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SUMMARY

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

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

INTRODUCTION

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

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

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

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

RESULTS

Functional characterization and structure

determination

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

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

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

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

See also Figures S1-S3 and Table S1.

localizes specifically to the aperture of the
pollen grain (Figure 1A) and appears to be
associated with cell polarity, from the for-
mation of the early bulge, which will
develop into the pollen tube, to the reten-
tion in the apical tips after the formation of the callose plugs, or in
root phloem cells (Vincill et al., 2013; Figures S1A-S1C). Cell po-
larity in Arabidopsis pollen tubes has also been characterized by
the tip-focused influx of calcium (Ca®*) (Michard et al., 2011,
2017). Supporting the role of GLR3.4 in this cell polarity process,
two mutant alleles of glr3.4 showed reduced pollen tube Ca**
fluxes compared with wild-type (Figure S1D).

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

We expressed full-length GLR3.4 in HEK293 cells, purified the
protein to sufficient purity and homogeneity (Figure 1C), and
subjected it to single-particle cryoelectron microscopy (cryo-
EM). We reconstructed a three-dimensional (3D) map to an over-
all 3.57 A resolution (Figure 1D), with the core of the molecule
resolved at ~3 A resolution (Figure S3; Table S1; Video S1).
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Figure 2. Overall architecture and symmetry
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(A) GLR3.4 structure viewed parallel to the membrane (gray bars), with four subunits colored differently, molecules of GSH and Glu shown as space-filling models
and carbohydrates as sticks. The axes of the overall and local two-fold symmetries are shown as dotted and solid lines, respectively.
(B-D) ATD (B), LBD (C) and TMD (D) layers viewed extracellularly, with the overall (large ovals) and local (small ovals) two-fold and four-fold (square) symmetries

indicated.

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

See also Figures S4 and S5.

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

Architecture and symmetry

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

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

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

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

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

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

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

(legend continued on next page)

4 Molecular Cell 87, 1-11, August 5, 2021



https://doi.org/10.1016/j.molcel.2021.05.025

Please cite this article in press as: Green et al., Structure of the Arabidopsis thaliana glutamate receptor-like channel GLR3.4, Molecular Cell (2021),

Molecular Cell

the interdimer interface between subunits A and C is small
(218 Az) and mediated by hydrogen bonds between T717 and
N719. The four GLR3.4 subunits interact most extensively at
the TMD, where each of the four pairs of the neighboring subunits
(A/B, B/C, C/D, and D/A) contribute alarge (1,547 ,&2) intersubunit
interface. Apart from numerous hydrophobic interactions, which
are typical for transmembrane regions, these interfaces are also
stabilized by hydrogen bonds between residues T613, E615,
L686, N689, S690, T693, T697, S698, L700, K856, and S857
that belong to the adjacent subunits.

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

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

ATDs

The ATDs of GLR3.4 adapt a clamshell architecture that was pre-
viously observed in the ATDs of iGluRs (Hansen et al., 2010),
bacterial periplasmic amino acid binding proteins (Trakhanov
et al., 2005), the extracellular domain of the natriuretic peptide
receptor (He et al., 2001), and the LBDs of family C G protein-
coupled receptors, including metabotropic glutamate (Koehl

¢? CellPress

et al., 2019) and GABAg receptors (Papasergi-Scott et al.,
2020; Park et al., 2020; Shaye et al., 2020). The dimer-of-dimers
assembly of ATDs in iGluRs is important for their tetrameric sta-
bility, but functionally these domains are orphan in AMPA and
kainate subtypes because of their open clamshells that have
not been reported to bind to any ligand and pronounced inter-
faces between the upper L1 and lower L2 lobes that restrain
clamshell opening/closing transformations (Jin et al., 2009).
NMDA receptors, which bind the inhibitor zinc ion inside the
GIuN2B subunit ATD clamshell and conduct the conformational
changes in the ATDs to the LBDs and the ion channel (Jalali-
Yazdi et al., 2018; Karakas et al., 2009), are an exception. As
the overall domain organization and shape of GLR3.4 resembles
more AMPA and kainate than NMDA receptors, we expected the
ATD clamshells to be similar to non-NMDA receptors. Against
these expectations, we found that the GLR3.4 ATDs are all
bound to glutathione (GSH) through S-glutathionylation of
cysteine C205 (Figure 3A).

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

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

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

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

(1) Amino acid sequence alignment for the ATD-LBD linker region of AtGLR3.4 (NP_001030971.1), AtGLR3.1 (NP_028351.2), AtGLR3.2 (NP_567981.1), AtGLR3.3
(NP_174978.1), AtGLR3.6 (NP_190716.3), AtGLR3.7 (NP_565744.1), AtGLR2.1 (NP_198062.2), AtGLR1.4 (NP_187408.2), AMPA subtype rat GIuA2 (NP_058957),
kainate subtype rat GluK2 (P42260.2), delta subtype rat GluD1 (NP_077354.1) and GluD2 (NP_077355.1), NMDA subtype rat GIuN1 (EDL93606.1), GIUN3A
(NP_612555.1), and GIuN2A (NP_036705.3), and AvGIluR1 (ADW94593.1). Numbering is for the mature protein. Secondary structure elements are shown as
cylinders (o helices), arrows (B strands), and lines (loops) and colored according to domains, ATD (purple) and LBD (orange). Conserved residues are highlighted

in blue.
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Figure 4. Ligand-binding domain

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

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

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

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

—
ET10 41p E/

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

To infer whether GSH binding has the potential to produce
conformational changes in the GLR3.4 protein, we compared
its ATD to the ATD of the AMPA subtype iGIuR GluA2, which
has the same overall fold but does not bind to any ligands. Strik-
ingly, GSH-bound clamshell of the GLR3.4 ATD is 16° more
closed than the ATD clamshell of GIuA2 (Figure 3F). This confor-
mation is reminiscent of the conformation of mGIuR LBD after it
closes in response to the binding of agonist glutamate (Fig-
ure 3G). Thus, a comparison of the GLR3.4 ATD with the domains
of a similar fold suggests that GSH binding can cause conforma-
tional changes in the GLR protein, which might contribute to
gating of its ion channel.

For conformational changes in the ATD to be effectively trans-
mitted to the LBD and TMD, the ATD must have a strong struc-
tural connection to the LBD, such as the one observed in NMDA
receptors (Karakas and Furukawa, 2014; Lee et al., 2014) and
which is largely missing in AMPA, kainate, or delta receptors
(Burada et al., 2020b; Meyerson et al., 2016; Sobolevsky et al.,
2009). In GLR3.4, a unique ATD-LBD linker plays the role of an
inter-domain connector, creating a strong interface between
the ATD and LBD through a network of hydrophobic (residues
W485, F487, L494, Y534, P535, V536, P809, and L810) and elec-
trostatic (residues L248, R483, N489, N490, Y534, P535, P809,
and D813) interactions (Figure 3H). Such a strong connection be-
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5VHZ) (G), and GluK2 (PDB: 5KUF) (H), in complex
with Glu, L-quisqualate, and 2S,4R-4-methyl-
glutamate, respectively, and superposed with the
corresponding isolated LBD dimers (C-E) shown
in gray. Rearrangements of LBDs in the full-length
structures compared with isolated LBDs are indi-
cated by purple arrows.

See also Figure S6 and Table S2.

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

LBDs

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

Pore Radius (A)

—

* * *

AtGLR3.4 (671) SSLEGRFVLIIWLEVVLIINSSYTASLTSILTIRQLTSR
AtGLR3.1 (675) STLGRMVLLIWLEVVLIITSSYTASLTSILTVQQLNSP
AtGLR3.2 (645) STLGRAVLLIWLEVVLIITSSYTASLTSILTVQQLNSP
AtGLR3.3 (644) STLEGRLVLIIWLEVVLIINSSYTASLTSILTVQQLSSP
AtGLR3.6 (634) SNLGRIVLIIWLEVVLIINSSYTASLTSILTVHQLSSP
AtGLR3.7 (636) SNLARLVMIVWLELLMVLTASYTANLTSILTVQQLPSA
AtGLR2.1 (632) SFWARVVVIIWYFELVLVLTQSYTASLASLLTTQHLHPT

( )
( )
( )
( )
( )
( )
( )
AtGLR1.4 (626) HNMSRFVVIVWIFAVLILTSNYTATLTSVMIVOQIRG-
( )
( )
( )
( )
( )
( )
( )
( )

rGluA2 (616) SLSGRIVGGVWWEFTLIIISSYTANLAAFLTVERMVSP
rGluK2 (630) ALSTRIVGGINWEFTLIIISSYTANLAAFLTVERMESP
rGluDl (627) SVAMRIVMGSWWLFTLIVCSSYTANLAAFLTVSRMDSP
rGluD2 (627) TLATRMMMGAWWLFALIVISSYTANLAAFLTITRIESS
rGluN1l (647) SVAMRILGMVWAGFAMIIVASYTANLAAFLVLDRPEER
rGluN3 (739) CWTGRFLMNLWAIFCMFCLSTYTANLAAVMVGEKIYEE
rGluN2 (624) GTTSKIMVSVWAFEFAVIFLASYTANLAAFMIQEEFVDQ
AvGluRl (643) TAAGRLVSAGLYILSLVLVASYTANLASELTILKTKDL

Figure 5. lon channel

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

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

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

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

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

¢? CellPress

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

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

lon channel

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

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

Desensitized/Inactivated

Open

Figure 6. GLR3.4 gating

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

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

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

DISCUSSION

In the GLR3.4 structure, the ATDs (Figure 3) and LBDs (Figure 4)
are bound to agonist molecules. The ATDs are bound to GSH
and adapt closed clamshell conformations. The LBDs also adapt
closed clamshell conformations and are modeled bound to Glu,
which we added to the protein before subjecting it to cryo-EM.
There is a possibility, however, that the LBDs in the full-length
GLR3.4 structure are bound to Ser, similar to the isolated LBD,
which was found bound to Ser of endogenous origin (Figure S6;
STAR Methods). In fact, it is practically impossible to distinguish
Gilu from Ser in cryo-EM maps at 3.57 A resolution (Figures 1 and
S3; Video S1). Independent of whether the LBDs are bound to
Glu or Ser, their closed clamshell conformations are identical
(Figure SB6A).

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

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

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

Limitations of the study

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

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

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

Data and code availability

Cryo-EM map for full-length GLR3.4 and after ATD and micelle subtraction have been deposited to the EMDB with the accession
codes EMD-23606 and EMD-23607, respectively. Coordinates for full-length GLR3.4 and after ATD and micelle subtraction have
been deposited to the PDB with the accession codes 7LZH and 7LZI, respectively. Coordinates and structure factors for GLR3.4-
S1S82gu, GLR3.4-S1S25,, and GLR3.4-S1S2)¢: structures have been deposited to the PDB with the accession codes 7LZ0, 7LZ1
and 7LZ2, respectively. Raw files and full output tables for mass spectrometry results are available through PRIDE repository with
identifier PXD024563 (reviewer access username: reviewer_pxd024563@ebi.ac.uk, password: UDehuNMe). This study did not
generate new code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

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

METHOD DETAILS

Constructs

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

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

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

Plant transformation

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

GLR3.4-S1S2 expression and purification

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

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

For GLR3.4-S1S2et and GLR3.4-S1S2¢,,, protein purification was similar, except 1 mM L-glutamate was omitted from all purifi-
cation buffers. In addition, instead of ion exchange chromatography, we used size-exclusion chromatography with the Superdex 16/
60 column (GE Healthcare) and the buffer containing 150 mM NaCl, 20 mM Tris pH 7.5, 1 mM BME, and 5% glycerol. The purified
protein was evaluated using SDS-PAGE and FSEC (Superose 10/30 column, GE Healthcare) and supplemented with the correspond-
ing ligand (Met) before subjecting it to crystallization.

GLR3.4-S1S2 crystallization and structure determination

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

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

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

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

Full-length GLR3.4 expression and purification

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

Cryo-EM sample preparation and data collection

Au/Au grids were prepared as described in the literature (Russo and Passmore, 2014). Briefly, grids were prepared by first coating C-flat
(Protochips, Inc., Morrisville, NC) CF-1.2/1.3-2Au 200 mesh holey carbon grids with ~50 nm of gold using an Edward Auto 306 evapo-
rator. Subsequently, an Ar/O, plasma treatment (6 minutes, 50 W, 35.0 sccm Ar, 11.5 sccm O,) was used to remove the carbon with a
Gatan Solarus (model 950) Advanced Plasma Cleaning System. The grids were again plasma treated (Ho/O2, 20 s, 10 W, 6.4 sccm Ho,
27.5 sccm Oy) prior to sample application in order to make their surfaces hydrophilic. Purified GLR3.4 protein was mixed with 1 mM L-
Glutamate and incubated onice for ~30 min before grid preparation. A Vitrobot Mark IV (FEI) was used to plunge-freeze the grids after the
application of 3 pl protein solution with 100% humidity at 4°C, a blot time of 3 s, blot force set to 3, and a wait time of 20 s. The grids were
clipped and loaded into a 300 kV Titan Krios microscope equipped with Gatan K3 direct electron detection camera. 11,854 micrographs
were collected in counting mode with a pixel size of 0.83 A (~105,000x magnification) across a defocus range of —1.0 umto —2 um. The
total dose of 58 e A2 was attained by using a dose rate of ~16.0 e pixel's™ across 50 frames for 2.5 s total exposure time.

Image processing

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

Model building

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

Cysteine crosslinking

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

COS-7 cells transfection and Ca®* imaging

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

Patch-clamp recordings

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

Extracellular calcium influx measurements

Extracellular Ca®* influx was measured at the tip of the pollen tubes using the ion-selective vibrating probe with simultaneous growth
rate monitoring, as described previously (Wudick et al., 2018b). Measurements were performed in two Arabidopsis thaliana indepen-
dent T-DNA insertion lines, Atglr3.4-1 (SALK_201768) and Atglr3.4-2 (SALK_079842), while Col-0 was used as wild-type. Plants were
grown under short-day conditions (12 hours of light at 22°C and 12 hours of dark at 18°C, with an irradiance of ca. 100 umol m2sec™).
Arabidopsis pollen grains were collected from fresh flowers and then germinated in liquid medium containing 500 uM KCI, 500 uM
CaCl,, 125 uM MgS0y,, 0.005% H3BO3, 125 uM HEPES pH 7.5 and 16% sucrose. Pollen grains were incubated at 21.5°C for at least 3
hours. Growing pollen tubes longer than 150 um were selected for flux and growth rate measurements.

Confocal microscopy of Arabidopsis pollen

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

Liquid chromatography and mass spectrometry

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

Desalted peptides were injected into an EASY-Spray PepMap RSLC C18 50 cm x 75 um column (Thermo Scientific), which was
coupled to the Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). Peptides were eluted at the flow rate of 250 nL/min
with a non-linear 120-min gradient of 5%-30% buffer B consisted of 0.1% (v/v) formic acid and 100% acetonitrile. The column tem-
perature was maintained at 50°C throughout the entire experiment. Thermo Scientific Orbitrap Fusion Tribrid mass spectrometer was
used for peptide MS/MS analysis. Survey scans of peptide precursors were performed from 350 to 1500 m/z at 120K FWHM reso-
lution (at 200 m/z) with a2 x 105 ion count target and a maximum injection time of 60 ms. The instrument was set to run in top speed
mode with 3 s cycles for the survey and the MS/MS scans. After the survey scan, tandem MS was performed on the most abundant
precursors exhibiting a charge state from 2 to 6 of greater than 2 x 105 intensity by isolating them in the quadrupole at 1.6 Th. HCD
fragmentation was applied with 30% collision energy and the resulting fragments were detected using the auto: m/z Normal in the
Orbitrap. The AGC target for MS/MS was set to 5 x 10* and the maximum injection time limited to 30 ms. The dynamic exclusion was
set to 30 s with a 10 ppm mass tolerance around the precursor and its isotopes. Monoisotopic precursor selection was enabled.

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

QUANTIFICATION AND STATISTICAL ANALYSIS

Calcium imaging and confocal microscopy data (Figures 1B, S1, S2E, and S2F) were analyzed using ImagedJ. Mass spectrometry
data (Figure 3B) was analyzed using pFind. Statistical analysis was performed using SigmaPlot 11.0 (Figures 1A, 1B, 3C-3E, S1D,
and S2) and Origin 2015 Sr2 (Figure S6E). In all figure legends, n represents the number of independent biological replicates. All quan-
titative data were presented as mean + SEM. Statistical analyses were conducted using one-way ANOVA followed by the post hoc
Dunnett test (Figures S1D and S2D). Values of p < 0.05 were considered statistically significant.
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