Downloaded at BIOLOGICAL LIBRARY/UNIV DE MILAN on December 23, 2019

Check for
updates

The structural bases for agonist diversity in an
Arabidopsis thaliana glutamate receptor-like channel

Andrea Alfieri*'2®, Fabrizio G. Doccula®?3

Laura Luoni?®

Thomas R. Schneider®, Andrea Bassi¢, Martino Bolognesi®f

, Riccardo Pederzoli
, Alessia Candeo®, Neli Romano Armada“?, Alberto Barbiroli®, Gianluca Valentini¢®,

2b3@ Matteo Grenzi®, Maria Cristina Bonza®®,

, Marco Nardini®®, and Alex Costa®9"

2Department of Biosciences, University of Milan, 20133 Milan, Italy; PEuropean Molecular Biology Laboratory, Hamburg Unit /o DESY, European Molecular
Biology Laboratory, 22603 Hamburg, Germany; “Department of Physics, Politecnico di Milano, 20133 Milan, Italy; “Instituto de Investigaciones para la
Industria Quimica, Faculty of Engineering, National University of Salta, 4400 Salta, Argentina; *Department of Food, Environmental and Nutritional
Sciences, University of Milan, 20133 Milan, Italy; fpediatric Research Center “Romeo ed Enrica Invernizzi,” University of Milan, 20133 Milan, Italy;

and 9Institute of Biophysics, National Research Council of Italy (CNR), 20133 Milan, Italy

Edited by Gloria M. Coruzzi, New York University, New York, NY, and approved November 27, 2019 (received for review April 2, 2019)

Arabidopsis thaliana glutamate receptor-like (GLR) channels are
amino acid-gated ion channels involved in physiological processes
including wound signaling, stomatal regulation, and pollen tube
growth. Here, fluorescence microscopy and genetics were used to
confirm the central role of GLR3.3 in the amino acid-elicited cyto-
solic Ca®* increase in Arabidopsis seedling roots. To elucidate the
binding properties of the receptor, we biochemically reconstituted
the GLR3.3 ligand-binding domain (LBD) and analyzed its selectiv-
ity profile; our binding experiments revealed the LBD preference
for L-Glu but also for sulfur-containing amino acids. Furthermore,
we solved the crystal structures of the GLR3.3 LBD in complex with
4 different amino acid ligands, providing a rationale for how the
LBD binding site evolved to accommodate diverse amino acids,
thus laying the grounds for rational mutagenesis. Last, we inspected
the structures of LBDs from nonplant species and generated homol-
ogy models for other GLR isoforms. Our results establish that
GLR3.3 is a receptor endowed with a unique amino acid ligand pro-
file and provide a structural framework for engineering this and
other GLR isoforms to investigate their physiology.

GLR channels | X-ray crystallography | binding assay | modeling |
Ca®* signaling

lant glutamate receptor-like (GLR) channels are plant ho-
mologs of mammalian ionotropic glutamate receptors (iGluRs)
(1). iGluRs are homo- or heterotetrameric cation channels acti-
vated by the neurotransmitters L-glutamate, glycine, and D-serine
released in the synaptic space. They are extensively studied for
their central role in neurotransmission, learning, and memory (2).

The identification of iGluR homologs in other eukaryotes,
including invertebrates and plants, and cyanobacteria has out-
lined the existence of a large family of GLR proteins across all
kingdoms of life. In particular, the stoichiometry and architec-
ture of plant GLRs are believed to be similar to iGluRs (3): Each
subunit hosts an extracellular amino-terminal domain (ATD), an
extracellular ligand-binding domain (LBD) composed of segments
S1 and S2, 4 transmembrane helices (M1 to M4, 1 of which—M2—
is not fully transmembrane), and a cytoplasmic tail (carboxyl-
terminal domain; CTD), arranged in the order ATD-S1-M1-
M2-M3-S2-M4-CTD (SI Appendix, Fig. S14). The LBD has a
conserved clamshell architecture resembling the periplasmic
binding protein-like II superfamily in bacteria (4); in verte-
brates, the binding of a ligand/agonist induces a variable degree of
closure of the clamshell that pulls the transmembrane segments
and opens the channel pore (2).

The 20 Arabidopsis thaliana GLR isoforms are grouped in 3
clades (5, 6). Specific isoforms have been implicated in several
physiological processes, such as root growth (7), hypocotyl elon-
gation (8), seed germination (9), long-distance wound signaling
(10-12), pollen tube growth (13, 14), stomatal aperture (15, 16), as
well as Ca”* signaling (17-20); such isoforms are then considered
Ca**-permeable channels. In particular, the 4. thaliana GLR3.3
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isoform has been studied for its role in amino acid-induced cyto-
solic Ca®* concentration ([Ca**].,) increases (17, 21), and recently
recognized as a key player in glutamate-mediated defense signaling
(11). Despite genetic data supporting the role of GLRs as amino
acid receptors (11, 16-22), no biochemical binding assay has
demonstrated that any plant GLR isoform can indeed bind glutamate
or other ligands. Furthermore, whereas for iGluRs hundreds of X-
ray structures are available for the LBD moiety (23) and an in-
creasing number of cryoelectron microscopy full-length structures
are accumulating (24-27) (SI Appendix, Fig. S1B), no structural
information for any plant GLR isoform is available to date.

In the present study, we set out to investigate the role of A.
thaliana GLR3.3 in the generation of amino acid-elicited cyto-
solic Ca®* transients and reconstituted its ligand-binding domain
in vitro. The determination of its selectivity profile by binding
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assays allowed us to identify the transient-eliciting amino acids as
high-affinity ligands of the GLR3.3 LBD. Furthermore, we
solved the crystal structures of the GLR3.3 LBD in complex with
4 representative ligands (L-glutamate, glycine, L-cysteine, L-methionine),
providing structural information on plant GLR LBDs and a ra-
tional explanation for our in vitro affinity and in vivo functional
data. Taken together, the reported results will guide rational
mutagenesis in planta aimed at interfering with the GLR binding
specificities to dissect their physiological properties.

Results

Arabidopsis Root Tip Cells Sense Exogenous Amino Acids by GLR3.3.
Glutamate (L-Glu) and other amino acids with surprisingly diverse
side chains can elicit [Ca2+]cyt increases and plasma membrane
(PM) depolarization in A. thaliana and rice seedlings (17-21, 28),
as well as activate currents in the PM of guard cells (16) and
pollen tubes (13). Genetic and pharmacological data provide ev-
idence that the GLRs, working as ligand-gated channels, are re-
sponsible for the amino acid sensing and for the effects reported
above (13, 16-20).

In this work, we confirmed the major role played by the
GLR3.3 isoform (17, 18) in the generation of amino acid-induced
(1 mM L-Cys, L-Glu, L-Ala, Gly, L-Ser, L-Asn, and L.-Met [CazJ’]cyl
increases in Arabidopsis root tip cells by performing Ca™* imaging
experiments (by both light-sheet fluorescence and wide-field mi-
croscopy) on wild-type and 2 independent glr3.3 mutant (17)
plants expressing the genetically encoded Ca®* sensor NES-YC3.6
(29-31) (SI Appendix, Data and Figs. S2-S4). Remarkably, we
confirmed the expression of GLR3.3 (by means of confocal mi-
croscopy) in those cells showing the amino acid-induced [Ca**]ey
increase (SI Appendix, Figs. S2 A-C' and S3) and provided evi-
dence about GLR3.3 Ca*" permeability by yeast growth comple-
mentation assay (S Appendix, Data and Fig. S5).

These data, which include confirmatory results, prompted us
to investigate the biochemical properties of the isolated LBD of
GLR3.3 to better clarify its role as amino acid receptor.

In Vitro Reconstitution and Characterization of the GLR3.3 LBD. To
investigate the role of GLR3.3 as a receptor and its specificity for
amino acid ligands, we engineered a 244-residue fusion protein
reproducing the GLR3.3 LBD, comprising segments S1 and S2
joined by a Gly-Gly-Thr linker, based on the successful structural
determinations of iGluR LBD constructs (32). This sequence is
conveniently numbered 1 to 244 throughout this work (Fig. 14
and SI Appendix, Materials and Methods and Fig. S14). The
boundaries of S1 and S2 were identified by alignment with a
number of GLR/iGIuR sequences from different species (SI Ap-
pendix, Figs. S6 and S7).

The resulting 27-kDa protein (GLR3.3 LBD) was purified in
the presence of L-Glu and characterized (SI Appendix, Materials
and Methods and Figs. S8 and S9); interestingly, circular dichroism
experiments showed that the apo form of the protein, obtained
through extensive dialysis, retains the same secondary structure
content as the holo form, but with markedly lower thermal sta-
bility; reconstitution of the holo form, by addition of 70-fold excess
L-Glu to the apo, restored its stability, thus highlighting 1) the
occurrence of a reversible binding event and 2) the dominant role
of the ligand in the structural stability of the holo form of the
reconstituted LBD (SI Appendix, Fig. S9). Multiple independent
apo GLR3.3 LBD preparations were used to test the affinities of a
number of amino acid ligands by microscale thermophoresis,
producing consistent results (Fig. 1B and Table 1). Microscale
thermophoresis monitors the migration of a fluorescently labeled
protein across a temperature gradient in the presence of variable
ligand concentrations (33). The panel of amino acid ligands was
chosen to match the ones tested in planta by external adminis-
tration. All in vitro affinity values were in the micromolar range,
with the strongest binding measured for L-Cys and r-Met. Four
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Fig. 1. Design of the AtGLR3.3 construct and characterization of its binding
properties. (A) Design of the GLR3.3 LBD construct from the full sequence;
arrows indicate the position of the cloning primers that introduce a short
Gly-Gly-Thr linker (blue, between segments 1 and 2). (B) Fitting of the binding
curves of 1-Cys, L.-Met, L-Glu, and Gly to the GLR3.3 LBD from the microscale
thermophoresis experiments, based on the equation reported in S/ Appendix,
Materials and Methods; the graph reports the concentration of the ligand in
logarithmic scale vs. the thermophoretic signal normalized as fraction-bound.
(C) Maximal relative amplitude of cpVenus/CFP ratio as AR/Ry increase trig-
gered by different concentrations of amino acids (dose-dependent amino acid
response). n > 3; error bars indicate +SD; *P < 0.05, **P < 0.005, ***P < 0.0005
(Student t test). For the 50, 100, 500, and 1,000 pM concentrations, differences
in ARmax/Ro between incremental concentrations for the same ligand are sta-
tistically nonsignificant, unless indicated.

amino acidic ligands (L-Glu, L-Ala, L-Asn, L-Ser) cluster in a group
of similar affinity and the lowest affinity was measured for Gly. A
low but detectable affinity was also recorded for p-Ser. No binding
was detected for L-Trp that does not trigger any [Ca2+]cyt increase
(SI Appendix, Fig. S4). The L-Cys, L-Met, and L-Glu ligands were
checked for absence of binding to a reference fluorescent target
known to bind an unrelated low-molecular-weight ligand (SI Ap-
pendix, Fig. S10). These data point to a promiscuity of the GLR3.3
LBD binding site, with a marked preference for sulfur-containing
amino acids (L-Cys, L-Met), a reduction of affinity in the absence
of ligand side-chain p-atoms (Gly), and complete loss of binding in
the case of a bulky side chain (L-Trp).
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Table 1. Values of the dissociation constant + SD for the
binding of a number of amino acid ligands to the GLR3.3 LBD, as
determined by microscale thermophoresis

Ligand Kgq, oM n
L-Cys 0.33+0.14 2
L-Met 0.57 + 0.17 2
L-Glu 22 +05 5
L-Ala 24 +09 2
L-Asn 25+0.3 2
L-Ser 2.7 +08 3
Gly 55+ 1.6 2
L-Trp No binding 2
p-Ser 22 + 6 1

The values reported are averages from n repeats.

The above-reported scale of in vitro afflnlty data on the isolated
GLR3.3LBD strongly resembles the [Ca® eyt increases measured
in aequorin-expressing Arabidopsis seedlings challenged with
different amino acids (18). However, the same scale of in vitro
afflmty data only partially matches our amino acid-induced [Ca® oyt
increases in root tip cells (SI Appendix, Fig. S2F). One of the
possible reasons for this mismatch is that the measured GLR3.3
LBD binding affinities for amino acids are in the micromolar
range, whereas administration to the Arabidopsis root tip was at
1 mM (SI Appendix, Fig. SZF) This consideration prompted us to
measure the root tip cell [Ca® eyt dynarmcs in Tesponse to lower
doses of amino acids. We thus tested the in planta Ca** responses
against 4 representative ligands (L-Cys, L-Glu, Gly, and L-Met)
(Fig. 1C) at different concentrations. L-Cys, L-Glu, Gly, and L-Met
ligands did not trigger any response at 1 and 10 pM and reached
the plateau (evaluated in terms of peak maxima) between 100 and
500 pM. However, at 50 pM, L-Cys was more effective than L-Glu
and Gly with no response to L-Met. For L-Cys, L-Glu, and Gly, our
results mirror the different in vitro affinities also matching the re-
sults obtained in Arabidopsis seedlings expressing aequorin (fi
5B in ref. 18). However, 50 pM L-Met was unable to trigger a [Ca™ ]
transient despite binding the GLR3.3 LBD at hlgh affinity.

In conclusion, the different extents of [Ca’ *eyt increases
evoked by different amino acids in Arabidopsis root tips can be for
the most part correlated to the binding properties of the isolated
GLR3.3 LBD. Therefore, we set out to obtain the crystallographic
structure of the GLR3.3 LBD to identify the determinants un-
derlying its peculiar selectivity profile.

Overall Structures of the GLR3,3 LBD. The structure of the GLR3.3
LBD bound to L-Glu at 2.0-A resolution was solved by molecular
replacement in combination with single-wavelength anomalous
diffraction (34, 35); the refined model was then used through
molecular replacement to solve structures of the GLR3.3 LBD in
complex with 3 different ligands (Gly, L-Cys, and L-Met, at reso-
lutions of 1.6, 2.5, and 3.2 A, respectively). All structures were
refined to satisfactory R factor/Ry.. values with good final ste-
reochemistry (see SI Appendix, Materials and Methods, Fig. S11,
and Table S1 for full details on structure solution and refinement).

The GLR3.3 LBD displays a bilobed structure of ~60 x 40 x
40 A3, resemblmg the prokaryotic and eukaryotic LBDs de-
scrlbed in the literature (Fig. 24). Interrogation of the Dali
server (36) (http://ekhidna2.biocenter.helsinki.fi/dali/) identified
as the most structurally related Protein Data Bank (PDB) re-
cords the LBDs from a group of vertebrate iGluRs of the kainate
subtype (representative PDB ID code 1sd3, rmsd 2.4 A, Z score
25.0) and the rotifer Adineta vaga GLR (AleuRl PDB ID code
4i02, rmsd 2.5 A, Z score 24.9). Lobe 1 (hereafter called domain
1, residues 3 to 100 and 201 to 239) hosts 6 a-helices and 2
ﬁ-strands, whereas lobe 2 (hereafter called domain 2, residues
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101 to 200) is built up by a central 5-stranded B-sheet surrounded
by 5 a-helices. The structural core of each domain is secured by
many z-interactions between aromatic side chains, produced by
the presence of a remarkable number of Tyr and Phe residues
(10 and 12, respectively), together accounting for 9% of all
residues. The 2 domains are connected by a double-stranded
hinge and separated by a deep cleft where the ligand binding
pocket is located (Fig. 24 and SI Appendix, Fig. S11 A-D). The
binding pocket is inaccessible to solvent and has a volume of 196 A3
as calculated by CASTp (SI Appendix, Materials and Methods)
(http://sts.bioe.uic.edu/castp/) (37). Clear electron density cor-
responding to the ligand is present in the pocket of all our
structures, thus allowing unambiguous positioning of each ligand
and identification of their interactions (Fig. 2 B-E and SI Ap-
pendix, Fig. S11). Two water molecules are always buried in the
pockets, but do not contact the ligand; in the case of Gly, 2 ad-
ditional water molecules are trapped at the site where the other
amino acid ligands accommodate their side chains. The basic set
for anchoring the invariant moiety of any amino acid ligand to
the receptor is represented by 7 conserved interactions: The
guanidino group of the evolutionarily invariant Arg88 chelates
the a-carboxyl group of the ligand by a bidentate ionic in-
teraction; the same a-carboxyl group is hydrogen-bonded with
the main-chain N atoms of Ala83 and Phel33; and the a-amino
group of the ligand is hydrogen-bonded with the Asp81 main-chain
carbonyl and Tyr180 hydroxyl group, and involved in ionic interac-
tion with the Glul77 side chain.

In addition to these basic contacts, L-Glu, L-Cys, and L-Met
share a weak CH-= interaction (38) between their CB-group
(absent in Gly) and the aromatic Tyr63 ring, and additionally
develop specific interactions as a consequence of their different
side chains: L-Glu with Argll (salt bridge), Asn60 (hydrogen
bond), and GIn129 (n-stacking); L-Cys with Argl1, GIn129, and
Tyr180 (hydrogen bonds); and L-Met with Argll and GIn129
(hydrogen bonds). However, L-Cys and L-Met take advantage of
a further binding contribution, as their sulfur atoms nestle in a
series of sulfur—n interactions taking place between Met66,
Tyr63, the ligand sulfur, and Tyr180 (SI Appendix, Fig. S12 A and B).
The stabilization provided by such architecture gives a structural
explanation for L-Cys and L-Met affinities, that are the strongest
recorded in our binding assays (Fig. 1B and Table 1). Accom-
modation of a D-Glu molecule in the ligand site (by superposing
its N-Ca-CO moiety on the same atoms of L-Glu) is expected to
be strongly unfavorable, since its y-carboxyl group would fall too
close to the negatively charged side chains of Aspl76 and
Glul77, and possibly lose the salt link to Argl1l. The network of
hydrogen bonds/ionic interactions extends farther away from the
ligand molecule, generating an intricate outer layer of connections
(SI Appendix, Fig. S12C); however, a superposition of all our
structures reveals a striking similarity in the orientation of the
buried side chains in the region of the pocket, with the only var-
iability confined to Vall8 rotamers (Fig. 2F).

In principle, knowledge of the GLR3.3 LBD structure permits
designing mutants incapable of binding any or some of the ob-
served ligands, pr0v1d1ng a tool for understanding the role of
ligand binding in the generation of the downstream [Ca +]Cyt
increase in root tip cells. As our complementation assays suggest
that AtGLRs are functional when expressed in yeast (SI Ap-
pendix, Fig. S5) and given the reported successful expression of
functional AtGLRs in HEK (19, 39) and COS-7 cells (14) and
Xenopus oocytes (20), we anticipate that a eukaryotlc system
coexpressing selected full-length mutant GLRs and a Ca** sensor
would be ideal to correlate specific LBD mutations to changes in
Ca?* conductance. On these bases, we generated a number of
GLR3.3 LBD single or double mutants that were tested in
Escherichia coli for their level of expression and solubility (S7
Appendix, Fig. S13 and Table S2). All tested GLR3.3 LBD mu-
tants did not retain sufficient solubility to be scaled up for larger
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Fig. 2. Structures of the AtGLR3.3 LBD bound to different ligands. (A) Overall structure of the AtGLR3.3 LBD (+-Glu) in ribbon representation, colored to highlight
the contributions of segments 1 (green) and 2 (magenta) to domains 1 and 2. The linker is colored cyan; L-Glu is in cyan sticks. The C-terminal stretch (dashed) has a
defined electron density in 4 out of the 14 protein chains present in the different crystal forms. The structure is oriented in such a way that the N terminus (corre-
sponding to the part of the polypeptide chain right after the ATD domain) is at the top and the linker (replacing the transmembrane segments M1 to M3) is at the
bottom. The conventional secondary structure nomenclature used for animal iGIuR LBDs has been maintained as reference (including the names loop 1 and loop 2 for
the aA-aB and p2-aC loops, respectively). (A, Right) A 2D diagram of the secondary structure of the AtGLR3.3 LBD with the same color code for S1 and S2; cylinders,
arrows, and lines represent a-helices, p-strands, and loops, respectively; blue stars indicate the positions of ligand-interacting residues; the position of the ATD and
transmembrane domains in the topology of the protein is shown. (B-E) Close-up view of the ligand binding pocket in the crystal structures of the GLR3.3 LBD + L-Glu
(B), + Gly (C), + .-Cys (D), and + L-Met (E). The 2|F|, — |F|. electron density omit maps contoured at 1.5 ¢ are shown for the ligand molecules (cyan sticks) and 2 additional
water molecules of the Gly-bound structure (see S/ Appendix, Fig. S11 A-D for the corresponding |F|, — |F|c omit maps). The residues or groups of atoms relevant for
binding are indicated and represented as sticks, with nitrogen atoms in blue and oxygen atoms in red; protein carbon atoms are either green (if they belong to S1) or
magenta (if they belong to S2). Hydrogen bonds are drawn as black dashes; not all interactions are shown for the sake of clarity. (F) Stereoview of the ligand binding
site in a superposition of the AtGLR3.3 LBD structures from the 4 datasets. Domain 1 from each structure was superimposed. All side chains (lines) and main chains
(tubes) surrounding the ligands are shown, except Tyr63 for clarity. The .-Glu-bound structure is blue, Gly is magenta, L-Cys is yellow, and .-Met is orange. One of the
2 resident water molecules of the pocket is shown; the 2 additional water molecules in the Gly-bound structure that are shown in C are not represented here for clarity.

40f 9 | www.pnas.org/cgi/doi/10.1073/pnas.1905142117 Alfieri et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905142117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905142117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905142117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1905142117

Downloaded at BIOLOGICAL LIBRARY/UNIV DE MILAN on December 23, 2019

production, with the exception of the S13A-Y14A double mutant,
involving neighboring residues not directly in contact with the li-
gand (SI Appendix, Fig. S12C). For this double mutant, circular
dichroism confirmed retention of the wild-type fold (SI Appendix,
Fig. S9) but binding assays detected affinities for amino acid li-
gands comparable to the wild-type protein (SI Appendix, Fig. S14),
suggesting that the identification of a binding-defective GLR3.3
LBD, through an in vitro approach, might not prove to be an
easy task.

In conclusion, the X-ray crystal structures of the GLR3.3 LBD
in complex with different ligands help rationalize the affinity data
recorded (Fig. 1B and Table 1) and suggest plausible hypotheses
for the differential ability of ligands to evoke [Caer]Cyt transients
(Discussion and SI Appendix, Figs. S2F and S3). Moreover, the
crystal structure of a plant GLR LBD not only represents the
crucial step along the way to engineer binding-defective receptors
but is also a rational tool to 1) generate homology models of other
Arabidopsis GLR isoforms and derive clues about their binding
specificities, and 2) spotlight the peculiarities of GLRs from the
plant kingdom through comparison with the known 3D structures
of nonplant LBDs.

A aB-B2Loop

Homology Modeling of AtGLR Isoforms. The availability of an ex-
perimental structure of an Arabidopsis GLR LBD prompted us
to create and explore homology models of other A#*GLR isoforms
for which information about ligands is available in the literature
[GLR1.2 (13), GLR1.4 (20), GLR3.1 and GLR3.5 (16), GLR3.4
(19)] (SI Appendix, Materials and Methods and Table S3). In-
spection of the GLR3.3 LBD-based homology models generated
(Fig. 34) and of a sequence alignment of all 20 AfGLR isoform
LBDs (SI Appendix, Fig. S15) shows that the highest structural
variability clusters in solvent-exposed regions. We hypothesize that
the variability of loop 2 might impact isoform substrate specificity,
whereas differences in the aE-helix might influence intersubunit
contacts (hence gating kinetics). In iGluRs, both substrate selec-
tivity and gating kinetics have been shown to be finely regulated by
intersubunit contacts (40, 41).

Although homology modeling cannot equal experimental in-
formation from crystal structures, it helps identify, for a specific
GLR isoform, which residues are likely to be relevant in the ligand
binding site. These can be validated by comparisons made with the
experimental information on ligand specificity. The GLR3.4 LBD
model displays excellent quality statistics and its inspection is

GLR3.3
Val130

GIn129

aH-B6 Loor
C
Ser101 GLR3.3
/ HLa
Trp203 — = Glu177
/ j’
Arg11

Ala83/

/ “Ser132

Phe133 /
!

Gly131 |
/ |

Arg8s
/

Fig. 3. Homology modeling of other AtGLR isoforms. (A) Structural superposition of the GLR3.3 LBD structure (this work; green) with GLR3.3 LBD-based
homology models of GLR1.2 (31% sequence identity; yellow), GLR1.4 (32%; orange), GLR3.1 (65%; cyan), GLR3.4 (62%; dark green), and GLR3.5 (60%; blue)
LBDs, all in ribbon representations. The structurally coincident parts are shown in gray and only the divergent parts are colored. The .-Glu molecule in the
GLR3.3 LBD structure is shown as green sticks. Note the absence of the aE-helix in the GLR1.2 and GLR1.4 models. UniProtKB primary accession numbers are
GLR1.2 Q9LV72, GLR1.4 Q8LGN1, GLR3.1 Q7XJL2, GLR3.3 Q9C8E7, GLR3.4 Q8GXJ4, and GLR3.5 Q9SW97. (B) Model of the binding pocket of GLR3.4 (orange)
superposed to the GLR3.3 LBD structure on which the model is based (transparent green). The -Glu ligand of GLR3.3 is shown as cyan sticks. See S/ Appendix,
Materials and Methods for the numbering of GLR3.4. (C) Model of a p-Ser ligand molecule (cyan sticks) in the binding pocket of the GLR1.2 LBD homology
model (orange), strictly reproducing the pose observed in PDB-deposited structures of b-Ser-containing LBDs (PDB ID codes 1pb8, 2rc8, 2rcb, 2v3u, and 4ykk).
Relevant residues of the GLR1.2 LBD model (orange) and GLR3.3 LBD structure on which the model is based (transparent green) are shown. Relevant hy-
drogen bonds are represented as dashes (green for GLR3.3 LBD) and the position of a bound t-Glu molecule is indicated in transparency for reference. The
Glu177 side chain in the GLR3.3 LBD is kept in place by 2 hydrogen bonds that are lost in the GLR1.2 LBD model. See S/ Appendix, Materials and Methods for
the numbering of GLR1.2. (D) Model of the binding pocket of GLR1.4 (orange) superposed to the GLR3.3 LBD structure on which the model is based
(transparent green). The 1-Glu ligand of GLR3.3 is shown as cyan sticks, with green dashes indicating relevant hydrogen bonds for GLR3.3. See S/ Appendix,
Materials and Methods for the numbering of GLR1.4.
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particularly interesting, considering that a set of ligands were
tested on GLR3.4 homotetramers expressed in HEK cells (19).
Despite the overall conservation of the ligand pocket, the binding
of L-Glu might be less favored in GLR3.4 than in GLR3.3 due to
the presence of a negative charge (Asp127 replacing GLR3.3 LBD
Vall30) at about 6 A from the L-Glu ligand y-carboxylate.
Moreover, the presence of Leu63 in the GLR3.4 LBD in place of
GLR3.3 Met66, and the subsequent shortening of the sequence of
sulfur—r interactions described in our GLR3.3 structures, justifies
the reported poor agonist effects of L-Cys and L-Ala on GLR3.4
channels (Fig. 3B) (19). Interesting hints are also provided by the
study of models of LBDs from clade 1 isoforms. AfGLR1.2 is
expressed in pollen; p-Ser and Gly (but not L-Glu) act as agonists
in promoting GLR1.2-dependent pollen tube growth (13).
Placing a molecule of p-Ser in the GLR1.2 LBD model ligand
pocket, by superposing its N-Ca-CO moiety on that of the
GLR3.3 ligand, indicates that few crucial residues might un-
derlie the binding of p-Ser (Fig. 3C): Thr in place of Ala83
(conferring an additional hydrogen bond to the pD-Ser hydroxyl
group), Leu in place of Phel33 (creating room for the p-enan-
tiomeric conformation), and the pair Met in place of Ser101 and
Phe in place of Trp203 (releasing Glul77 hydrogen bonds, which
would create room for the p-Ser side chain). Such a combination
of residues is found in GLRI1s only, thus suggesting that their
occurrence might be a hallmark of the preference for the p-Ser
ligand. The same modeling approach for AtGLR1.4 appears to
justify the binding preference of this isoform for hydrophobic
amino acids (Fig. 3D) (20).

Comparison of the GLR3.3 LBD Structure with Nonplant Homologous
Structures. Recent literature extends the evolutionary classification
of A. thaliana clades to the whole plant kingdom, confirming the
late appearance of clade 1 and 2 GLRs in flowering plants (6).
Alignments of the GLR3.3 LBD sequence with LBDs of the other
19 AtGLR isoforms (SI Appendix, Fig. S15) and representative
plant GLRs (SI Appendix, Fig. S16) indicate that sequence con-
servation across A. thaliana clades (~30% between clades 1 and 3)
is lower than intraclade conservation across different plant species
(58 to 66% sequence identity within the clade 3 sequences of SI
Appendix, Fig. S16). Therefore, we reckon that the GLR3.3 struc-
ture can be viewed as a representative of GLR3s of the whole plant
kingdom in a cross-species comparison with nonplant homologs.

The Protein Data Bank hosts many iGluR/GLR LBDs from
different species sharing a modest (20 to 25%) sequence identity,
with a prevalence of the vertebrate LBDs of the 3 major types
[a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA),
kainate, and N-methyl-D-aspartate (NMDA)]. When a comparison
of the GLR3.3 LBD structure with a range of representative LBDs
(41-47) is run, an overall structural conservation, that is more
pronounced in domain 1, is clearly evident (Fig. 4 A and B).
However, in the secondary structure arrangement, plant GLR3s
operate the peculiar evolutionary choices of 1) containing the
expansion of loop 1 [whose enlargement in NMDA iGluRs affects
intersubunit allostery (48)], 2) expanding the fl-aA and oH-
6 loops, and 3) drastically rearranging loop 2 (whose first part
preceding the conserved Tyr63 is expanded and the second part—
bulging outward in iGluRs—is deleted). Loops 2 and p1-aA host
ligand-interacting side chains (Argll, Asn60), whereas the oH-
f6 loop is predicted to face the membrane. Interestingly,
none of the above-mentioned structural features are predicted to
be involved in intersubunit contacts.

Cross-species conservation of specific residues is spread through-
out the amino acid sequence and mostly involves Gly or hydro-
phobic residues contributing to the structural core, including the
conserved disulfide Cys189-Cys243 (absent in prokaryotic se-
quences and plant GLR1s only). In the binding site, the conserved
architecture dictates the presence of a ligand-chelating Arg side
chain (Arg88) projecting from helix aD, 1 acidic residue coordi-

60f 9 | www.pnas.org/cgi/doi/10.1073/pnas.1905142117

nating the a-amino group of the ligand (Glul77), and an aromatic
side chain folding on the ligand CB (Tyr63) on loop 2 (Fig. 4C). In
this area, the only plant-specific conserved residue is Asp81, that is
placed at the center of a hydrogen-bond network keeping the
protein domains together (SI Appendix, Fig. S12C).

Finally, we observe that the L-Glu ligand in the GLR3.3 LBD
binding site maintains its y; dihedral angle in the range observed in
vertebrate iGluRs (—73° to —83°) but extends the y, angle to —150°
approaching the range observed in prokaryotic GLRs (—174° to
—179° —60° to —77° in iGluRs), thus locating its side chain halfway
between the kinked conformation present in iGluRs and the fully
extended conformation of prokaryotic GLRs (Fig. 4C and SI
Appendix, Fig. S17).

Discussion

An increasing body of literature has provided evidence about the
numerous physiological roles played by plant GLRs (49); however,
several pieces of the puzzle are still missing, including the direct
link between ligand binding and channel permeation. In this pa-
per, we reconfirmed by using a combination of genetics and high-
resolution optical microscopy the evidence of the primary role
played by the GLR3.3 isoform in generating amino acid-evoked
[Ca2+]cyt transients in the root tip cells of Arabidopsis seedlings. To
gain a deeper view of its physiology, we biochemically reconstituted
and characterized the GLR3.3 LBD in its binding properties and
solved its crystal structure. We could thus redefine GLR3.3 as a
broad-spectrum amino acid receptor and lay the bases for more
precisely dissecting the determinants of plant GLR physiology.

The ranking of affinities determined by our GLR3.3 binding
assays (Table 1) can be rationalized based on the reported crystal
structures, since the increase in affinity from Gly to L-Glu to L-Met
and L-Cys is explained by an increasing number of interactions
with protein side chains. The amino acid-selective binding site is
tuned for acceptance of different ligand residues, in line with
previous speculations (18, 49) and in contrast to the selectivity
profiles of prokaryotic and other eukaryotic GLRs, where a re-
stricted preference for 1 or 2 L-amino acids is usually observed
[L-Glu and L-Asp in Campylobacter (50); L-Glu in Nostoc (51,
52); L-Glu and L-Asp in rotifer Adineta (44); Gly in ctenophore
Mnemiopsis (53); L-Glu in vertebrate AMPA-type and kainate-
type iGluRs; Gly, L-Glu, and p-Ser in NMDA-type iGluRs (2)].
Only the prokaryotic GluR0 from Synechocystis displays a similar
multiple binding profile for L-amino acids, with L-Glu and L-GIn
as the strongest binders and L-Ser, L-Ala, L-Thr, and Gly as
significantly weaker (54). Our affinity values for GLR3.3 (in the
submicromolar to micromolar range) (Table 1) are in line with
the ligand concentrations of our in vivo experiments (Fig. 1C)
and with the values obtained for the animal receptor homologs,
through the same or different techniques [around 400 to 800 nM
(42, 55-57)].

Interestingly, the LBD of the AvGluR1 receptor from the
rotifer A. vaga is the only LBD for which crystal structures are
available in complex with a set of amino acid ligands (L-Glu, L-Asp,
L-Ser, L-Ala, L-Met, L-Phe) (44); in this receptor, binding of L-Ser,
L-Ala, and L-Met is mediated by a chloride ion coordinated by 1/2
Arg side chains in a position not far from GLR3.3 Argl1. Instead,
our crystallographic refinement excluded the presence of ions in
the GLR3.3 binding pocket (SI Appendix, Fig. S18); moreover,
unlike what is observed in AvGluR1 and animal iGluRs, there are
no ordered water molecules in direct contact with the L-Glu ligand
(Fig. 4C) and no contributions from protein main-chain atoms in
the recognition of the ligand side chains. It is worth noticing that
in the binding site of animal GLRs, all protein residues interacting
with the L-Glu ligand side chain belong to domain 2, with the only
exception of the conserved equivalent of Tyr63; this suggests that
the peculiar expansion of domain 1 loops (loops 2 and pl-aA)
observed in GLR3.3 is likely instrumental in broadening substrate
specificity.
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Fig. 4. Comparison of the AtGLR3.3 LBD structure with nonplant homologous structures. (A) Overall superposition of the GLR3.3 LBD structure (+L-Glu;
green) with X-ray structures of LBDs from rat AMPA-subtype GluA2 (RnGluA2; PDB ID code 1ftj; purple) (42), human kainate-subtype GluK1 (HsGluK1; PDB ID
code 2zns; yellow) (43), rat NMDA-subtype GIUN3A (RnGIuN3A; PDB ID code 2rc7; orange) (41), rotifer AvGluR1 (PDB ID code 4io2; cyan) (44), fruit fly GIuR1A
(DmGIuR1A; PDB ID code 5dt6; blue) (45), and cyanobacterial GIuRO (SsGIuRO; PDB ID code 1ii5; pink) (46), with the GLR3.3 LBD L-Glu ligand shown as green
sticks. The traits that are roughly structurally coincident are shown as gray wires connecting Cas; only the parts that display relevant structural divergence
from the other compared proteins are shown as colored ribbons. Note the large rearrangement of loop 2 in the GLR3.3 structure. (A, Right) For the same
proteins, % sequence identities with the GLR3.3 LBD and Ca trace rmsd (A) from the GLR3.3 LBD are given; for rmsd, values are provided for both the whole
LBDs and domains 1 only and calculated excluding the protruding loop 1 that is highly variable in sequence and structure. (B) Least-squares superposition of
the Ca traces of the AtGLR3.3 LBD structure (+L-Glu; green) with the crystallographic structures of LBDs from the same proteins shown in A (same color codes).
This figure differs from A by the fact that the structures were superimposed by the domains 1 selectively (excluding the variable loops 1 and 2, not repre-
sented); the corresponding rmsd values are in the table in A. (C) Superposition of L-Glu ligand molecules (in stick representation) from different LBDs onto the
L-Glu molecule of this study (AtGLR3.3; green): rat AMPA-subtype GIuA2 (PDB ID code 1ftj; purple), human kainate-subtype GluK1 (PDB ID code 2zns; yellow),
human NMDA-subtype GIuN2A (PDB ID code 5h8f_A; orange) (47), rotifer AvGIuR1 (PDB ID code 4io2; cyan), fruit fly GIuR1A (PDB ID code 5dt6; blue), and
cyanobacterial GIuRO (PDB ID code 1ii5; pink). Relevant side chains, main chains, and waters coordinating the ligands are shown. The highly conserved
structural equivalents of GLR3.3 Tyr63 and Arg88 are indicated. The t-Glu molecules from rat GluA2 and fruit fly GIuUR1A almost perfectly overlap. Note that

the coordination of the L-Glu ligand y-carboxyl group is diversely achieved in different species.

One issue that remains unsolved is that the second highest in
vitro affinity observed for GLR3.3 LBD (L-Met; Table 1) does
not correlate with the poor capacity of the same ligand to evoke
[Ca2+]cyt increases in root tips (SI Appendix, Figs. S2F and S3).
This suggests that a simplistic affinity-conductance correlation is
true for most but not all ligands, and additional layers of complexity
come into play between receptor binding and change in Ca®*
conductance. In iGluRs, the early assumption that the extent of the
agonist-induced LBD closure correlates with its efficacy (42, 58)
was substantially confirmed in full-length structures (59). Con-
versely, in the GLR3.3 structures, like in 4vGluR1 (44), the extent
of the LBD clamshell closure is the same for all ligands, despite
their different affinities (Table 1) and their different abilities to
evoke cytosolic Ca®* increases in root tip cells (S Appendix, Figs.
S2F and S3). Therefore, the discrepancy between L-Met affinity
and its in vivo effect depends on factors that are not immediately
evident from the X-ray structures. One possible explanation is that
the in planta subunit composition of the tetrameric channel might

Alfieri et al.

modulate the affinity for specific ligands, as previously observed
for animal iGluRs (40, 41). Future research is indeed needed to
shed light on this important aspect.

In light of these considerations, homology models of other
GLR isoforms based on our structures might prove helpful to
gain a clear picture of the GLR response; they confirm ligand
selectivity data reported in the literature and predict mutations
that impact on ligand binding. Our GLR3.4 model fairly explains
why L-Cys and L-Glu are not the best amino acidic agonists of
this isoform, but only binding assays on a reconstituted GLR3.4
LBD would permit specific affinity comparisons between GLR3.3
and 3.4 regarding their common preference for L-Asn, L-Ser, and
Gly (19). Our GLR1.2 model posits the response to D-Ser as a
feature acquired by clade 1 GLRs; accordingly, our assays on
GLR3.3 detected a low affinity for p-Ser (Table 1); however,
we cannot exclude that affinity for p-Ser might be additionally
finely tuned by residues away from the binding site, as it has been
shown for vertebrate delta and NMDA receptors (41, 60). The

PNAS Latest Articles | 7 of 9

PLANT BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905142117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905142117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905142117/-/DCSupplemental

Downloaded at BIOLOGICAL LIBRARY/UNIV DE MILAN on December 23, 2019

preference of GLR1.4 for amino acid ligands with bulky hydro-
phobic side chains (L-Met, L-Trp, L-Phe, L-Leu, L-Tyr) (20) is
precisely rationalized by our GLR1.4 model that predicts a hy-
drophobic environment surrounding the amino acid ligand side
chain (Fig. 3D). Instead, due to high sequence conservation, the
binding pockets in our models of GLR3.1 and GLR3.5 [reported
to be specifically activated by L-Met for the regulation of sto-
matal aperture (16)] are remarkably similar to that of GLR3.3.
Actually, both automatically generated homology models publicly
available in the SWISS-MODEL Repository (https://swissmodel.
expasy.org/repository) (61) and previous AtGLR LBD models
presented in the literature (8, 16, 20) suffer from problematic
alignment with the selected template (generally rat iGluR LBD)
and present significant deviations from the experimental structure
we present.

In conclusion, this study confirms the involvement of GLR3.3
in amino acid response in A. thaliana root tip cells, supporting its
role as a ligand-gated Ca®" channel. Moreover, we present the
biochemical and structural characterization of its ligand-binding
domain, showing that it works as an amino acid receptor with
distinct specificity. Such structural knowledge that adds to the
collection of bacterial and animal LBD structures available on
one hand provides a perspective view on the evolution of these
ancestral proteins along the plant lineage and, on the other,
represents a working tool to engineer all plant GLR isoforms
aiming at a deeper understanding of their basic physiology.

Materials and Methods

A. thaliana WT, gIr3.3-1, and gir3.3-2 plants were in the Col-0 background.
Growth conditions, generation of transgenic lines, yeast complementation
test, measurement of Ca®* dynamics, description of biochemical and structural
methodological assays, statistical and computational methods, protocols used
for localization and expression pattern studies, and other imaging measure-
ments are reported in S/ Appendix, Materials and Methods.
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