expression and jasmonate
biosynthesis are typically upregulated in WT plants upon tissue wounding but are not activated
at distal leaves away from the damage site in plants without A#*GLR3.3 and 4rGLR3.6, as well
as homologs OsGLR3.4 and SIGLR3.5 from rice and tomato, respectively (107, 135, 156, 169).
JAZ expression at the wounding site showed no significant differences with or without GLRs
(107). The difference in GLR-dependent #4Z expression near and far supports its involvement
in a long-distance defense-signaling mechanism oriented to cell-cell propagation through the
undamaged tissue, and less so at the damage site (36, 107, 127). In apparent contradiction are root-
wounding experiments where local transcriptional effects are immediate, as captured in Arabidopsis
by fast ATAC-seq chromatin-opening techniques (55). Here and in other instances, GLR activa-
tion shows clear local responses creating a mechanistic chasm between long-distance signaling
and the role of GLRs in local signaling (151), suggesting the existence of precise sensing mech-
anisms that actuate in GLR transcriptional modulation. Through examination of the hormonal
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pathways exploited, this apparent ambivalence between signaling near and far can be summarized
by a trade-off between defense and postwounding tissue regeneration. Severing roots is expected
to initiate long-distance signals through the shoots and upregulate 247 and GLR expression (135,
156), and it also appears to favor defense since it counters tissue regeneration by preventing the
formation of calli and limiting cell division rates (55). Crucially, GLR activity induced salicylic
acid (SA) pathway-related genes at damage sites, supporting previous connections of AtGLR3.3
to the SA pathway for immunity (40, 55, 87). To our knowledge, there is no evidence of SA pathway
upregulation at distal sites directly activated by wound-induced long-distance signaling. However,
SA is known to be a key factor in systemic acquired resistance following infection, such that SA
levels accumulate at the infection site and distal leaves (23, 68).

In roots of WT Arabidopsis, the destruction of single cells by two-photon laser ablation failed
to produce evidence of jasmonic acid accumulation in roots or photosynthetic organs (98). Sim-
ilarly, unlike damage via root cap decapitation, single-cell damage did not increase SA in roots,
illustrating a quantifiable difference between single-cell damage and mass destruction of large
cell populations when crushed or cut (55, 98). It is intriguing that 74Z transcript levels similarly
showed a difference between mild caterpillar feeding and leaf cutting (128). Taken together, the
available data seem to define a forthcoming challenge in identifying detection mechanisms that
sense the magnitude of damage and dose-dependent responses. If such a mechanism exists, there
is a good chance that GLRs should be involved as effectors, but perhaps also as sensors. In that
regard, it should be noted that various clade 3 members possess a cognate nuclear localization
signal (NLS) in the C terminus (165). Reminiscent of ETHYLENE-INSENSITIVE 2 (EIN2),
which is involved in ethylene sensing, it is tempting to consider that the proteolytic cleavage of
C-terminal fragments adjacent to the NLS of certain GLRs could act as a putative transcriptional
signal (159, 164). In addition to jasmonic acid and SA, GLR activity has been connected to the
hormone abscisic acid such that its biosynthesis is negatively regulated by A#GLR1.1 during seed
germination (70, 76).

4. INSIGHTS INTO SIGNALING FROM PLANT GLUTAMATE
RECEPTOR MOLECULAR PROPERTIES

GLR participation in a vast breadth of physiological roles facing different environmental
stresses—both biotic and abiotic—could suggest an array of molecular mechanisms governing
channel properties. Rapidly improving biophysical and biochemical techniques, which include
heterologous expression for electrophysiology and protein purification to detail GLRs’ structure
function, have begun to unravel their molecular detail. The combination of experimental meth-
ods now affords the opportunity to critically assess the compatibility between the genetic studies,
physiological assays, and protein biochemistry needed to hypothesize necessary conditions for the
functional definition.

4.1. Oligomerization

The predominant architectural difference demarcating A*GLR3.4 from iGluRs is the non-
domain-swapped configuration of the extracellular domains (Figure 2). The pairing of dimers is
the same at both the LBD and ATD layers. In AMPARs, NMDARs, and KARs, there is a distinct
swapped configuration as the dimer pairings switch between the LBD and ATD (Figure 2). This
structural feature is relevant because domain swapping underpins the interactions between sub-
units of a tetramer, namely by impacting the way force is transmitted from the movement of one
subunit of the tetramer to another subunit upon ligand binding and undergoing conformational
changes. Of the mammalian iGluRs, only the 3-receptors, the least understood of the four families
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of iGluRs, have been reported to adopt a nonswapped configuration (11, 12) (Figure 2). Phyloge-
netic analysis of full-length sequences of glutamate receptors provocatively suggests that GLRs’
most closely related homologs may be the 3-receptors (21). This comparison further insinuates
that GLRs and 3-receptors may share other functional properties. However, this hypothesis has
yet to be experimentally validated. Recent breakthroughs elevated 8-receptors from the formerly
used moniker of orphan receptors because of their insensitivity to glycine and p-serine. Studies
of 3-receptors’ structural and electrophysical properties recently showed that these channels are
gated when they coassemble with auxiliary subunits (12, 16). Before these discoveries, a disease
variant harboring a mutation in the M3 domain produced a constitutively open ion channel, al-
lowing a current without exogenous amino acids (173). It is unclear if the protein was completely
free of any activating ligand, but it was shown to be activated by contamination levels of amino
acids (73). These results are in some aspects reminiscent of GLR activity (see Section 4.2.4).

Despite being tetrameric receptor proteins, mammalian iGluR subunits are gated indepen-
dently, lending heteromerization the ability to tune the gating response in a stoichiometrically
dependent manner (46, 167). AMPARs and KARs are known to exist as homotetramers but are pre-
dominantly expressed as diheterotetramers in the central nervous system (94, 145). The relevance
of heteromerization on function is well illustrated in the NMDAR family. NMDARs are obli-
gate heterotetramers and form diheteromers and triheteromers, conferring dramatic differences
in open-channel probability, single-channel conductance, ECsg coefficients for glutamate, and de-
activation kinetics (51, 93, 96). In terms of ion selectivity, heteromers with a GluN3 subunit show
strongly attenuated Ca’* permeability and are involved in selective neuronal inhibition—marking
a dramatic shift from the typical excitatory action of iGluRs (116).

The resolved structure of A#*GLR3.4 is that of a homotetramer, supporting the notion that all
GLRs are likely to make functional channels only as tetramers and indicating that a homomeric
existence is thermodynamically possible. However, single-cell sampling from Arabidopsis leaf tissue
indicates that at least five GLRs may be coexpressed in the same cell (125). In roots, individual cells
express between 5 and 12 different GLRs (55). A collection of experimental techniques, including
yeast two-hybrid screens and Forster-resonance energy transfer (FRET) analysis in HEK293 cells,
already suggests that heteromerization is a major factor for GLR function (119, 153). Still uncer-
tain are the naturally occurring heteromeric combinations, as discernable patterns of expression
are not yet possible and will depend on environmental factors. A*GLR3.7 transcripts seem to be
the only ones ubiquitously expressed in all leaf samples, suggesting that A#GLR3.7 plays a central
role in physiology, possibly through heteromerization (125).

4.2. Amino-Terminal Domain and Ligand-Binding Domain:
Sensing the Outer Space

Chemical cell—cell communication requires the existence of extracellular sensors to bind ligands.
The ATD and LBD perform these functions in glutamate receptors. Sequences encoding the ATD
and LBD are highly divergent between mammalian iGluRs and plant GLRs but, paradoxically,
their mechanisms of action seem remarkably well conserved at the structural level.

4.2.1. Modulation of the amino-terminal domain: sensing redox potential? The ATD
is the largest domain of plant GLRs, consisting of approximately 45% of the whole protein.
The identification of a glutathione (GSH)-binding site in the ATD by cryo-EM is arguably the
first time a cognate receptor has been described in the ATD of any plant GLR. The binding of
GSH to the ATD of AtGLR3.4 through S-glutathionylation supports the general role of GSH
observed from AtGLR3.3-dependent depolarization of Arabidopsis roots and [Ca?*],, elevation
in root and leaf tissues (45, 87, 120). Judging from sequence alignments, A#*GLR3.3 lacks the
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GSH-binding site identified in A#tGLR3.4; therefore, GSH may find multiple mechanistic actions,
or heteromerization of AtGLR3.3 and A*GLR3.4 could contribute to the GSH response reported
in roots and leaves (153). The discovery of the effect of GSH on GLRs illustrates the power of
structural descriptions in generating testable physiological hypotheses. This was an unforeseeable
observation and has potentially larger ramifications. Environmental conditions that modulate
GSH concentrations, or redox potential in general, may in turn regulate GLRs. Implications of
GSH as a key allosteric modulator for GLRs would be expected to impact not only Ca’* signaling
but also ROS signaling. GSH is a potent antioxidant and is chemically stable under conditions of
low oxidative stress. Under high oxidative stress, GSH acts as a ROS scavenger to minimize the
toxicity of free radicals and catalyzes glutathione peroxidase detoxification of hydrogen peroxide.
In both cases, electron donation buffers ROS concentrations and results in the formation of
oxidized GSH (GSSG) as a byproduct that was shown to induce a fraction of the GSH response
(120). While plasma membrane—localized GLRs garner the most attention, the apoplastic space
is a more oxidized environment with low antioxidant accumulations, and the majority of ROS
buffering takes place intracellularly (114). This difference may suggest a functional difference
between GLRs based on localization to the plasma membrane or endomembranes. The role
of the ATD and GSH binding similarly presents a potential molecular bridge between GLRs
and reported immunity phenotypes (87). Provocatively, in the fungal resistant Ghglr4.8 mutant,
only a single-nucleotide polymorphism resulting in an amino acid substitution from leucine to
isoleucine at position 150 (I150L) found in the ATD was responsible for the fungal resistance
(89). If fungal resistance is also related to GSH signaling or the ATD is subjected to broader
allosteric modulation is yet to be understood.

4.2.2. Amino acid stimulation of plant glutamate receptors. Exogenous amino acid ap-
plication is a general stimulator to potentiate GLR-mediated currents as well as to increase
[Ca**],, and induce membrane depolarizations in planta (120, 137, 140). By comparison to
iGluRs, glutamatergic signaling in plants lacks the unparalleled specificity observed in neurons.
Instead, glutamate bolsters plant development through far more general roles, including nitrogen
metabolism, chlorophyll biosynthesis, and the potential regulation of over 100 genes (17, 49, 69,
121, 154, 155). Estimations of homeostatic glutamate and other amino acid concentrations fall
into the millimolar range, orders of magnitude above the measured ECsy of GLRs (39, 59,91). In
some instances, apoplastic glutamate reaching 50 mM and 100 mM at wounding sites was wrongly
suggested to be needed for signaling based on the intensity-based glutamate-sensing fluorescent
reporter (iGluSnFR), which saturates between 1 and 10 mM of glutamate (101, 135, 146). Atleasta
dozen amino acids are considered GLR agonists by functional assays: glutamate, glycine, p-serine,
L-serine, asparagine, threonine, alanine, cysteine, methionine, histidine, tryptophan, phenylala-
nine, leucine, tyrosine, and the nonproteinogenic amino acid 1-aminocyclopropane-1-carboxylic
acid (ACC) (2,40, 75, 106, 120, 137, 140, 152). While the full list of agonists for the 20 Arabidopsis
GLRs remains to be determined, the available data already warrant the existence of full to par-
tial agonists, yielding a spectrum of ligand (amino acid and GSH) efficacy. Two-electrode voltage
clamp recordings from Xenopus oocytes expressing AtGLR1.4 show an activation for seven large
hydrophobic amino acids, with methionine evoking the strongest activation. Tyrosine, asparagine,
and threonine potentiated current only to 20% of the maximum activation reported by methionine
(140).

Additional considerations should be given to the effect of antagonists. The iGluR antagonists
CNQX; D-2-amino-5-phosphonopentanoate (D-AP5); and 6,7-dinitroquinoxaline-2,3-dione
(DNQX) have been found to inhibit GLR channel activity (104, 115, 140). Against PpGLR1
activity—which is closely related to clade 3 AtGLRs—aspartate is inhibitory (106). Challenging
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AtGLR1.4, nine other proteinogenic amino acids with no excitatory capability provide a degree of
antagonism (140). AtGLR1.4’s predicted ligand profile provides one of the few tantalizing distinc-
tions explaining clade divergence. Common agonists of clade 3 GLRs include cysteine, alanine,
glutamate, and glycine (2), which serve as antagonists or induce little effect (Cys>Ala>>Glu >
Gly) on At*GLR1.4. The overall nondiscriminatory ligand-gating profile of GLRs more closely
resembles PBPs, prokaryotic GluR0, and AvGluR1 than mammalian iGluRs in the central ner-
vous system (18, 92), further pointing toward a primitive amino acid-binding capacity divorced
from glutamate specificity.

ACC differentiates itself from other amino acids targeting the LBD because it is a nonproteino-
genic amino acid. Besides being a partial agonist at the human NMDAR glycine/p-serine site (60,
108, 109), ACC in plants is a precursor in the synthesis of the central plant hormone ethylene
(66). Genetic dissection of ACC signaling revealed that mutant Arabidopsis plants with an octuple
knockout of all ACC synthase genes displayed reduced seed set because of impaired pollen tube
attraction (106). Challenged against PpGLR1 during heterologous expression, ACC largely out-
performed other amino acids in inducing [Ca?*],,, elevations (106). ACC in angiosperms evoked
currents from root protoplasts and caused transient Ca’* responses in the ovule (106). The effec-
tiveness of ACC inspires the question of whether the most physiologically relevant ligands exist
in a new class beyond the standard 20 amino acids.

One possible hypothesis for broad amino acid regulation postulates a role for an amino acid
sensor that monitors metabolic status or environmental cues (40). Intriguingly, ACC and GSH
are similarly stable molecules under reduced conditions with low oxidative stress, which may
hint at roles in sensing the oxidative status of the environment. A molecular mechanism that
signals the oxidative environment may point to potential roles in tolerance to environmental
stresses—including drought, salinity, and alternating light/dark regimes known to modify ROS—
or within tissues such as the style and transmitting tract. The alternative hypothesis is that a
GLR-ligand interaction has specificity in physiological function (8). Possibilities include a pref-
erence for methionine-induced activation in stomata, for ACC or p-serine in reproduction, or for
glutamate in wound signaling (75, 106, 146).

4.2.3. Ligand-binding coordination: designed for amino acid sensing? Although there is
a long list of GLR amino acid agonists that have been determined functionally, only a subset
has been biochemically determined to bind to the LBD of a specific GLR. The AtGLR3.3 LBD
was crystallized in complex with glycine, glutamate, cysteine, and methionine (2). The A#*GLR3.2
LBD was crystallized in complex with glycine and methionine (42). Isolated A#*GLR3.4 LBDs
were also crystallized in complex with glutamate and methionine, as well as L-serine (45). All
three LBDs show equivalent ligand coordination for each amino acid such that a consensus motif
of Asp-Ala/Thr-Arg-Phe/Tyr-Glu-Tyr coordinates the carboxyl and amino group of amino acids
(Figure 4). An arginine found among all clade 3 channels—yet absent in iGluRs—provides a key
interaction, stabilizing the amino acid side chain (Figure 4). The strong carboxyl and amino co-
ordination has been proposed to be a factor underpinning the apparent nondiscriminatory amino
acid binding that allows the computational prediction of amino acid docking, such as ACC, or in
vitro binding of p-serine (2, 47). The observation that the binding pocket size can be adjusted
by packing water molecules suggests that additional interactions accommodate different R-group
lengths (2, 42).

4.2.4. A noncanonical ligand-gating model for plant glutamate receptors? Structure de-

termination of isolated GLR LBDs indicates a closed clamshell-like LBD structure when bound
to an amino acid resembling that of the iGluR that is known to conduct ions. However, there are
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Figure 4 (Figure appears on preceding page)

LBD structure and equivalence of ligand coordination by AtGLR3.2, A#*GLR3.3, and AtGLR3.4. (#) Representation of a closed
clamshell-like LBD from GLR3.3 in complex with glycine; the blue mesh represents the volumetric space of the amino acid-binding
pocket. (b) Close-up ligand-binding interactions between A#*GLR3.3 and glycine (PDB ID 6R88). (c) Close-up ligand-binding
interactions between AtGLR3.2 and glycine (PDB ID 6VEA). (d) 2D diagram of the consensus motif Asp-Ala/Thr-Arg-Phe/
Tyr-Glu-Tyr that coordinates amino acid carboxyl and amino groups. (¢,f) 2D diagram of equivalent ligand—protein interactions for
different GLR LBDs coordinating glutamate (¢) or methionine (f). Residue labels are color coordinated with the protein label colors
shown at left. Shadows encircle residues of the consensus motif, and nonshaded residues coordinate the amino acid side chain. All
annotation numbers follow original publications. For panels 4—f, hydrogen bonding is shown as dashed lines with residues in bold, and
nonbonded interactions are depicted as eyelashes. 2D diagrams were drawn with LigPlotPlus with PDB accession codes 7L.Z0, 71L.Z2,
6R85, 6R8A, and 6VES. Maps are not drawn to scale. (g) Sequence alignment of the core amino acid binding residues. (b)) Model of
unknown mechanisms for ligand binding. Holo x represents the conformation of any ligand (x) bound, and holo # represents the
ligand-bound conformation for any number (z) of ligands. Abbreviations: Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartate;
Gln, glutamine; GLR, glutamate receptor-like; Glu, glutamate; Gly, glycine; Ile, isoleucine; LBD, ligand-binding domain; PDB,
Protein Data Bank; PDB ID, Protein Data Bank identification; Phe, phenylalanine; Ser, serine; Thr, threonine; Tyr, tyrosine; Val,

valine; 2D, two-dimensional.

various challenges to ligand gating in the plant cell, and the available electrophysiological data
need to be fitted with this interpretation. In electrophysiological recordings, amino acid concen-
trations in the micromolar to millimolar range are necessary to potentiate currents, but a constitu-
tively active background current s present without exogenous ligands in many cases. These results
are evident in whole-cell patch clamp during heterologous expression, but other more physiolog-
ical systems, such as protoplasts from Arabidopsis roots or P. patens protonemata, behave similarly
(106, 115). The binding affinity (Ky) for several amino acids to A#*GLR3.3 was determined to be
in the low to submicromolar range (ranging from 0.33 pM to 5.5 WM for cysteine, methionine,
glutamate, alanine, asparagine, L-serine, and glycine, as determined by thermophoresis), which is
significantly lower than the physiological amino acid concentrations in the millimolar range found
in the plant cell apoplast (2), and the same sort of values were found for A#*GLR3.4 (48). This dis-
crepancy alone should warrant the careful scrutiny of data where GLR-mediated phenomena are
described for elicitation with 100-mM glutamate in roots or wounded leaves (135, 146), and this
explanation is more than reasonable if applied to isolated mammalian cells, such as HEK (135).

In light of the high-binding affinities for amino acids and the possible millimolar range of
concentrations for many amino acids in the apoplast (and mammalian culture media), it is a valid
hypothesis that the LBD is constitutively occupied by contamination. The constitutive occupancy
can be predicted to force GLR LBD closure and favor a stochastic ion channel opening, jeopar-
dizing the physiological relevance of the dynamic or fast amino acid gating that is quintessential
of iGluRs. If one can always expect an amino acid to be bound to the receptor, one can speculate
that amino acid binding serves as a structurally integral component of the receptor. Analysis of the
ligand-binding pocket also reveals that two residues coordinating the ligand—including the plant-
specific arginine (Argl1 in A#\GLR3.3; Arg57 in A#*GLR3.2)—may also be able to form salt bridges
favorable to the closed clamshell configuration, possibly locking the holo (or ligand-bound) con-
figuration. The inability to obtain an apo (or ligand-free) state suggests conformational instability
when an amino acid is absent.

iGluRs and GLRs may be conjectured to share unknown mechanisms for conducting a steady-
state current, leading to the reimagining of the conventional relationships between ligand gating
of glutamate receptors and ion signaling for a more nuanced scheme. Channel activation by con-
taminating amino acids was previously proposed from electrophysiology experiments on AMPARs
carrying a mutation copying the neurodegenerative lurcher mutant that confers constitutively
active currents (73). As informative as K4 measures are, computational methods calculating the off-
rates of ligand unbinding may also be useful to address questions on ligand binding. Simulations of
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iGluRs suggest ligand binding/unbinding pathways and kinetics are key in the evolutionary adap-
tion to fast signaling (168). However, under what conditions an apo configuration may be adopted
or if there is a role for ligand substitutions in the binding pocket, given the spectrum of agonists
and antagonists (Figure 4b), is not known. Noteworthy experiments using whole-cell patch clamp
by Vincill et al. (152) and two-electrode voltage clamp by Tapken et al. (140) observed no clear
and obvious desensitization after amino acid potentiation (140, 152). Only sequential exposures of
amino acids, separated by 2 min, to roots resulted in diminishing membrane depolarizations upon
the subsequent stimulation (137), an observation that may find an explanation in completely dif-
ferent mechanisms, namely ion store adaptation. The concept of desensitization is well defined by
proposed molecular mechanics (103) and a defined temporal scale on the order of milliseconds,
not minutes, none of which are applicable to what has been observed in roots or GLRs under
heterologous expression. A still-undetermined ligand-gating scheme needs to resolve the triple
discrepancy between biochemically calculated amino acid binding affinities (submicromolar), the
dose response of electrophysiological patch clamp recordings (micromolar to millimolar), and the
nature of the physiological amino acids both in specificity and free concentration (millimolar to
tens of millimolar).

An additional consideration for reimagining ligand-gating relationships comes from protein—
protein interactions. AMPARs are typically characterized by a fast desensitization process leading
to the occlusion of the pore (147). Yet, recent years have witnessed reports illustrating a greater
degree of superactivation: a repotentiation of ion flux with prolonged ligand application requiring
transmembrane auxiliary proteins (TARPs), such as STARGAZINS (15, 123). Further demon-
strations show that AMPARs without auxiliary proteins may conduct ions when desensitized,
and the conductance is greatly enhanced by TARP co-expression (15, 24, 123). CNIs are simi-
larly positive regulators of AMPARs, working to maintain an open conductive channel (9, 134,
138). CNIs enhance glutamate sensitivity, slow desensitization rates, enhance a steady-state cur-
rent following an attenuated desensitization process, and relieve polyamine block by promoting
polyamine permeation (10, 25). As a result, an ion signaling model managing a global equilibrium
of ion concentrations such as Ca’* between stores and the cytosol in plants could be envisaged
where steady-state ion fluxes are fine-tuned on the basis of Ky acting in concert with ligand
availability—depending on GLRs’ subcellular localization to various organelles via the CNIH
sorting mechanism.

4.3. Integrating Ion Channel Gating for Systemic Signal Propagation
and Nonsystemic Signals

GLR participation in both systemic and nonsystemic pathways confronts the necessity to deci-
pher various potential activation and regulatory mechanisms, as well as other interacting proteins.
In wound-induced systemic signaling in leaves, GLRs are proposed to operate in the undamaged
tissue along the phloem and xylem. Chemical diffusion of glutamate or other amino acids em-
anating from the damage site as an excitatory stimulus would be unlikely to surpass the rates of
electrical signaling, and amino acids have so far not been found to propagate over long distances at
all upon wounding (146). Seminal work from Diana Bowles’s lab (161) experimentally supported
the conclusion that long-distance signaling is achieved through electric potential as opposed to
small ligand/hormone diffusion. Their approach distinguished a phloem-transmissible chemical
signal and electrical propagation by microcooling the petioles to slow diffusion when applying a
wounding stimulus to a cotyledon and measuring electrical propagations, chemical translocation
(reported by !C-labeled photosynthate), and proteinase inhibitor (PIN) transcripts in the roots.
Systemic PIN activity was correlated to electrical responses, while diffusion/translocation could be
impaired and leave PIN activity unaffected (161). Translating these conclusions to GLR research
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logically demonstrates that GLR-mediated slow electrical potential is associated with the Ca**
waves induced by 100-mM glutamate. Whether observed Ca** waves result from other chemi-
cal elicitors besides 100-mM glutamate remains to be shown. More surprisingly, a pH effect was
found on HEK mammalian cells exposed to 100-mM glutamate and attributed to GLRs’ func-
tion in Ca’* transport (135). Applying 100-mM glutamate to isolated cells is hardly compatible
with any evidence about GLR binding affinity, gating, or function, while pH has long been known
to affect Ca>* transport by various different effects (160). Because of the basal, or steady-state,
concentrations of apoplastic amino acids, it has been hypothesized that a coincidence-detecting
mechanism is employed where ligand binding and membrane voltage or another stimulus col-
lectively activate GLRs. Genetic manipulation of other membrane transporters, such as AHAI,
MSL10, and TPCI, that are signaling partners for wound responses (at least in the case of AHALI
and MSL10) is expected to modulate the membrane potential and suggests that a depolarized
potential enhances GLR activity (79, 105). However, the underlying mechanism allowing ion
channels to communicate requires a much deeper level of understanding of ion channel gating
(including channel activation, inactivation, and deactivation), as well as ion selectivity. To inter-
pret GLR behavior from heterologous expression, several considerations must be made, chiefly
the limitations of commanding the membrane potential. In patch clamp or two-electrode voltage
clamp electrophysiology, the animal cell plasma membrane is only capable of enduring voltage
pulses of —140 or —150 mV—just approximating the resting voltages a channel would normally
be exposed to in the plant cell plasma membrane. Published literature commonly explores voltages
from —100 mV to 0 mV or even more depolarized voltages (115, 140, 152, 166). Robust activations
of GLRs in heterologous expression at these potentials suggest that a depolarization-activated
current is plausible.

Nonsystemic signaling, however, may require a revised model. For example, during aphid
feeding—which precisely attacks the phloem network and is thought to more closely resemble
pattern perception regulation—GLRs are involved in local Ca** signaling, presumably within
single cells represented by slower Ca** wave rates of 6 jum/s, at aphid feeding sites (151). Pat-
tern perception pathways involving microbe- or pathogen-associated molecular patterns (MAMPs
or PAMPs) may elevate amino acid concentrations, suggesting an activation mechanism depen-
dent on elevated concentrations of amino acids (40). Elevated amino acid concentrations may
arise from exocytosis—eerily similar to the synaptic model of iGluR activation—although pattern
recognition receptor (PRR)-activated exocytosis is not well resolved and requires further experi-
mental support. Appreciating the intermediate steps between PAMP perception and its influence
on membrane transport will shed light on this topic. Alternatively, amino acids may be recognized
as damage-associated molecular patterns (DAMPs), distinguishing self from nonself glutamate
pools that are released from injured cells (146) and build a glutamate gradient. Remarkably, leaf
crushing generates Ca’* signals confined to the wounded leaf and is an insufficient stimulus to
induce systemic signals. Only supplemental application of glutamate at very high concentrations
triggered the long-distance signaling (146). Severing the root, however, was sufficient to stimulate
a systemic root-to-shoot signal in both Arabidopsis and rice (135, 169).

4.4, The Transmembrane Domain

The TMD contains two functional regions classically termed the gate and the pore. Owing to the
strong structural similarity between GLRs and iGluRs in the M3 gate-forming helix, the argument
can be made that the M3 is also part of the ion permeation pathway for both GLR and iGluR
structures (45, 150). The M3 and its linkers to the LBD likely play a key role in transducing
conformational changes of extracellular domains to the opening and closing of the pore. Studies
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in AMPARs have shown that the open channel conformation is formed by a rearrangement of the
M3 helixes from the inwardly oriented conical shape to one that splays outward (149).

A significant challenge in GLR research is to fully resolve the TMD and determine the order
of the M2 and pore loop harboring the selectivity filter. The pore loop and the selectivity filter
remain disordered from the full-length 4#*GLR3 .4 structure and pose a significant hurdle to future
research. Despite the community of structural biologists engaged in elucidating iGluR structures,
few structures have resolved the pore or selectivity filter, and each successful attempt required the
co-expression of auxiliary subunits (19, 150, 171). Site-directed mutagenesis in the iGluR pore
demonstrates the role of the Q/R/N editing site in influencing ion selectivity (14, 58, 147). Genes
for AMPARs and KARs exonically encode for a glutamine (Q), but postnatal messenger RNA
edits to an arginine (R) comprise the majority of the AMPAR/KAR population (50). The Q-to-R
mutation renders these iGluRs Ca** impermeable, and slight chloride (CI~) permeability is also
argued to come from electrostatic forces (14, 80). In NMDARs, an encoded asparagine (N) at the
Q/R/N site likewise plays a determining role in Ca** permeability such that targeted mutagenesis
to a glutamine (Q) lowers Ca’* permeability (13). At the pore entry facing the cytosol, a highly
conserved negative charge—either from an aspartate in AMPARs or a glutamate in NMDARs—
plays a role in either AMPARS’ cation versus anion selectivity, or NMDARS’ divalent permeability
(131, 150). Interestingly, NMDAR GluN3 subunits lack the conserved negatively charged residue,
and heterotetrameric channels with GluN3 greatly reduce Ca** permeability (116). Last but not
least, it must be noted that NMDARs also harbor several more molecular determinants for Ca>*
permeability that exist outside the pore (3).

To glean insight into the properties of the GLR M2 and selectivity filter, we analyzed sequence
alignments (27, 141) of GLRs and iGluRs and modeled a tetrameric A#*GLR3.4 with AlphaFold
(67) to hypothesize the potential pore-lining residues. A pair of phenylalanine residues (Phe662
and Phe663) present strong hydrophobic and aromatic properties guarding the selectivity filter
entrance. Marking the narrowest portion of the selectivity filter is a highly conserved arginine
(Arg666) bearing a positive charge into the permeation pathway, making an anionic permeation
mechanism plausible (Figure 5). Electrophysiology experiments and molecular dynamics simula-
tions provide essential techniques to challenge this hypothesis and advance future models of ion
permeation (110).

5. CONCLUSION AND FUTURE DIRECTIONS

This and other recent reviews illustrate the dynamics surrounding the field of GLR research.
New phenotypes and functions are attributed to this ion channel family on a regular basis. An
appreciation of GLR-associated functions in plant biology has now clearly overcome the slow
start imposed by their functional redundancy and the elevated number of copies, which delayed
integrated molecular genetics approaches. Aside from this positive trend, it is fair to say that the
molecular elucidation of the mechanisms of action of the channels is still lagging behind and far
from a satisfactory level of knowledge to support all functions that are assigned to GLRs. By and
large, the functional validation of most genetic approaches that have been described makes use of a
few common denominators: (#) GLRs are mostly plasma membrane channels, gated by glutamate,
and () they conduct Ca?*. Reasons for this status quo are rooted in an appropriation of concepts
from the much more advanced field of mammalian iGluR biology and frequent adaptations to the
experimental methods that are easier to access (e.g., Ca’*™ imaging). Here, we review numerous
aspects in which our current knowledge of GLRs is not sufficient to account for many of their
attributed functions. Ligand-gating mechanisms, ion selectivity, oligomerization, and interaction
with auxiliary proteins are examples of core structural-function properties with incomplete data
sets. Knowledge of all these aspects was crucial for the comprehension of the fundamental role
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TPKGRNRNK--VFSFSSALNVCYALLFGRTAAIKPPKCWTG-RFLMNLWAIFCMFCLSTYTANLAA
TPRGRNRGT--VFSYSSALNLCYAILFGRTVSSKTPKCPTG-RFLMNLWAIFCLLVLSSYTANLAA
LAKGKAPHGP-SFTIGKAIWLLWGLVFNNSVPVONPKGTTS-KIMVSVWAFFAVIFLASYTANLAA
LADGREPGGP-SFTIGKAIWLLWGLVFNNSVPVONPKGTTS-KIMVSVWAFFAVIFLASYTANLAA
LTKGKKPGGP-SFTIGKSVWLLWALVFNNSVPIENPRGTTS -KIMVLVWAFFAVIFLASYTANLAA
LATGKRPGGS-TFTIGKS IWLLWALVFNNSVPVENPRGTTS-KIMVLVWAFFAVIFLASYTANLAA
KVNSEEEEED-ALTLSSAMWFSWGVLLNSGIGEGAPRSFSA-RILGMVWAGFAMIIVASYTANLAA
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*

TMD and pore-lining residues of GLRs. (#) Model of A#*GLR3.4 TMD and pore-lining residues. a-helices and B-sheets are shown in
orange and yellow, respectively. Residues forming the P-loop region are shown in gray in a licorice representation. Only two subunits
are shown for clarity. To construct the 3D model of 4#GLR3.4, AlphaFold (62) was used to model the residues from Pro493 to Arg886,
focusing on the TMD. To ensure the quality of the model, 24 cycles were used, and the models obtained were subjected to the relax
protocol. (b)) Sequence alignments generated by MUSCLE of clade 3 A#GLRs, those in Physcomitrium patens, and mammalian iGluRs.
The asterisk denotes the pair of phenylalanine guarding the selectivity filter entrance. Abbreviations: Arg, arginine; GLR, glutamate
receptor-like; Glu, glutamate; His, histidine; iGluRs, ionotropic glutamate receptors; MUSCLE, multiple sequence comparison by
log-expectation; Phe, phenylalanine; Pro, proline; Ser, serine; TMD, transmembrane domain; 3D, three-dimensional.

of iGluRs in neurobiology, and a call for a similar effort in the plant field to acquire more of
the type of mechanistic knowledge necessary for better and more precise functional screenings is

warranted.

Under this prism, the list of future directions will require a communal effort. Atomic struc-

tures will be needed to provide insight into the mechanistic basis of ion channel gating and

selectivity, offering glimpses of the conformational changes. Ion channel structures are, however,
limited in static presentation, and physiological interpretations will require an ensemble approach

that couples functional assays and analysis of transgenic GLR mutants. AlphaFold and similar

technological advances in structure prediction offer the potential to rapidly generate testable

hypotheses to be challenged by functional assays, including electrophysiology. Molecular mecha-

nisms underpinning ion permeation, ligand gating, GLR-CNIH interactions, GLR inactivation
and deactivation, putative desensitization, and voltage sensitivity all remain to be determined.
New physiological roles wait to be mechanistically linked to GLRs. The latest breakthroughs in

genetic screens identifying roles for clade 2 GLRs increase the number of available targets, some

of which have been dormant for over 20 years of GLR research. More complete functional de-

scriptions detailing ion selectivity and channel gating made possible by atomic structures, which
shed light on molecular properties, are not yet realized. The functional consequences of the ion
channel gating mechanism and its contribution to cell signaling, which depends on GLR subunit

identity, are almost completely unknown. Mammalian iGluRs are, for example, predominantly ex-

citatory, but some isoforms are involved in selective neuronal inhibition necessary for long-term

desensitization and memory (50). The quest to understand plant GLR clade divergence remains
unsolved. The study of GLRs so far has relied on Arabidopsis and a few other plant species. A com-
prehension of their mechanistic evolution will require the use of early land plants, which offer
the advantage of much simpler genetics. If the trends described here are further consolidated to
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Figure 6

Major physiological processes concerning plant growth and development, reproduction, and defense
mechanisms associated with plant glutamate receptors. Physiological phenotypes dependent on GLRs are

thus far known to be regulated through electrical signaling by modulating the membrane potental (Vi) and

Ca’* signaling by permitting a Ca’* influx.

established roles (Figure 6), namely in terms of wounding repair, reproduction, and host—
pathogen interaction, then the extension of functional studies to crops and plants with extreme
adaptations will be required, raising the prospect of reaping the benefits of this knowledge in

agronomical terms.

Simon

. Plant glutamate receptors (GLRs) are pharmacologically and genetically associated with

participation in electrical signaling and Ca’* signaling (Figure 6).

. GLR signaling participates in root morphogenesis and development; carbon and ni-

trogen metabolism; seed germination; reproduction; wound reactions; defense against
herbivory; immunity; stomatal aperture regulation; light signal transduction and pho-
tosynthesis; amino acid responses; and hormonal signaling pathways associated with
jasmonic acid, salicylic acid, and abscisic acid.

. Roles in systemic wound- or herbivory-induced signaling, sexual reproduction (even en-

compassing the transition from the use of freely swimming sperm to pollen tubes), plant
immunity, and root development have been documented in more than one plant species
and appear to be conserved functions.

. Overall patterns of gene expression are highly dynamic among all three clades of

Arabidopsis and actively regulated by stressors, namely wounding.
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General stress responses for plant immunity and wounding have been recognized to
involve upregulation of AtGLRs from clade 2.

. The atomic structure of AtGLR3.4 resolved by cryogenic electron microscopy revealed

a tetrameric ion channel adopting a nonswapped configuration among the individual
subunits.

. The binding of glutathione to the A#*GLR3.4 amino-terminal domain (ATD) presents a

new mechanism for allosteric modulation of GLRs.

. Structure determination of A#*GLR3.4 and isolated ligand-binding domains (LBDs)

from ArGLR3.2, AtGLR3.3, and AtGLR3.4 deposit the molecular framework for
nondiscriminatory amino acid binding as well as ligand-gating properties. The ligand-
binding pocket consists of a conserved sequence motif forming a ring and coordinates
the ligand amino acid’s backbone atoms by the amino and carboxyl groups. With an
amino acid bound to it, the LBD is observed to have a closed clamshell configuration,
resembling conformational changes undergone in iGluR gating cycles.

. Still awaiting consensus is an accurate calculation of free apoplastic amino acid

concentrations—of both proteinogenic and nonproteinogenic varieties—and its conse-
quences for ligand-gating and GLR-mediated signaling, as GLRs possess an apparent
submicromolar binding affinity.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that

might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

The J.AF. lab is supported by the National Institutes of Health (RO1-GM131043) and the
National Science Foundation (MCB-1930165).

LITERATURE CITED

1.

Acher FC, Bertrand HO. 2005. Amino acid recognition by Venus flytrap domains is encoded in an 8-
residue motif. Biopolymers 80:357-66

Alfieri A, Doccula FG, Pederzoli R, Grenzi M, Bonza MC, et al. 2020. The structural bases for
agonist diversity in an Arabidopsis thaliana glutamate receptor-like channel. PNAS 117:752-60
Amin JB, Leng X, Gochman A, Zhou H-X, Wollmuth LP. 2018. A conserved glycine harboring disease-
associated mutations permits NMDA receptor slow deactivation and high Ca?* permeability. Naz.
Commun. 9:3748

Aouini A, Matsukura C, Ezura H, Asamizu E. 2012. Characterisation of 13 glutamate receptor-like genes
encoded in the tomato genome by structure, phylogeny and expression profiles. Gene 493:36-43
Barbier-Brygoo H, Vinauger M, Colcombet J, Ephritikhine G, Frachisse JM, Maurel C. 2000. An-
ion channels in higher plants: functional characterization, molecular structure and physiological role.
Biochim. Biophys. Acta Biomembr. 1465:199-218

Beilby MJ. 2007. Action potential in charophytes. Int. Rev. Cytol. 257:43-82

7. Bjornson M, Pimprikar P, Nurnberger T, Zipfel C. 2021. The transcriptional landscape of

Arabidopsis thaliana pattern-triggered immunity. Nat. Plants 7:579-86

www.annualyeviews.org o Plant Glutamate Receptor Ion Channels

2. First structural
determination of GLR
LBDs bound to amino
acids.

7. Transcriptomic
analysis reporting core
immunity genes
including breakthrough
characterization of clade
2 GLRs (GLR2.7,
GLR2.8, GLR2.9).

445



Annu. Rev. Plant Biol. 2023.74:415-452. Downloaded from www.annualreviews.org
Access provided by University of Maryland - College Park on 05/22/23. See copyright for approved use.

446

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Brenner ED, Martinez-Barboza N, Clark AP, Liang QS, Stevenson DW, Coruzzi G. 2000. Arabidop-

sis mutants resistant to S(+)-p-methyl-a, f-diaminopropionic acid, a cycad-derived glutamate receptor
agonist. Plant Physiol. 124:1615-24

. Brockie PJ, Jensen M, Mellem JE, Jensen E, Yamasaki T, et al. 2013. Cornichons control ER export of

AMPA receptors to regulate synaptic excitability. Neuron 80:129-42

Brown PMGE, McGuire H, Bowie D. 2018. Stargazin and cornichon-3 relieve polyamine block of
AMPA receptors by enhancing blocker permeation. 7. Gen. Physiol. 150:67-82

Burada AP, Vinnakota R, Kumar ]. 2020. The architecture of GluD2 ionotropic delta glutamate receptor
elucidated by cryo-EM. 7. Struct. Biol. 211:107546

Burada AP, Vinnakota R, Kumar J. 2020. Cryo-EM structures of the ionotropic glutamate receptor
GluD1 reveal a non-swapped architecture. Naz. Struct. Mol. Biol. 27:84-91

Burnashev N, Schoepfer R, Monyer H, Ruppersberg JP, Giinther W, et al. 1992. Control by asparagine
residues of calcium permeability and magnesium blockade in the NMDA receptor. Science 257:1415-19
Burnashev N, Villarroel A, Sakmann B. 1996. Dimensions and ion selectivity of recombinant AMPA and
kainate receptor channels and their dependence on Q/R site residues. 7. Physiol. 496:165-73

Carbone AL, Plested AJR. 2016. Superactivation of AMPA receptors by auxiliary proteins. Nat. Commuun.
7:10178

Carrillo E, Gonzalez CU, Berka V, Jayaraman V. 2021. Delta glutamate receptors are functional glycine-
and p-serine—gated cation channels in situ. Sci. Adv. 7:eabk2200

Castro-Rodriguez V, Kleist TJ, Gappel NM, Atanjaoui F, Okumoto S, etal. 2022. Sponging of glutamate
at the outer plasma membrane surface reveals roles for glutamate in development. Plant 7. 109:664-74
Chen G-Q, Cui C, Mayer ML, Gouaux E. 1999. Functional characterization of a potassium-selective
prokaryotic glutamate receptor. Nature 402:817-21

Chen S, Zhao Y, Wang Y, Shekhar M, Tajkhorshid E, Gouaux E. 2017. Activation and desensitization
mechanism of AMPA receptor-TARP complex by cryo-EM. Cell 170:1234-46.¢14

Chiu ], Brenner ED, DeSalle R, Nitabach MN, Holmesm TC, Coruzzi GM. 2002. Phylogenetic and
expression analysis of the glutamate-receptor-like gene family in Arabidopsis thaliana. Mol. Biol. Evol.
19:1066-82

Chiu J, DeSalle R, Lam HM, Meisel L, Coruzzi G. 1999. Molecular evolution of glutamate receptors: a
primitive signaling mechanism that existed before plants and animals diverged. Mol. Biol. Evol. 16:826-38
Cho D, Kim SA, Murata Y, Lee S, Jae SK, et al. 2009. De-regulated expression of the plant glutamate
receptor homolog AtGLR3.1 impairs long-term Ca’*-programmed stomatal closure. Plant 7. 58:437-49
Choi WG, Hilleary R, Swanson SJ, Kim SH, Gilroy S. 2016. Rapid, long-distance electrical and calcium
signaling in plants. Annu. Rev. Plant Biol. 67:287-307

Coombs ID, Soto D, McGee TP, Gold MG, Farrant M, Cull-Candy SG. 2019. Homomeric GluA2(R)
AMPA receptors can conduct when desensitized. Nat. Commun. 10:4312

Coombs ID, Soto D, Zonouzi M, Renzi M, Shelley C, etal. 2012. Cornichons modify channel properties
of recombinant and glial AMPA receptors. 7. Neurosci. 32:9796-804

Cuin TA, Dreyer I, Michard E. 2018. The role of potassium channels in Arabidopsis thaliana long distance
electrical signalling: AKT?2 modulates tissue excitability while GORK shapes action potentials. Inz. 7.
Mol. Sci. 19:926

Davenport R. 2002. Glutamate receptors in plants. Ann. Bot. 90:549-57

De Bortoli S, Teardo E, Szabo I, Morosinotto T, Alboresi A. 2016. Evolutionary insight into the
ionotropic glutamate receptor superfamily of photosynthetic organisms. Biophys. Chem. 218:14-26
Demidchik V, Essah PA, Tester M. 2004. Glutamate activates cation currents in the plasma membrane
of Arabidopsis root cells. Planta 219:167-75

Dennison KL, Spalding EP. 2000. Glutamate-gated calcium fluxes in Arabidopsis. Plant Physiol.
124:1511-14

Dietrich P, Anschutz U, Kugler A, Becker D. 2010. Physiology and biophysics of plant ligand-gated ion
channels. Plant Biol. 12:80-93

Dubos C, Huggins D, Grant GH, Knight MR, Campbell MM. 2003. A role for glycine in the gating of
plant NMDA-like receptors. Plant 7. 35:800-10

Simon o Navarro-Retamal o Feijo



Annu. Rev. Plant Biol. 2023.74:415-452. Downloaded from www.annualreviews.org
Access provided by University of Maryland - College Park on 05/22/23. See copyright for approved use.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Edel KH, Kudla J. 2015. Increasing complexity and versatility: how the calcium signaling toolkit was
shaped during plant land colonization. Cell Calcium 57:231-46

Edel KH, Marchadier E, Brownlee C, Kudla J, Hetherington AM. 2017. The evolution of calcium-based
signalling in plants. Curr: Biol. 27:R667-79

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and high throughput.
Nucleic Acids Res. 32:1792-97

Farmer EE, Gasperini D, Acosta IF. 2014. The squeeze cell hypothesis for the activation of jasmonate
synthesis in response to wounding. New Phytol. 204:282-88

Fichman Y, Mittler R.2021. Integration of electric, calcium, reactive oxygen species and hydraulic signals
during rapid systemic signaling in plants. Plant . 107:7-20

Fichman Y, Myers RJ Jr., Grant DG, Mittler R. 2021. Plasmodesmata-localized proteins and ROS
orchestrate light-induced rapid systemic signaling in Arabidopsis. Sci. Signal. 14:eabf0322

Forde BG, Lea PJ. 2007. Glutamate in plants: metabolism, regulation, and signalling. 7. Exp. Boz.
58:2339-58

Forde BG, Roberts MR. 2014. Glutamate receptor-like channels in plants: a role as amino acid sensors
in plant defence? F1000 Prime Rep. 6:37

Gaffey CT, Mullins L]J. 1958. Ion fluxes during the action potential in Chara. 7. Physiol. 144:505-24
Gangwar SP, Green MN, Michard E, Simon AA, Feijé JA, Sobolevsky Al 2021. Structure of the
Avrabidopsis glutamate receptor-like channel GLR3.2 ligand-binding domain. Structure 29:161-
69.¢4

Ger M-F, Rendon G, Tilson JL, Jakobsson E. 2010. Domain-based identification and analysis of
glutamate receptor ion channels and their relatives in prokaryotes. PLOS ONE 5:¢12827

Gilliham M, Campbell M, Dubos C, Becker D, Davenport R. 2006. The Arabidopsis thaliana glutamate-
like receptor family (AtGLR). In Communication in Plants, ed. F Baluska, S Mancuso, D Volkmann,
pp- 187-204. Berlin/Heidelberg: Springer

Green MN, Gangwar SP, Michard E, Simon AA, Portes MT, et al. 2021. Structure of the
Arabidopsis thaliana glutamate receptor-like channel GLR3.4. Mol. Cell 81:3216-26.e8

Greger IH, Watson JF, Cull-Candy SG. 2017. Structural and functional architecture of AMPA-type
glutamate receptors and their auxiliary proteins. Neuron 94:713-30

Grenzi M, Bonza MC, Alfieri A, Costa A. 2021. Structural insights into long-distance signal transduction
pathways mediated by plant glutamate receptor-like channels. New Phytol. 229:1261-67

Grenzi M, Bonza MC, Costa A. 2022. Signaling by plant glutamate receptor-like channels: What else!
Curr. Opin. Plant Biol. 68:102253

Gutiérrez RA, Stokes TL, Thum K, Xu X, Obertello M, et al. 2008. Systems approach identifies an
organic nitrogen-responsive gene network that is regulated by the master clock control gene CCAI.
PNAS 105:4939-44

Hansen KB, Wollmuth LP, Bowie D, Furukawa H, Menniti FS, et al. 2021. Structure, function, and
pharmacology of glutamate receptor ion channels. Pharmacol. Rev. 73:1469-658

Hansen KB, Yi F, Perszyk RE, Furukawa H, Wollmuth LP, et al. 2018. Structure, function, and allosteric
modulation of NMDA receptors. 7. Gen. Physiol. 150:1081-105

Hedrich R, Fukushima K. 2021. On the origin of carnivory: molecular physiology and evolution of plants
on an animal diet. Annu. Rev. Plant Biol. 72:133-53

Hedrich R, Salvador-Recatala V, Dreyer 1. 2016. Electrical wiring and long-distance plant communica-
tion. Trends Plant Sci. 21:376-87

Helliwell KE, Chrachri A, Koester JA, Wharam S, Verret F, et al. 2019. Alternative mechanisms for fast
Na*/Ca?* signaling in eukaryotes via a novel class of single-domain voltage-gated channels. Curr: Biol.
29:1503-11.e6

Hernandez-Coronado M, Dias Araujo PC, Ip PL, Nunes CO, Rahni R, et al. 2022. Plant glu-
tamate receptors mediate a bet-hedging strategy between regeneration and defense. Dev. Cell
57:451-65.¢6

Hollmann M, O’Shea-Greenfield A, Rogers SW, Heinemann S. 1989. Cloning by functional expression
of a member of the glutamate receptor family. Nature 342:643-48

www.annualyeviews.org o Plant Glutamate Receptor Ion Channels

42. Report, using X-ray
crystallography, of
amino acid binding to
AtGLR3.2.

45. First structural
determination of a
full-length GLR using
cryo-EM.

55. Comprehensive
analysis of GLRs’
genetic reprogramming
in roots following injury.

447



Annu. Rev. Plant Biol. 2023.74:415-452. Downloaded from www.annualreviews.org
Access provided by University of Maryland - College Park on 05/22/23. See copyright for approved use.

448

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Homann U, Thiel G. 1994. CI~ and K* channel currents during the action potential in Chara.
Simultaneous recording of membrane voltage and patch currents. 7. Membrane Biol. 141:297-309
Huettner JE. 2015. Glutamate receptor pores. 7. Physiol. 593:49-59

Hunt E, Gattolin S, Newbury H]J, Bale JS, Tseng H-M, et al. 2010. A mutation in amino acid perme-
ase AAP6 reduces the amino acid content of the Arabidopsis sieve elements but leaves aphid herbivores
unaffected. 7. Exp. Bot. 61:55-64

Inanobe A, Furukawa H, Gouaux E. 2005. Mechanism of partial agonist action at the NR1 subunit of
NMDA receptors. Neuron 47:71-84

Tosip AL, Bohm J, Scherzer S, Al-Rasheid KAS, Dreyer I, et al. 2020. The Venus flytrap trigger hair—
specific potassium channel KDM1 can reestablish the K* gradient required for hapto-electric signaling.
PLOS Biol. 18:e3000964

Iwano M, Ito K, Fujii S, Kakita M, Asano-Shimosato H, et al. 2015. Calcium signalling mediates self-
incompatibility response in the Brassicaceae. Nat. Plants 1:15128

Jalali-Yazdi F, Chowdhury S, Yoshioka C, Gouaux E. 2018. Mechanisms for zinc and proton inhibition
of the GluN1/GluN2A NMDA receptor. Cell 175:1520-32.e15

Janovjak H, Sandoz G, Isacoff EY. 2011. A modern ionotropic glutamate receptor with a KT selectivity
signature sequence. Nat. Commun. 2:232

Johannes E, Ermolayeva E, Sanders D. 1996. Red light-induced membrane potential transients in the
moss Physcomitrella patens: ion channel interaction in phytochrome signalling. 7. Exp. Bot. 48:599-608
Ju C, Van de Poel B, Cooper ED, Thierer JH, Gibbons TR, et al. 2015. Conservation of ethylene as a
plant hormone over 450 million years of evolution. Nat. Plants 1:14004

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, et al. 2021. Highly accurate protein structure
prediction with AlphaFold. Nature 596:583-89

Jung H, Tschaplinski T, Wang L, Glazebrook J, Greenberg J. 2009. Priming in systemic plant immunity.
Science 324:89-91

Kan C-C, Chung T-Y, Wu H-Y, Juo Y-A, Hsieh M-H. 2017. Exogenous glutamate rapidly induces the
expression of genes involved in metabolism and defense responses in rice roots. BM(C Genorm. 18:186
Kang J, Turano FJ. 2003. The putative glutamate receptor 1.1 (AtGLR1.1) functions as a regulator of
carbon and nitrogen metabolism in Arabidopsis thaliana. PNAS 100:6872-77

Kang S, Kim HB, Lee H, Choi JY, Heu S, et al. 2006. Overexpression in Arabidopsis of a plasma
membrane-targeting glutamate receptor from small radish increases glutamate-mediated Ca’* influx
and delays fungal infection. Mol. Cells 21:418-27

Kim SA, Kwak JM, Jae S-K, Wang M-H, Nam HG. 2001. Overexpression of the AtG/uR2 gene encoding
an Arabidopsis homolog of mammalian glutamate receptors impairs calcium utilization and sensitivity
to ionic stress in transgenic plants. Plant Cell Physiol. 42:74-84

Klein RM, Howe JR. 2004. Effects of the /urcher mutation on GluR1 desensitization and activation
kinetics. 7. Neurosci. 24:4941-51

Kleist TJ, Wudick MM. 2022. Shaping up: recent advances in the study of plant calcium channels. Curr:
Opin. Cell Biol. 76:102080

Kong D, Hu H-C, Okuma E, Lee Y, Lee HS, et al. 2016. L-Met activates Arabidopsis GLR Ca’* channels
upstream of ROS production and regulates stomatal movement. Cel/ Rep. 17:2553-61

Kong D, Ju C, Parihar A, Kim S, Cho D, Kwak JM. 2015. Arabidopsis glutamate receptor homolog
3.5 modulates cytosolic Ca>* level to counteract effect of abscisic acid in seed germination. Plant Physiol.
167:1630-42

Koselski M, Trebacz K, Dziubinska H, Krol E. 2008. Light- and dark-induced action potentials in
Physcomitrella patens. Plant Signal. Bebav. 3:13-18

Krol E, Dziubinska H, Trebacz K, Koselski M, Stolarz M. 2007. The influence of glutamic and
aminoacetic acids on the excitability of the liverwort Conocephalum conicum. J. Plant Physiol. 164:773-84
Kumari A, Chetelat A, Nguyen CT, Farmer EE. 2019. Arabidopsis HT-ATPase AHA1 controls slow wave
potential duration and wound-response jasmonate pathway activation. PNAS 116:20226-31

Kuner T, Beck C, Sakmann B, Seeburg PH. 2001. Channel-lining residues of the AMPA receptor M2
segment: structural environment of the Q/R site and identification of the selectivity filter. 7. Neurosci.
21:4162-72

Simon o Navarro-Retamal o Feijo



Annu. Rev. Plant Biol. 2023.74:415-452. Downloaded from www.annualreviews.org
Access provided by University of Maryland - College Park on 05/22/23. See copyright for approved use.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Kuner T, Seeburg PH, Guy HR. 2003. A common architecture for K* channels and ionotropic
glutamate receptors? TRENDS Neurosci. 26:27-32

Kurenda A, Nguyen CT, Chételat A, Stolz S, Farmer EE. 2019. Insect-damaged Arabidopsis moves like
wounded Mimosa pudica. PNAS 116:26066-71

Kwaaitaal M, Huisman R, Maintz ], Reinstadler A, Panstruga R. 2011. Ionotropic glutamate recep-
tor (iGluR)-like channels mediate MAMP-induced calcium influx in Arabidopsis thaliana. Biochem. F.
440:355-65

Lacombe B, Becker D, Hedrich R, DeSalle R, Hollmann M, et al. 2001. The identity of plant glutamate
receptors. Science 292:1486-87

Lam HM, Chiu J, Hsiech MH, Meisel L, Oliveira IC, et al. 1998. Glutamate-receptor genes in
plants. Nature 396:125-26

Lew TTS, Koman VB, Silmore KS, Seo JS, Gordiichuk P, et al. 2020. Real-time detection of wound-
induced H,O; signalling waves in plants with optical nanosensors. Nat. Plants 6:404-15

Li F, Wang ], Ma C, Zhao Y, Wang Y, et al. 2013. Glutamate receptor-like channel 3.3 is involved in me-
diating glutathione-triggered cytosolic calcium transients, transcriptional changes, and innate immunity
responses in Arabidopsis. Plant Physiol. 162:1497-509

LiJ, Zhu S, Song X, Shen Y, Chen H, et al. 2006. A rice glutamate receptor-like gene is critical for the
division and survival of individual cells in the root apical meristem. Plant Cell 18:340-49

Liu S, Zhang X, Xiao S, Ma J, Shi W, et al. 2021. A single-nucleotide mutation in a GLUTAMATE
RECEPTOR-LIKE gene confers resistance to fusarium wilt in Gossypium birsutum. Adv. Sci. 8:2002723
Llinds R, Steinberg IZ, Walton K. 1981. Relationship between presynaptic calcium current and
postsynaptic potential in squid giant synapse. Biophys. 7. 33:323-52

Lohaus G, Pennewiss K, Sattelmacher B, Hussmann M, Muehling KH. 2001. Is the infiltration-
centrifugation technique appropriate for the isolation of apoplastic fluid? A critical evaluation with
different plant species. Physiol. Plant. 111:457-65

Lomash S, Chittori S, Brown P, Mayer ML. 2013. Anions mediate ligand binding in Adineta vaga
glutamate receptor ion channels. Structure 21:414-25

Lu W, DuJ, Goehring A, Gouaux E. 2017. Cryo-EM structures of the triheteromeric NMDA receptor
and its allosteric modulation. Science 355:e2al3729

Lu W, Shi Y, Jackson AC, Bjorgan K, During MJ, et al. 2009. Subunit composition of synaptic AMPA
receptors revealed by a single-cell genetic approach. Neuron 62:254-68

Lunevsky VZ, Zherelova OM, Vostrikov 1Y, Berestovsky GN. 1983. Excitation of Characeae cell
membranes as a result of activation of calcium and chloride channels. . Membrane Biol. 72:43-58
LuoJ, WangY, Yasuda RP, Dunah AW, Wolfe BB. 1996. The majority of N-methyl-p-aspartate receptor
complexes in adult rat cerebral cortex contain at least three different subunits (NR1/NR2A/NR2B). Mol.
Pharmacol. 51:79-86

Manzoor H, Kelloniemi J, Chiltz A, Wendehenne D, Pugin A, et al. 2013. Involvement of the glutamate
receptor AtGLR3.3 in plant defense signaling and resistance to Hyaloperonospora arabidopsidis. Plant 7.
76:466-80

Marhavy P, Kurenda A, Siddique S, Dénervaud Tendon V, Zhou F, et al. 2019. Single-cell damage elicits
regional, nematode-restricting ethylene responses in roots. EMBO 7. 38:¢100972

Maricq AV, Peckol E, Driscoll M, Bargmann CI. 1995. Mechanosensory signalling in C. elegans mediated
by the GLR-1 glutamate receptor. Nature 378:78-81

Martiniere A, Gibrat R, Sentenac H, Dumont X, Gaillard I, Paris N. 2018. Uncovering pH at both sides
of the root plasma membrane interface using noninvasive imaging. PNAS 115:6488-93

Marvin JS, Borghuis BG, Tian L, Cichon J, Harnett MT, et al. 2013. An optimized fluorescent probe
for visualizing glutamate neurotransmission. Nat. Methods 10:162-70

Meyerhoff O, Muller K, Roelfsema MR, Latz A, Lacombe B, et al. 2005. AtGLR3.4, a glutamate receptor
channel-like gene is sensitive to touch and cold. Planta 222:418-27

Meyerson JR, Kumar J, Chittori S, Rao P, Pierson J, et al. 2014. Structural mechanism of glutamate
receptor activation and desensitization. Nature 514:328-34

Michard E, Lima PT, Borges F, Silva AC, Portes MT, et al. 2011. Glutamate receptor-like genes
form Ca2+ channels in pollen tubes and are regulated by pistil D-serine. Science 332:434-37

www.annualyeviews.org o Plant Glutamate Receptor Ion Channels

85. Discovered genes in
plants homologous to
mammalian glutamate
receptors.

104. First study
implying GLRs’
ionotropic function and
role in plant
reproduction and the
involvement of p-Ser.

449



Annu. Rev. Plant Biol. 2023.74:415-452. Downloaded from www.annualreviews.org
Access provided by University of Maryland - College Park on 05/22/23. See copyright for approved use.

107. Use of surface-

potential measurements

to demonstrate the

involvement of GLR3.3

and GLR3.6 in long-
distance electrical

signaling.

111. Genetic analysis

reporting GLR-

dependent phenotypes

in long-distance

electrical signaling with

Ca?+ signaling
simultaneously.

115. Genetic and
electrophysiological
characterization of

P. patens GLR1/GLR2

in reproduction and
transcriptional
regulation.

450

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Moe-Lange J, Gappel NM, Machado M, Wudick MM, Sies CSA, et al. 2021. Interdependence of a
mechanosensitive anion channel and glutamate receptors in distal wound signaling. Sci. Adv. 7:eabg4298
Mou W, Kao Y-T, Michard E, Simon AA, Li D, et al. 2020. Ethylene-independent signaling by the
ethylene precursor ACC in Arabidopsis ovular pollen tube attraction. Nat. Commun. 11:4082

Mousavi SA, Chauvin A, Pascaud F, Kellenberger S, Farmer EE. 2013. GLUTAMATE
RECEPTOR-LIKE genes mediate leaf-to-leaf wound signalling. Nature 500:422-26

Nadler V, Kloog Y, Sokolovsky M. 1988. 1-Aminocyclopropane-1-carboxylic acid (ACC) mimics the
effects of glycine on the NMDA receptor ion channel. Eur: J. Pharmacol. 157:115-16

Nahum-Levy R, Fossom LH, Skolnick P, Benveniste M. 1999. Putative partial agonist 1-
aminocyclopropanecarboxylic acid acts concurrently as a glycine-site agonist and a glutamate-site
antagonist at N-methyl-p-aspartate receptors. Mol. Pharamacol. 56:1207-18

Navarro-Retamal C, Schott-Verdugo S, Gohlke H, Dreyer 1. 2021. Computational analyses of the
AtTPC1 (Arabidopsis two-pore channel 1) permeation pathway. Int. 7. Mol. Sci. 22:10345

Nguyen CT, Kurenda A, Stolz S, Chetelat A, Farmer EE. 2018. Identification of cell populations
necessary for leaf-to-leaf electrical signaling in a wounded plant. PNAS 115:10178-83

NiJ, Yu Z, Du G, Zhang Y, Taylor JL, et al. 2016. Heterologous expression and functional analysis of
rice GLUTAMATE RECEPTOR-LIKE family indicates its role in glutamate triggered calcium flux in
rice roots. Rice 9:9

Nishiyama T, Sakayama H, de Vries ], Buschmann H, Saint-Marcoux D, et al. 2018. The Chara genome:
secondary complexity and implications for plant terrestrialization. Cel/ 174:448—64.¢24

Noctor G, Foyer CH. 2016. Intracellular redox compartmentation and ROS-related communication in
regulation and signaling. Plant Physiol. 171:1581-92

Ortiz-Ramirez C, Michard E, Simon AA, Damineli DSC, Hernindez-Coronado M, et al. 2017.
GLUTAMATE RECEPTOR-LIKE channels are essential for chemotaxis and reproduction in
mosses. Nature 549:91-95

Pérez-Otafio I, Larsen RS, Wesseling JF. 2016. Emerging roles of GluN3-containing NMDA receptors
in the CNS. Nat. Rev. Neurosci. 17:623-35

Plieth C, Sattelmacher B, Hansen U, Thiel G. 1998. The action potential in Chara: Ca>* release from
internal stores visualized by Mn?*-induced quenching of fura-dextran. Plant §. 13:167-75

Price MB, Jelesko J, Okumoto S. 2012. Glutamate receptor homologs in plants: functions and
evolutionary origins. Front. Plant Sci. 3:235

Price MB, Kong D, Okumoto S. 2013. Inter-subunit interactions between glutamate-like receptors in
Arabidopsis. Plant Signal. Bebav. 8:¢27034

Qi Z, Stephens NR, Spalding EP. 2006. Calcium entry mediated by GLR3.3, an Arabidopsis glutamate
receptor with a broad agonist profile. Plant Physiol. 142:963-71

Qiu XM, Sun YY, Ye XY, Li ZG. 2019. Signaling role of glutamate in plants. Front. Plant Sci. 10:1743
Ramos-Vicente D, Ji J, Gratac6s-Batlle E, Gou G, Reig-Viader R, et al. 2018. Metazoan evolution of
glutamate receptors reveals unreported phylogenetic groups and divergent lineage-specific events. eLife
7:¢35774

Riva I, Eibl C, Volkmer R, Carbone AL, Plested AJ. 2017. Control of AMPA receptor activity by the
extracellular loops of auxiliary proteins. eLife 6:¢28680

Roy BC, Mukherjee A. 2017. Computational analysis of the glutamate receptor gene family of Arabidopsis
thaliana. J. Biomol. Struct. Dyn. 35:2454-74

Roy S]J, Gilliham M, Berger B, Essah PA, Cheffings C, et al. 2008. Investigating glutamate receptor-like
gene co-expression in Arabidopsis thaliana. Plant Cell Environ. 31:861-71

Saitou N, Nei M. 1987. The neighbor-joining method: a new method for reconstructing phylogenetic
trees. Mol. Biol. Evol. 4:406-25

Salvador-Recatald V. 2016. New roles for the GLUTAMATE RECEPTOR-LIKE 3.3, 3.5, and 3.6 genes
as on/off switches of wound-induced systemic electrical signals. Plant Signal. Behav. 11:e1161879
Salvador-Recatald V, Tjallingii WF, Farmer EE. 2014. Real-time, in vivo intracellular recordings of
caterpillar-induced depolarization waves in sieve elements using aphid electrodes. New Phytol. 203:674—
84

Simon o Navarro-Retamal o Feijo



Annu. Rev. Plant Biol. 2023.74:415-452. Downloaded from www.annualreviews.org
Access provided by University of Maryland - College Park on 05/22/23. See copyright for approved use.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Scherzer S, Bohm J, Huang S, Iosip AL, Kreuzer I, et al. 2022. A unique inventory of ion transporters
poises the Venus flytrap to fast-propagating action potentials and calcium waves. Curv: Biol. 32:4255-
63.e5

Scherzer S, Huang S, Iosip A, Kreuzer I, Yokawa K, et al. 2022. Ether anesthetics prevents touch-induced
trigger hair calcium-electrical signals excite the Venus flytrap. Sci. Rep. 12:2851

Schneggenburger R. 1998. Altered voltage dependence of fractional Ca’* current in N-methyl-p-
aspartate channel pore mutants with a decreased Ca’>* permeability. Biophys. 7. 74:1790-94
Schneggenburger R, Neher E. 2000. Intracellular calcium dependence of transmitter release rates at a
fast central synapse. Nature 406:889-93

Schuster CM, Ultsch A, Schloss P, Cox JA, Schmitt B, Betz H. 1991. Molecular cloning of an invertebrate
glutamate receptor subunit expressed in Drosophila muscle. Science 254:112-14

Schwenk J, Harmel N, Zolles G, Bildl W, Kulik A, et al. 2009. Functional proteomics identify cornichon
proteins as auxiliary subunits of AMPA receptors. Science 323:1313-19

Shao Q, Gao Q, Lhamo D, Zhang H, Luan S. 2020. Twwo glutamate- and pH-regulated Ca’* channels
are required for systemic wound signaling in Arabidopsis. Sci. Signal. 13:eabal453

Singh SK, Chien C-T, Chang I-F. 2016. The Arabidopsis glutamate receptor-like gene GLR3.6 controls
root development by repressing the Kip-related protein gene KRP4. 7. Exp. Bot. 67:1853-69

Stephens NR, Qi Z, Spalding EP. 2008. Glutamate receptor subtypes evidenced by differences in
desensitization and dependence on the GLR3.3 and GLR3.4 genes. Plant Physiol. 146:529-38

Straub C, Tomita S. 2012. The regulation of glutamate receptor trafficking and function by TARPs and
other transmembrane auxiliary subunits. Curv: Opin. Neurobiol. 22:488-95

Sze H, Li X, Palmgren MG. 1999. Energization of plant cell membranes by H+-pumping ATPases:
regulation and biosynthesis. Plant Cell 11:677-89

Tapken D, Anschiitz U, Liu L-H, Huelsken T, Seebohm G, et al. 2013. A plant homolog of animal
glutamate receptors is an ion channel gated by multiple hydrophobic amino acids. Sci. Signal. 6:ra47
Tapken D, Hollmann M. 2008. Arabidopsis thaliana glutamate receptor ion channel function demon-
strated by ion pore transplantation. 7. Mol. Biol. 383:36-48

Tazawa M, Shimmen T, Mimura T. 1987. Membrane control in the Characeae. Annu. Rev. Plant Physiol.
38:95-117

Teardo E, Carraretto L, De Bortoli S, Costa A, Behera S, et al. 2015. Alternative splicing-mediated
targeting of the Arabidopsis GLUTAMATE RECEPTOR3.5 to mitochondria affects organelle
morphology. Plant Physiol. 167:216-27

Teardo E, Formentin E, Segalla A, Giacometd GM, Marin O, et al. 2011. Dual localization of
plant glutamate receptor AtGLR3.4 to plastids and plasmamembrane. Biochim. Biophys. Acta Bioenerg.
1807:359-67

Tehran DA, Kochlamazashvili G, Pampaloni NP, Sposini S, Shergill JK, et al. 2022. Selective endocy-
tosis of Ca?*-permeable AMPARSs by the Alzheimer’s disease risk factor CALM bidirectionally controls
synaptic plasticity. Sci. Adv. 8:eabl5032

Toyota M, Spencer D, Sawai-Toyota S, Jiaqi W, Zhang T, et al. 2018. Glutamate triggers long-distance,
calcium-based plant defense signaling. Science 361:1112-15

Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, et al. 2010. Glutamate receptor ion
channels: structure, regulation, and function. Pharmacol. Rev. 62:405-96

Trebacz K, Simonis W, Schonknecht G. 1994. Cytoplasmic Ca?*, K*, CI~, and NO;™ activities in the
liverwort Conocephalum conicum at rest and during action potentials. Plant Physiol. 106:1073-84
Twomey EC, Sobolevsky AL 2018. Structural mechanisms of gating in ionotropic glutamate receptors.
Biochemistry 57:267-76

Twomey EC, Yelshanskaya MV, Grassucci RA, Frank J, Sobolevsky Al 2017. Channel opening and
gating mechanism in AMPA-subtype glutamate receptors. Nature 549:60-65

Vincent TR, Avramova M, Canham J, Higgins P, Bilkey N, et al. 2017. Interplay of plasma mem-
brane and vacuolar ion channels, together with BAK1, elicits rapid cytosolic calcium elevations
in Arabidopsis during aphid feeding. Plant Cell 29:1460-79

Vincill ED, Bieck AM, Spalding EP. 2012. Ca>* conduction by an amino acid-gated ion channel related
to glutamate receptors. Plant Physiol. 159:40-46

www.annualyeviews.org o Plant Glutamate Receptor Ion Channels

151. Genetic analysis of
GLR-dependent Ca**
signaling under aphid
attack.

451



Annu. Rev. Plant Biol. 2023.74:415-452. Downloaded from www.annualreviews.org
Access provided by University of Maryland - College Park on 05/22/23. See copyright for approved use.

161. Seminal study
reporting that long-
distance signaling is
accomplished by
electrical propagation.

166. Demonstration
that GLR-CNIH
interactions regulate
Ca2+ homeostasis, likely
through subcellular
localization and channel
gating.

169. Demonstration
that systemic electrical
signaling is conserved
among GLRs from rice.

452

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Vincill ED, Clarin AE, Molenda JN, Spalding EP. 2013. Interacting glutamate receptor-like proteins in
phloem regulate lateral root initiation in Arabidopsis. Plant Cell 25:1304-13

Walch-Liu P, Ivanov II, Filleur S, Gan Y, Remans T, Forde BG. 2006. Nitrogen regulation of root
branching. Ann. Bot. 97:875-81

Walch-Liu P, Liu L-H, Remans T, Tester M, Forde BG. 2006. Evidence that L-glutamate can act as
an exogenous signal to modulate root growth and branching in Arabidopsis thaliana. Plant Cell Physiol.
47:1045-57

Wang G, Hu C, Zhou J, Liu Y, Cai J, et al. 2019. Systemic root-shoot signaling drives jasmonate-based
root defense against nematodes. Curv: Biol. 29:3430-38.e4

Wang PH, Lee CE, Lin YS, Lee MH, Chen PY, etal. 2019. The glutamate receptor-like protein GLR3.7
interacts with 14-3-3w and participates in salt stress response in Arabidopsis thaliana. Front. Plant Sci.
10:1169

Weiland M, Mancuso S, Baluska F. 2015. Signalling via glutamate and GLRs in Arabidopsis thaliana. Funct.
Plant Biol. 43:1-25

Wen X, Zhang C,JiY, Zhao Q,He W, etal. 2012. Activation of ethylene signaling is mediated by nuclear
translocation of the cleaved EIN2 carboxyl terminus. Cel/ Res. 22:1613-16

Westphal L, Strehmel N, Eschen-Lippold L, Bauer N, Westermann B, et al. 2019. pH effects on plant
calcium fluxes: lessons from acidification-mediated calcium elevation induced by the y-glutamyl-leucine
dipeptide identified from Phytophthora infestans. Sci. Rep. 9:4733

Wildon DC, Thain JF, Minchin PEH, Gubb IR, Reilly AJ, et al. 1992. Electrical signalling and
systemic proteinase inhibitor induction in the wounded plant. Nature 360:62-65

Wo ZG, Oswald RE. 1995. Unraveling the modular design of glutamate-gated ion channels. Tiends
Neurosci. 18:161-68

Wood MW, VanDongen HM, VanDongen AM. 1995. Structural conservation of ion conduction
pathways in K channels and glutamate receptors. PNAS 92:4882-86

Wu Q, Stolz S, Kumari A, Farmer EE. 2022. The carboxy-terminal tail of GLR3.3 is essential for wound-
response electrical signaling. New Phytol. 236:2189-201

Wudick MM, Michard E, Oliveira Nunes C, Feij6 JA. 2018. Comparing plant and animal glutamate
receptors: common traits but different fates? 7. Exp. Bot. 69:4151-63

Waudick MM, Portes MT, Michard E, Rosas-Santiago P, Lizzio MA, et al. 2018. CORNICHON
sorting and regulation of GLR channels underlie pollen tube Ca2+ homeostasis. Science 360:533—
36

Yelshanskaya MV, Patel DS, Kottke CM, Kurnikova MG, Sobolevsky AL 2022. Opening of glutamate
receptor channel to subconductance levels. Nature 605:172-78

Yu A, Salazar H, Plested AJR, Lau AY. 2018. Neurotransmitter funneling optimizes glutamate receptor
kinetics. Neuron 97:139-49.e4

Yu B, Wu Q, Li X, Zeng R, Min Q, Huang J. 2022. GLUTAMATE RECEPTOR-like gene
OsGLR3.4 is required for plant growth and systemic wound signaling in rice (Oryza sativa). New
Phytol. 233:1238-56

Yu J, Rao P, Clark S, Mitra J, Ha T, Gouaux E. 2021. Hippocampal AMPA receptor assemblies and
mechanism of allosteric inhibition. Nazure 594:448-53

Zhang D, Watson JF, Matthews PM, Cais O, Greger IH. 2021. Gating and modulation of a hetero-
octameric AMPA glutamate receptor. Nature 594:454-58

Zheng Y, Luo L, Wei ], Chen Q, Yang Y, et al. 2018. The glutamate receptors AtGLRI1.2 and ArGLRI.3
increase cold tolerance by regulating jasmonate signaling in Arabidopsis thaliana. Biochem. Biophys. Res.
Commun. 506:895-900

ZuoJ, De Jager PL, Takahashi KA, Jiang W, Linden DJ, Heintz N. 1997. Neurodegeneration in Lurcher
mice caused by mutation in 82 glutamate receptor gene. Nature 388:769-73

Yoshida R, Mori IC, Kamizono N, Shichiri Y, Shimatani T, et al. 2016. Glutamate functions in stomatal
closure in Arabidopsis and fava bean. 7. Plant Res. 129:39-49

Tsuruda T, Yoshida R. 2023. L-Glutamate activates salicylic acid signaling to promote stomatal closure
and PRI expression in Arabidopsis. Physiol. Plant. 175:¢13858

Simon o Navarro-Retamal o Feijo



Annu. Rev. Plant Biol. 2023.74:415-452. Downloaded from www.annualreviews.org
Access provided by University of Maryland - College Park on 05/22/23. See copyright for approved use.

Contents

An RNA World
David C. Baulcombe . .............. ... . 1

Plant Small RNAs: Their Biogenesis, Regulatory Roles, and Functions
Funpeng Zban and Blake C. Meyers ... 21

The Diversity and Functions of Plant RNA Modifications: What We
Know and Where We Go from Here
Bishwas Sharma, Wil Prall, Garima Bhatia, and Brian D. Gregory ...................... 53

Epigenetic Regulation During Plant Development and the Capacity
for Epigenetic Memory
Elizabeth A. Hemenway and Mary Gebring ....................cccciiiiiiiiiiiiii, 87

cis-Regulatory Elements in Plant Development, Adaptation,
and Evolution
Alexandre P. Marand, Andrea L. Eveland, Kerstin Kaufinann,

and Nathan M. Springer ... 111
The Role and Activity of SWI/SNF Chromatin Remodelers
Tomasz Bieluszewski, Sandban Prakash, Thomas Roulé, and Doris Wagner ............ 139

BAHD Company: The Ever-Expanding Roles of the BAHD
Acyltransferase Gene Family in Plants
Gaurav Moghe, Lars H. Kruse, Maike Petersen, Federico Scossa,

Alisdair R. Fernie, Emmanuel Gaquerel, and fohn C. D’Auria ....................... 165
Lipid Droplets: Packing Hydrophobic Molecules Within the Aqueous
Cytoplasm
Athanas Guzha, Payton Whitebead, Till Ischebeck, and Kent D. Chapman .. ............ 195

The Evolution and Evolvability of Photosystem II
Thomas Oliver; Tom D. Kim, Foko P. Trinugrobo, Violeta Cordon-Preciado,
Nitara Wijayatilake, Aaryan Bhatia, A. William Rutberford,
and Tonai Cardona ........... ... ... .. .. . 225

Chloroplast Proteostasis: Import, Sorting, Ubiquitination,
and Proteolysis
Yi Sun and R. Paul Farvis ............... . . 259

I

(R

Annual Review of
Plant Biology
Volume 74,2023



Annu. Rev. Plant Biol. 2023.74:415-452. Downloaded from www.annualreviews.org
Access provided by University of Maryland - College Park on 05/22/23. See copyright for approved use.

vi

Proximity Labeling in Plants
Shou-Ling Xu, Ruben Shrestha, Sumudu S. Karunadasa, and Pei-Qiao Xie ............ 285

Optogenetic Methods in Plant Biology
Kai R. Konrad, Shigiang Gao, Matias D. Zurbriggen, and Georg Nagel ................ 313

Temperature Sensing in Plants

Sandra M. Kerbler and Philip A. Wigge ..., 341

Between-Plant Signaling
Guojing Shen, fingxiong Zhang, Yunting Lei, Yuxing Xu, and Fiangiang Wu ......... 367

Decoding the Auxin Matrix: Auxin Biology Through the Eye of the
Computer
Raquel Martin-Arevalillo and Teva Vernousx ...........................ccccociiiiiiiiii.. 387

Merging Signaling with Structure: Functions and Mechanisms of Plant
Glutamate Receptor Ion Channels
Alexander A. Simon, Carlos Navarro-Retamal, and José A. Feijo ........................ 415

Plant Hormone "Transport and Localization: Signaling Molecules
on the Move
Yugin Zhang, Amichai Berman, and Eilon Shani ......................................... 453

New Horizons in Plant Photoperiodism
Joshua M. Gendron and Dorothee Staiger ......................c.cooiiiiiiiii, 481

The Game of Timing: Circadian Rhythms Intersect with Changing
Environments
Kanjana Laosuntisuk, Estefania Elorriaga, and Colleen J. Doberty ...................... 511

Phyllosphere Microbiome
Reza Sobrabi, Bradley C. Paasch, fulian A. Liber; and Sheng Yang He .................. 539

Mycorrhizal Symbiosis in Plant Growth and Stress Adaptation:
From Genes to Ecosystems
Fincai Shi, Xiaolin Wang, and Ertao Wang .......................c.cciiiiii. 569

Where, When, and Why Do Plant Volatiles Mediate Ecological
Signaling? The Answer Is Blowing in the Wind

Meredith C. Schuman ............ ... .. ... 609
Why Are Invasive Plants Successful?
Margherita Gioria, Philip E. Hulme, David M. Richardson, and Petr Pysek ........... 635

Salt-Tolerant Crops: Time to Deliver
Vanessa Melino and Mark Tester ..o, 671

Replicated Evolution in Plants
Maddie E. Fames, Tim Brodribb, lan §. Wright, Loren H. Rieseberg,
and Daniel Ortiz-Barrientos ... .. .. ... . .. .. .. 697

Contents



Annu. Rev. Plant Biol. 2023.74:415-452. Downloaded from www.annualreviews.org
Access provided by University of Maryland - College Park on 05/22/23. See copyright for approved use.

"The Power and Perils of De Novo Domestication Using
Genome Editing
Madelaine E. Bartlett, Brook 'I" Moyers, farrett Man, Banu Subramaniam,

and Nokwanda P. Makunga ..., 727
Causes of Mutation Rate Variability in Plant Genomes
Daniela Quiroz, Mariele Lensink, Daniel J. Kliebenstein, and . Grey Monroe ......... 751
Engineering Themes in Plant Forms and Functions
Rabel Oblendorf, Nathanael Yi-Hsuen Tin, and Naomi Nakayama ..................... 777
Errata

An online log of corrections to Annual Review of Plant Biology articles may be found at
http://www.annualreviews.org/errata/arplant

Contents

vii



Annu. Rev. Plant Biol. 2023.74:415-452. Downloaded from www.annualreviews.org
Access provided by University of Maryland - College Park on 05/22/23. See copyright for approved use.

viil

Related Articles

From the Annual Review of Biochemistry, Volume 91 (2022)

Better, Faster, Cheaper: Recent Advances in Cryo-Electron Microscopy
Eugene Y.D. Chua, Joshua H. Mendez, Micah Rapp, Serban L. Ilca, Yong Zi Tan,
Kashyap Maruthi, Huibui Kuang, Christina M. Zimanyi, Anchi Cheng,
Edward T. Eng, Alex . Noble, Clinton S. Potter; and Bridget Carragher

The Role of DEAD-Box AT Pases in Gene Expression and the Regulation of
RNA-Protein Condensates
Karsten Weis and Maria Hondele

From the Annual Review of Cell and Developmental Biology, Volume 38 (2022)

The Plant Anaphase-Promoting Complex/Cyclosome
Alex Willems and Lieven De Veylder

From the Annual Review of Food Science and Technology, Volume 13 (2022)

Plant-Based Proteins: The Good, Bad, and Ugly
William R. Aimutis

Current Understanding of Modes of Action of Multicomponent Bioactive
Phytochemicals: Potential for Nutraceuticals and Antimicrobials
Michael Wink

From the Annual Review of Genetics, Volume 56 (2022)

The Genetics of Autophagy in Multicellular Organisms
Hong Zhang

The Epigenetic Control of the Transposable Element Life Cycle in Plant
Genomes and Beyond
Peng Lin, Diego Cuerda-Gil, Saima Shahid, and R. Keith Slotkin

From the Annual Review of Microbiology, Volume 76 (2022)

My Personal Journey from the Fascination for Phages to a Tumor-Inducing
Fungal Pathogen of Corn
Regine Kabmann



Annu. Rev. Plant Biol. 2023.74:415-452. Downloaded from www.annualreviews.org
Access provided by University of Maryland - College Park on 05/22/23. See copyright for approved use.

The Making of a Heterocyst in Cyanobacteria
Xiaoli Zeng and Cheng-Cai Zhang

From the Annual Review of Phytopathology, Volume 60 (2022)

Going Viral: Virus-Based Biological Control Agents for Plant Protection
Feroen Wagemans, Dominique Holtappels, Eeva Vainio, Mojgan Rabiey,
Cristina Marzachi, Salvador Herrero, Mobammadhbossein Ravanbakhbsh,
Christoph C. 'Iebbe, Mylene Ogliastro, Maria A. Ayllon, and Massimo Turina

Rooting Out the Mechanisms of Root-Knot Nematode—Plant Interactions
William B. Rutter, Jessica Franco, and Cynthia Gleason

The Phloem as an Arena for Plant Pathogens
Fennifer D. Lewis, Michael Knoblauch, and Robert Turgeon

Peptide Effectors in Phytonematode Parasitism and Beyond
Melissa G. Mitchum and Xunliang Liu

Yellow Dwarf Viruses of Cereals: Taxonomy and Molecular Mechanisms
W. Allen Miller and Zachary Lozier

Recognition and Response in Plant—-Nematode Interactions
Shabid Siddique, Alison Coomer; Thomas Baum, and Valerie Moroz Williamson

Pathogen Adaptation to the Xylem Environment
Leonardo De La Fuente, Marcus V. Merfa, Puul A. Cobine, and Jeffrey 7. Coleman

Future of Bacterial Disease Management in Crop Production
Anuj Sharma, Peter Abrabamian, Renato Carvalho, Manoj Choudhary,
Mathews L. Paret, Gary E. Vallad, and Feffrey B. Jones

Ecology of Yellow Dwarf Viruses in Crops and Grasslands: Interactions in the
Context of Climate Change
Fasmine S. Peters, Beatriz A. Aguirre, Anna DiPaola, and Alison G. Power

Facilitating Reforestation Through the Plant Microbiome: Perspectives from the
Phyllosphere
Posy E. Busby, George Newcombe, Abigail S. Neat, and Colin Averill

Related Articles



