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Recent genome projects for ctenophores have revealed the
presence of numerous ionotropic glutamate receptors (iGluRs) in
Mnemiopsis leidyi and Pleurobrachia bachei, among our earliest
metazoan ancestors. Sequence alignments and phylogenetic analy-
sis show that these form a distinct clade from the well-characterized
AMPA, kainate, and NMDA iGluR subtypes found in vertebrates.
Although annotated as glutamate and kainate receptors, crystal
structures of the ML032222a and PbiGluR3 ligand-binding domains
(LBDs) reveal endogenous glycine in the binding pocket, whereas
ligand-binding assays show that glycine binds with nanomolar af-
finity; biochemical assays and structural analysis establish that glu-
tamate is occluded from the binding cavity. Further analysis reveals
ctenophore-specific features, such as an interdomain Arg-Glu salt
bridge, present only in subunits that bind glycine, but also a con-
served disulfide in loop 1 of the LBD that is found in all vertebrate
NMDA but not AMPA or kainate receptors. We hypothesize that
ctenophore iGluRs are related to an early ancestor of NMDA recept-
ors, suggesting a common evolutionary path for ctenophores and
bilaterian species, and suggest that future work should consider
both glycine and glutamate as candidate neurotransmitters in
ctenophore species.
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In the nervous system and neuromuscular junction of many ani-
mal species, the amino acid L-glutamate acts as an excitatory

neurotransmitter. The molecular organization of glutamate re-
ceptor ion channel (iGluR) subunits into an amino terminal do-
main (ATD), and a ligand binding domain (LBD) bisected by
insertion of a pore loop ion channel generates a unique structural
signature, distinct from that for other neurotransmitter receptors,
that is easily identified by sequence analysis. Using this approach,
hundreds of iGluR homologs are emerging from genome se-
quencing projects (1–5). Virtually all of these are glutamate re-
ceptors in name only; their functional properties, physiological
function, and the ligands they bind have yet to be determined.
Recent large-scale sequencing projects, which place ctenophores
as candidates for the earliest metazoan lineage, reveal that iGluR
homologs are abundantly represented in the genomes of the comb
jellyMnemiopsis leidyi and the sea gooseberry Pleurobrachia bachei,
suggesting that glutamate was selected to act as a neurotransmitter
very early in evolution (4, 5). The muscle cells of P. bachei respond
to application of glutamate with action potential generation and
both species have neural networks and exhibit complex predatory
behaviors that might also be generated by iGluR activity (4, 5).
However, as for most species studied in sequencing projects,
ctenophore iGluRs have yet to be characterized.
By contrast to our primitive state of knowledge for iGluRs

recently discovered by genome sequencing projects, the iGluRs
of vertebrate species have been extensively characterized, and
based on their ligand binding properties, amino acid sequences,
functional properties, and structures, have been classified into
AMPA, kainate, NMDA, and delta receptors (6–14). Of these,
NMDA receptors are unique in that they form heteromeric as-
semblies that require binding of both glycine to GluN1 or GluN3

subunits and glutamate to GluN2 subunits for activation of ion
channel gating (12, 14–17), as well as depolarization to relieve
ion channel block by extracellular Mg2+ (18, 19). The initial
annotation of theM. leidyi genome identified 16 candidate iGluR
genes (4), whereas in the draft genome of P. bachei, 14 iGluRs
were annotated as kainate-like receptors (5). In view of growing
interest in the molecular evolution of ion channels and receptors,
and the pivotal role that ctenophores play in our current un-
derstanding of nervous system development (20), we initiated a
structural and functional characterization of glutamate receptors
expressed in both species. To our surprise, we identified a large
subset of ctenophore iGluRs from both M. leidyi and P. bachei
that bind glycine but not glutamate with nanomolar affinity;
one of these, ML03222a, forms homomeric glycine activated ion
channels when expressed in Xenopus oocytes. By contrast, a second
M. leidyi iGluR subunit, ML05909a, forms homomeric ion channels
that are activated by millimolar concentrations of glutamate,
while by contrast glycine acts as a very weak partial agonist that
inhibits responses to glutamate. Comparison of the LBD crystal
structures of two ctenophore iGluRs that bind glycine with
nanomolar affinity, with the crystal structures of glutamate and
glycine binding subunits of classical NMDA receptors, reveals a
conserved disulfide in loop 1 of the LBD found in all ctenophore
iGluRs, and also in NMDA but not AMPA or kainate receptors;
however, the mechanisms underlying selectivity for glycine are
distinct in vertebrate and ctenophore iGluRs, suggesting that
NMDA receptors evolved from an ancestral protein, further
modification of which occurred after bilaterians split from cteno-
phores during the evolution of metazoan species.

Significance

We report the characterization of two novel glutamate receptor
subunits from recently sequenced ctenophore genomes. The
origin of vertebrate NMDA subtype ionotropic glutamate re-
ceptors (iGluRs), which play a major role in synaptic plasticity
and which require both glutamate and glycine for activation of
ion channel gating, is not well understood. Using X-ray crys-
tallography of the ligand binding domains of iGluRs from the
comb jelly Mnemiopsis leidyi and the sea gooseberry Pleuro-
brachia bachei, candidates for the earliest lineage metazoans,
we discovered that a large subset of these iGluR subunits form
glycine receptors. Similarities to modern-day NMDA receptors
suggest NMDA and ctenophore receptors may provide clues to
the role of iGluRs in the evolution of neural systems in metazoa.
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Results
Crystal Structures of the M. leidyi ML032222a and P. bachei iGluR3
LBDs. Sequence analysis reveals that ctenophore iGluRs cluster in a
unique clade, distinct from AMPA, kainate, and NMDA receptor
subtypes found in arthropods, cnidarians, molluscs, placozoans, and
vertebrates (Fig. 1A and Fig. S1). Based on alignments of M. leidyi
and P. bachei iGluR amino acid sequences with representative
AMPA (GluA2), kainate (GluK2), and NMDA (GluN1, GluN2A,
and GluN3A) subunits, we selected sevenM. leidyi and two P. bachei
iGluRs for study based on the following criteria: the presence of
a signal peptide predicted by the Signal P 4.1 server (21); an ATD of
length ∼380 residues, with a conserved disulfide bond between
α-helix 2 and the “flap loop” found in ATD crystal structures (22,
23); an ∼260 residue S1S2 LBD containing a conserved disulfide
bond in domain 2 (24–26); a four-helix pore loop ion channel do-
main with conserved sequence elements in the pre-M1, M3, and M4
α-helices (9, 12, 14); and a cytoplasmic C-terminal domain (Table S1
and Fig. S2). Most of the remaining ctenophore iGluR genes either
lacked signal peptides or had deletions or insertions in the ATD,
LBD, or ion channel (Table S1), perhaps due to genome assembly
errors. LBD S1S2 constructs for the selected iGluR subunits were
screened for expression as soluble proteins in Escherichia coli and
subsequently purified in the presence of 2 mM glutamate for crys-
tallization trials. Of the nine S1S2 constructs tested, M. leidyi
ML032222a and P. bachei iGluR3 gave crystals that diffracted
X-rays to high resolution; we solved structures for these ctenophore
LBDs at resolutions of 1.21 and 1.50 Å, respectively, by molecular
replacement using the GluK2 kainate receptor LBD crystal
structure as a search probe (Fig. 1B and Table S2).
The ML032222a and PbiGluR3 LBDs share high structural

similarity, with a 0.97-Å RMSD for least squares superposition
using 237 CA atom coordinates; both have a 310 helix in loop 1
and an extended 310 helix in domain 2. Superposition of the
ML032222a LBD on representative vertebrate iGluR LBD crystal
structures (Fig. 1B) revealed highly conserved domain 1 secondary
structures, with RMSDs for 119 residues of 1.11 (GluA2), 0.97
(GluK2), 0.93 (GluN1), 1.23 (GluN2A), and 0.88 Å (GluN3A).
Domain 2 showed much greater variability (Fig. 1B), with RMSDs
of 1.87 (GluA2), 1.64 (GluK2), 2.16 (GluN1), 2.54 (GluN2A), and
2.19 Å (GluN3A); however, this was largely due to conformational
differences at the distal surface, away from the ligand binding
pocket. By contrast, similar to domain 1, the core structure of
domain 2, consisting of 50 residues forming β-strands 5, 6, 7, and 8
and the N-terminal halves of α-helices F, H, and I (Fig. S3),
showed high structural similarity, with RMSDs of 0.99 (GluA2),
0.98 (GluK2), 0.98 (GluN1), 1.13 (GluN2A), and 0.99 Å (GluN3A).
Consistent with the annotation of P. bachei iGluRs as kainate re-
ceptors, a structure-based phylogenetic analysis (27), which com-
pared the ctenophore crystal structures with 14 prokaryotic, rotifer,
and vertebrate iGluR LBD crystal structures, revealed that the
ctenophore LBDs arise from a branch that leads to AMPA and
kainate receptors, whereas NMDA receptors arise from a separate
branch (Fig. 1C). However, both ML032222a and PbiGluR3 have a
disulfide bond in loop 1 that is found in all seven vertebrate
NMDA receptor subunits but not in AMPA or kainate receptors,
and thus their classification is ambiguous from structural and se-
quence alignments alone (Fig. 1D and Figs. S3 and S4).
The M. leidyi ML032222a dimer assembly is specialized to function in a
marine environment. In full-length iGluRs, the LBDs form a dimer
of dimers assembly (9–14), and frequently their LBD S1S2 con-
structs crystallize as dimers in the active conformation (17, 25, 26).
The ML032222a LBD crystallized as a classical iGluR dimer as-
sembly with a buried surface area of 1,030 Å2 per subunit; the
lateral surface of the dimer interface is formed by contacts between
α-helices D and J, with the central surface formed by the linker
connecting β-strands 8 and 9 (Fig. 2A and Fig. S5). A variety of
ambient ion species including Na+, Cl−, Ca2+, and Zn2+ bind in the

LBD dimer interface of a subset of vertebrate iGluRs, where they
stabilize the dimer assembly and act as allosteric modulators
of receptor activity (28–32). Of interest, given that ctenophores
have adapted to life in a marine environment, for which seawater

Fig. 1. Evolutionary analysis of ctenophore glutamate receptors. (A) Phy-
logenetic analysis for 100 iGluRs from a diverse range of animal species re-
veals clustering of ctenophore iGluRs in a unique branch on the maximum
likelihood topology tree; black circles indicate ctenophore iGluRs predicted
to bind glycine; the remaining ctenophore iGluRs likely bind glutamate; the
branch length scale bar indicates the number of substitutions per site. (B) CA
traces for which loop1 and loop 2 coordinates are not shown, following least
squares superpositions using core domain 1 CA coordinates for the LBD crystal
structures of ML032222a and PbiGluR3 (red); GluA2, GluK2 and GluN2A (or-
ange); GluN1 and GluN3A (green). (C) Phylogenetic tree calculated using
structural alignments for 16 iGluR LBD crystal structures. (D) Electron density
map (1.5-Å resolution 2mFo-DFc contoured at 1 σ) for the disulfide bond in
loop 1 of PbiGluR3.
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contains 55 mMMg2+ (33), we found that an Mg2+ ion is bound at
the base of the ML032222a LBD dimer assembly, where it is co-
ordinated by the side chains of Asp-516 and Glu772 (Fig. 2B and
Fig. S5). The location of the Mg2+ binding site is distinct from that
for Na+, Zn2+, and Ca2+ in kainate and delta subtype iGluRs
(31, 32) and is generated by conserved amino acid substitutions
unique to ctenophores (Fig. S6). Sequence alignments reveal
that eight M. leidyi and eight P. bachei iGluR subunits contain
acidic residues at both positions that coordinate Mg2+ in
ML032222a, whereas in vertebrate iGluRs, the ion binding site
is absent because Glu772 is replaced by a conserved glycine res-
idue (Fig. S6). It is likely that similar to the role played by Na+, Cl−,
Ca2+, and Zn2+ ions in vertebrate glutamate receptors (28–32),
Mg2+ stabilizes the LBD dimer assembly in ctenophores.
Endogenous glycine is trapped in the ligand binding site. As expected
for iGluR LBDs crystallized in the presence of glutamate, the
ctenophore LBDs both adopt closed cleft conformations; using
the GluA2 apo crystal structure as a reference, the extent of
domain closure calculated using domain 1 and 2 core structures
for ML032222a (26.6°) and P. bachei iGluR3 (25.4°) was greater
than for the glutamate complexes of GluA2 (19.6°), GluK2 (19.5°),
and GluN2A (19.8°) but similar to that for the glycine complexes
of GluN1 (23.0°) and GluN3A (25.4°). To our surprise, although
both the M. leidyi ML032222a and P. bachei iGluR3 LBDs were
purified in the presence of 2 mM glutamate, inspection of electron
density maps revealed a much smaller ligand with planar geome-
try, which we subsequently identified as glycine (Fig. 3). During
the initial stages of model building and refinement, before the

ligand was recognized as glycine, we considered several small
molecule candidates including lactate, a common contaminant of
PEG solutions used for crystallization (34), glycerol, and water
molecules, but after refinement eliminated these by inspection of
mFo-DFc maps (Fig. S7).
The glycine ligand is trapped in a cavity of volume 58 ± 1.0 and

69 ± 1.8 Å3 for ML032222a and PbiGluR3, respectively (Fig. S8),
too small to accommodate glutamate and similar to the volume of
the glycine binding site cavities for the NMDA receptor GluN1
(60 Å3), GluN3A (62 Å3), and GluN3B (63 Å3) subunits (35, 36).
Binding of the glycine ligand α-carboxyl group is mediated by ion

Fig. 2. The ML032222a LBD dimer assembly encodes a binding site for Mg2+.
(A) Ribbon diagram for the ML032222a dimer crystal structure, with the upper
lobes of the LBD colored gold and pale yellow, and the lower lobes colored
green and pale cyan, respectively; at the base of the upper lobes side chains
drawn in stick representation show the location of the Mg2+ binding site. (B) A
1.21-Å resolution mFo-DFc electron density glycine omit map contoured at 2 σ
showing the twofold symmetric coordination of the bound Mg2+ ion by two
water molecules and the side chains of Asp516 and Glu772.

Fig. 3. Unique structural elements in ctenophore iGluR glycine binding sub-
units. (A) Crystal structure of the ML032222a binding pocket, with a 1.21-Å
resolution mFo-DFc electron density omit map for endogenous glycine con-
toured at 5 σ; secondary structure elements for the S1 and S2 segments are
colored gold and green, respectively; side chains involved in ligand binding
and interdomain contacts are drawn in stick representation, with ion pair and
hydrogen bond contacts drawn as dashed lines. (B) Crystal structure of the
PBiGluR3 binding pocket, colored as above, with a 1.53-Å resolution mFo-DFc
electron density omit map for endogenous glycine contoured at 5 σ. (C) Se-
quence alignment for the nine ctenophore iGluRs selected for study and five
representative vertebrate iGluRs highlighting interdomain salt bridge residues
unique to ctenophore glycine binding subunits.
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pair contacts with a conserved domain 1 Arg residue in α-helix D
identified in amino acid sequence alignments (Fig. S4) as Arg-504
and Arg-497 for ML032222a and PbiGluR3, respectively (Fig. 3),
and also by a hydrogen bond contact with a domain 2 main chain
amide group in helix F (Fig. 3); the ligand α-amino group is bound
by an ion pair contact with Glu-747 or Glu-725 in β-strand 8
preceding α-helix I for ML032222a and PbiGluR3, respectively,
which in all NMDA receptor glycine binding subunits is replaced
by an Asp residue (Fig. 3 and Fig. S4).

An Interdomain Salt Bridge Closes the Entrance to the Binding Site for
Glycine. The top of the ligand binding cavity is capped by the side
chains of Phe-469 or Phe-462 for ML032222a and PbiGluR3, re-
spectively (Fig. S8), which together with an interdomain salt
bridge unique to the ctenophore structures, forms a steric barrier
preventing dissociation of glycine. The salt bridge in ML032222a is
formed by contacts between Arg-703 located at the N terminus of
α-helix F in domain 2 and Glu-423 in the loop following β-strand 1
in domain 1 (Fig. 3 and Fig. S8) and likely contributes to an un-
usually stable closed cleft conformation that traps endogenous
glycine; in PbiGluR3, the corresponding residues are Arg-681 and
Glu-413. The arginine side chain adopts an extended conforma-
tion, lying across the surface of domain 2 of the LBD, where it is
held in place by an additional salt bridge formed with an acidic
amino acid in the loop preceding α-helix I: Asp-746, or Asp-724 in
ML032222a and PbiGluR3 respectively; this further stabilizes the
extended conformation of Arg-703 and Arg-681.
In ML032222a, there is unambiguous electron density for a

2.5-Å contact between the side chains of Glu-423 and Asp-497.
On the basis of calculations using PROPKA (37), this is likely
mediated by a hydrogen bond between the protonated Asp-497
side chain and the negatively charged Glu-423 carboxyl group;
this causes the side chain of Glu-423 to rotate 55° around χ2 to-
ward Asp-497 compared with PbiGluR3, which has an Ala
residue at the equivalent position (Fig. 3 and Fig. S8). There
are no trapped water molecules in the ligand binding cavity for
ML032222a, but for PbiGluR3, due to the replacement of Asp-497
by Ala-490, the entrance to the cavity is plugged by a water mol-
ecule connected via a narrow funnel to additional solvent mole-
cules flanking the binding site (Fig. S8). Amino acid sequence
alignments reveal that of the 29 ctenophore iGluR genes for which
sequences are available, 40% (12/29) have both a conserved do-
main 1 Glu residue and a domain 2 Arg residue, located at the
amino terminus of helix F, which forms the salt bridge seen in the
ML032222a and PbiGluR3 LBD crystal structures (Fig. S4). Based
on this signature, we propose that these subunits all bind glycine,
whereas the majority of the remaining subunits that lack this motif
likely bind glutamate; of note, this motif is not present in vertebrate
AMPA, kainate, and NMDA receptors (Fig. S4), nor in any of the
other iGluRs used for phylogenetic analysis (Fig. 1A and Fig. S1).

Ctenophore iGluRs Bind Glycine With Nanomolar Affinity. Proteolysis
protection assays performed before we identified the presence of
endogenous bound glycine revealed that, after exhaustive dialysis
against ligand-free buffer, both ML032222a S1S2 and PbiGluR3
S1S2 were highly resistant to proteolysis by trypsin (Fig. 4). After
identifying the presence of endogenous glycine in the ctenophore
LBD crystal structures, we attempted to prepare apo proteins by
unfolding both ML032222a S1S2 and PbiGluR3 S1S2 in a buffer
containing 4 M guanidinium and then dialyzing the proteins in
the unfolded state using solutions prepared with HPLC grade
water to remove glycine. After refolding by rapid dilution, both
proteins were now sensitive to digestion by trypsin, whereas sub-
sequent addition of glycine restored resistance to proteolysis (Fig.
4A). Using refolded protein, we then performed isothermal titra-
tion calorimetry (ITC) to measure the thermodynamics of ligand
binding; although ITC experiments consume large quantities of
protein, they have the advantage that the measured Kd should be

unaltered by the presence of ambient glycine, which experiments
on NMDA receptors previously revealed to be a common con-
taminant present at nanomolar concentrations in experimental
solutions (16, 38). For both ML032222a, Kd 2.7 nM, and PbiGluR3,
Kd 31 nM, the binding of glycine was exothermic (Table 1).

Structures of the Alanine and D-Serine and L-Serine Complexes. To
determine whether the newly identified ctenophore iGluR sub-
units that bind glycine can interact with additional vertebrate
NMDA receptor GluN1 subunit ligands, we performed pro-
teolysis protection assays using refolded ML032222a S1S2 (Fig.
5A). These experiments revealed that at a concentration of 1 mM,
alanine and both stereoisomers of serine protected against di-
gestion by trypsin, whereas the competitive antagonists 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) and 5,7-dichlorokynurenic
acid (DCKA) were inactive; densitometric analysis of proteolysis
protection gels revealed a rank order for protection of glycine >
alanine > D-serine > L-serine. To better determine the relative
affinity of these ligands, we next measured equilibrium dose in-
hibition curves for displacement of [3H]-glycine using scintillation
proximity assays instead of ITC to conserve protein, which yielded
Ki values of 37 ± 0.1 μM and 1.7 ± 0.1 mM for alanine and
D-serine, respectively (Fig. 5B); the Ki for L-serine was not
determined, but is likely to be much larger. These experiments

Fig. 4. Ctenophore iGluR subunits bind glycine with nM affinity. (A) Proteolysis
protection assays for purified ML032222a S1S2; lanes show a 31-kDa marker
(MW), uncut protein (UC), and samples at the indicated times in min after ad-
dition of trypsin, with exhaustively dialyzed protein (Top), refolded protein
(Middle), and refolded protein with 1 mM glycine (Bottom). (B) Titration of
refolded ML032222a by glycine analyzed by ITC, with raw (Upper) and in-
tegrated (Lower) data fit with a binding isotherm of Kd of 2.3 nM. (C) Pro-
teolysis protection assays for purified PbiGluR3 S1S2 using the same loading
protocols as for ML032222a. (D) Titration of refolded PbiGluR by glycine an-
alyzed by ITC, with raw (Upper) and integrated (Lower) data fit with a binding
isotherm of Kd of 31 nM.
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establish that ML032222a has much greater selectivity for glycine
vs. D-serine and alanine than GluN1 and GluN3A (35, 39).
Structures of the ML032222a S1S2 complexes with alanine

(Fig. 5C), D-serine (Fig. 5D), and L-serine (Fig. S9) were deter-
mined using protein first purified in the presence of 100 mM
L-serine, in an attempt to displace endogenous glycine without
unfolding the protein, followed by extensive dialysis against
100 mM concentrations of the desired ligand and then crystal-
lization also in 100 mM alanine, 100 mM D-serine, or 100 mM
L-serine; the resulting complexes were solved to resolutions of
1.40, 1.38, and 1.46 Å, respectively (Table S2). AlthoughmFo-DFc
omit maps revealed electron density of the appropriate shape
for each of these ligands, a careful inspection of electron density
maps and of ligand atom B-factors suggested that glycine
remained bound to some protomers in the crystal lattice. Oc-
cupancy refinement for glycine together with alanine, D-serine,
or L-serine gave a rank order of Ala > D-Ser > L-Ser (Table S2),
consistent with relative affinities estimated from proteolysis pro-
tection assays and [3H]-glycine displacement experiments. Similar
to vertebrate NMDA receptor subunits, the structures of the al-
anine, D-serine, and L-serine complexes were nearly identical to
that of the glycine complex, for which least squares superpositions
using 238 CA coordinates gave RMSDs of 0.20, 0.21, and 0.08 Å,
respectively. Small changes in the side chain conformations of
Phe-469 and Arg-703 increased the volume of the ligand binding
cavity from 57 ± 0.1 Å3 for the glycine complex to 79 ± 0.1 and
70 ± 0.2 Å3 for alanine and D-serine, respectively; for L-serine,
the side chain of Arg-703 was refined in two conformations
(Fig. S9), resulting in cavity volumes of 73 ± 2 and 62 ± 0.1 Å3

corresponding to the serine and glycine bound states. These
changes are necessary to relieve close contacts between the serine
CB and OG atoms with Phe-469 and Arg-703 that are absent in
the glycine complex and due to their different stereochemistry
require larger movements for L-serine than D-serine.

ML032222a Forms Functional Homomeric Glycine Activated Ion
Channels. Vertebrate NMDA receptors are obligate heteromeric
ion channels that require both glutamate (GluN2) and glycine
(GluN1 or GluN3) binding subunits for activation of ion channel
gating. To test whether ctenophore iGluRs form similar functional
heteromeric ion channels, we screened mixtures of full-length
ML032222a coexpressed with candidate M. leidyi glutamate
binding subunits (Fig. S4) using two electrode voltage-clamp
recording and cRNA expression in Xenopus oocytes. ForM. leidyi,
a mixture of 1 ng ML032222a with 1 ng each of three candidate
glutamate binding subunits, ML05909a, ML085016a, andML15636a,
yielded large amplitude and rapidly desensitizing responses to
coapplication of 10 mM glutamate and 1 mM glycine (35.5 ± 9.4 μA,
n = 5); surprisingly, glycine but not glutamate evoked similar
amplitude, rapidly desensitizing responses (Fig. 6A). We next
tested a second candidate glycine binding subunit, ML03683a,
coexpressed with the same three candidate glutamate binding
subunits; responses were observed only after treatment with Con A,
a lectin that attenuates desensitization for iGluR subtypes from
multiple species (40–43). Different from ML032222a, ML03683a
coexpressed with ML05909a, ML085016a, and ML15636a gave
responses to 10 mM glutamate applied alone, and these were
larger than those for coapplication of 10 mM glutamate and

1 mM glycine [465 ± 99 and 221 ± 48 nA (n = 6), respectively],
whereas responses to 1 mM glycine were barely detectable (Fig.
6B). An identical profile was obtained for coexpression of just
the three candidate glutamate binding subunits: ML05909a,
ML085016a, and ML15636a; responses to 10 mM glutamate ap-
plied alone were larger than those for coapplication of 10 mM
glutamate and 1 mM glycine [232 ± 10 and 489 ± 20 nA (n = 9),
respectively], with barely detectable responses to 1 mM glycine
(Fig. 6C). Additional experiments with expression of single sub-
units revealed that ML032222a formed homomeric glycine acti-
vated ion channels, suggesting that even when coexpressed with
otherM. leidyi iGluR subunits, responses to glycine were mediated
by homomeric ML032222a assemblies. We also recorded from
PbiGluR3 and PbiGluR4 expressed in combination and alone, but
neither of these gave responses to glycine.
ML032222a responses to glycine were characterized by rapid

and complete desensitization; due to the relatively slow solution
exchange possible with two-electrode voltage clamp recording
from Xenopus oocytes, these were best resolved by application of
millimolar concentrations of glycine; in exceptional recordings,
similar, but smaller, amplitude rapidly desensitizing responses
were evoked by even low micromolar concentrations of glycine.
Using a twin pulse protocol (Fig. 6D), we measured the rate
constant for onset (kdes) and recovery (krec) from desensitization:
kdes = 3.5 ± 0.17 and krec = 1.1 ± 0.06 × 10−2 s−1 (n = 18).
The extremely slow kinetics of recovery from desensitization are
consistent with a high affinity glycine bound desensitized state; this,
combined with rapid onset desensitization, made ML032222a
technically challenging to study. If we assume a rate constant for
binding of glycine kon = 1.1 × 107 M−1·s−1, the experimentally
determined value for vertebrate NMDA receptors (44), the equi-
librium dissociation constant for the desensitized state calculated
from the ratio of krec/kon is 1 nM, consistent with the high affinity
measured in ITC experiments. Preincubation with 100 nM glycine
produced full desensitization of responses to subsequent applica-
tion of test pulses of 1 mM glycine, also consistent with a high
affinity of the desensitized state.
Glycine is a partial agonist that inhibits activation of ML05909a by glutamate.
When expressed without other M. leidyi iGluR subunits, the re-
sponse profile of ML05909a was identical to that observed for
coexpression with ML03683a, ML085016a, and ML15636a (Fig.
6B) or ML085016a and ML15636a (Fig. 6C): the amplitude of
responses to coapplication of 10 mM glutamate and 1 mM glycine
was only 0.59 ± 0.04-fold (n = 4) of that to 10 mM glutamate
applied alone, whereas the response to 1 mM glycine was less than
1% of that to glutamate (Fig. 7A). This analysis suggests that even
when coexpressed with other M. leidyi iGluR subunits, responses
to glutamate were mediated by homomeric ML05909a assemblies,
and that glycine might inhibit responses to glutamate. Indeed,
glycine produced a concentration dependent inhibition of re-
sponses to glutamate, such that the amplitude of responses to
coapplication of 10 mM glutamate and 10 mM glycine was only
5 ± 0.8% (n = 4) of that to glutamate applied alone (Fig. 7B). The
concentration inhibition response curve was well fit using the Hill
equation (Fig. 7C), with an IC50 of 1.3 ± 0.1 mM and a Hill co-
efficient of 1.4 ± 0.04 (n = 4). Additional experiments revealed
that glycine acts as a very weak partial agonist (Fig. 7D); the ac-
tivation concentration response curve for glycine was well fit with

Table 1. Isothermal calorimetry results

Sample Kd (nM) ΔG (kcal/mol) ΔH (kcal/mol) TΔS (kcal/mol)

ML032222a 2.7 (1.03, 4.95) −11.50 (12.05, −11.14) −17.34 (−17.72, −16.95) −5.84
PbiGluR3 #1 31 (21, 44) −10.07 (−10.30, −9.87) −10.2 (−10.43, −9.96) −0.1
PbiGluR3 #2 57 (43, 74) −9.72 (−9.88, −9.56) −11.0 (11.23, −10.77) −1.3

Values in parentheses are 95% CIs. For PbiGluR3, two titrations were performed.
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the Hill equation (Fig. 7E), with an EC50 of 0.8 ± 0.04 mM and a
Hill coefficient of 2.0 ± 0.06 (n = 7). By contrast, glutamate was a
less potent agonist, with EC50 of 20 ± 0.6 mM and a Hill co-
efficient of 1.8 ± 0.04 (n = 5), but the maximal response to glu-
tamate was larger than that for glycine (Fig. 7D). By comparing
the amplitude of responses to 3 mM glycine and 10 mM glutamate

in the same cell and then calculating maximum response ampli-
tudes from the glycine and glutamate activation concentration
response curves, we determined that at saturating concentrations
glycine produced only 2.1 ± 0.1% of the response to glutamate.
Ctenophore iGluR responses show biphasic rectification. A subset of
vertebrate AMPA and kainate receptors undergo RNA editing
at a site within the ion channel pore loop that controls block by
cytoplasmic polyamines (45, 46); the binding of polyamines in
addition requires a negatively charged residue at the entrance to
the ion channel pore (47). Amino acid sequence alignments for
ctenophore iGluRs reveal a glycine residue at the mRNA editing
Q/R site in ML032222a and other iGluRs (Fig. S2), a substitution
that in vertebrate receptors reduces but does not abolish biphasic
rectification produced by cytoplasmic polyamines (48). Cteno-
phore iGluRs also have a glutamate at the pore entrance neces-
sary for pore block by polyamines (47). To facilitate analysis of
the voltage dependence of ML032222a responses to glycine, we
generated the K505C/S789C double mutant, which was designed

Fig. 5. Ligand binding profile for ML032222a. (A) Proteolysis protection assays
for refolded ML032222a S1S2 using a series of ligands that bind to vertebrate
NMDA receptor glycine binding subunits; lanes show a 31-kDa marker (MW),
uncut protein (UC), and samples with 1 mM concentrations of the indicated
ligands. (B) Equilibrium dose inhibition curves for displacement of [3H]-glycine
by L-alanine, Ki 37 μM, and D-Serine, Ki 1.7 mM. (C) Crystal structure of the
ML032222a alanine complex, with a 1.4-Å resolution mFo-DFc electron density
omit map contoured at 5 σ; secondary structure elements for the S1 and S2
segments are colored gold and green, respectively; the ligand and side chains
involved in ligand binding and interdomain contacts are drawn in stick repre-
sentation, with ion pair and hydrogen bond contacts drawn as dashed lines.
(D) Crystal structure of the ML032222a D-serine complex, colored as above, with
a 1.38-Å resolution mFo-DFc electron density omit map contoured at 5 σ.

Fig. 6. Activation of ctenophore iGluRs by glutamate and glycine. (A) Re-
sponses to 10 mM glutamate and 1 mM glycine for a mix of ML032222a and
three candidate glutamate binding subunits recorded using two electrode
voltage clamp for Xenopus oocytes injected with the indicated cRNAs. (B) Re-
sponses to 10 mM glutamate and 1 mM glycine for a mix of ML03683a and the
same candidate glutamate binding subunits. (C) Responses to 10mMglutamate
and 1 mM glycine for a mix of only the three candidate glutamate binding
subunits. (D) Response of ML032222a alone to 1 mM glycine measured using a
twin pulse protocol (Left), with the rate of recovery from desensitization fit
with a single exponential function of time constant 81 s (Right); Inset shows the
rate on onset of desensitization fit with a single exponential function of time
constant 380 ms.
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using the ML032222a dimer crystal structure as a guide, based on
prior work on AMPA and kainate receptors, which established
that LBD cross-links reduce desensitization (49). We did this
because Con A did not block desensitization for ML032222a.
Using the K505C/S789C double mutant, we were able to examine
the voltage dependence of ML032222a responses to glycine using
ramp changes in membrane potential, which revealed a charac-
teristic biphasic rectification, with relief from block at strongly
depolarized membrane potentials due to polyamine permeation
(Fig. 8A). Analysis of conductance voltage plots revealed some
differences from responses for WT vertebrate AMPA and kainate
receptors, likely due the exchange of glycine for glutamine at the
Q/R site; the potential for half block, Vb of −6.1 ± 0.8 mV (n =
12), was shifted by +40 mV, and the extent of maximum block
(87 ± 1.6%) was reduced compared with nearly complete in-
hibition for AMPA and kainate receptors (Fig. 8B); however,
the voltage dependence of block, kb of 15.0 ± 0.6 mV, was un-
changed. Overall, these results resemble those obtained for the
GluK2 Q590A mutant, Vb of −7.2 mV, kb of 15.5 mV, and 84%
maximum block (48), and indicate that the ion permeation prop-
erties of ctenophore iGluRs resemble those of vertebrate receptors
most likely due to their similar pore structures.

Discussion
Here we report the discovery of a large family of glycine acti-
vated ion channel subunits that are widely expressed in the ge-
nome of two ctenophore species: the comb jelly M. leidyi and the
sea gooseberry P. bachei. Using crystallographic, biochemical,
and functional approaches, we establish the molecular mecha-
nism for selective binding of glycine and demonstrate that
ML032222a can form functional homomeric ion channels. We
did not succeed in crystallizing the LBDs of any of the cteno-
phore iGluR subunits that bind glutamate, but in functional
studies, we established that ML05909a forms functional homo-
meric receptors that are activated by glutamate and for which
glycine acts as a weak partial agonist. Because the affinity of
ML05909a for glycine is greater than that of glutamate and be-
cause the efficacy of glycine is so low, glycine acts as a functional
glutamate antagonist, analogous to the partial agonist action of
HA-966 on the GluN1 subunit of vertebrate NMDA receptors
(50, 51).
Comparison of the crystal structures of the ML032222a and

PbiGluR3 LBDs with those for other iGluRs, combined with
sequence analysis for 100 iGluRs from diverse animal species,
reveals an interdomain salt bridge in a substantial subset of
ctenophore iGluRs; we propose that this subset forms a large
family of glycine binding subunits. This salt bridge is a cteno-
phore specific motif that is not found in other iGluR subunits
selected for phylogenetic analysis (Fig. 1A and Fig. S1). The salt
bridge likely contributes to the very high affinity of ML032222a
and PbiGluR3 for glycine by stabilizing the glycine-bound closed
cleft conformation. In addition, the salt bridge plays a key role in
the ligand selectivity because it acts as a barrier that prevents
binding of glutamate and aspartate. As a result, the ligand binding
pockets of ML032222a and PbiGluR3 are just large enough to
accommodate glycine, and binding of glutamate is prevented by
steric occlusion. In the GluN1 and GluN3 NMDA receptor sub-
types, for which the ligand binding pocket has a similar small
volume to that found in ML032222a and PbiGluR3, selectivity for
glycine is also achieved by steric occlusion, but in this case by in-
sertion of either Trp or Met residues into the binding pocket. The
nanomolar affinity of ML032222a and PbiGluR3 for glycine, and
the fact that when expressed as soluble proteins in E. coli their
LBDs trap endogenous glycine that cannot be removed by ex-
haustive dialysis, suggests that the ligand-bound complexes are
unusually stable. Indeed, we had to dialyze the proteins in their
unfolded state to remove endogenous glycine. However, in ex-
periments on intact ML032222a, the rate constant for recovery
from desensitization by glycine, 1.1 × 10−2 s−1, suggests a much

Fig. 7. Glycine is a weak partial agonist for ML05909a. (A) Responses for
ML05909a to 10mM glutamate and 1 mM glycine, applied in combination and
separately. (B) Concentration-dependent inhibition of responses to 10 mM
glutamate by 0.1–10 mM glycine. (C) Concentration inhibition plot for glycine
fit with the Hill equation; data points showmean ± SD. (D) Maximal activation
of ML05909a by glycine produces smaller responses than those to glutamate.
(E) Concentration activation plot for glycine fit with the Hill equation; data
points show mean ± SD.

Fig. 8. Glycine-activated currents for ML032222a show biphasic rectification.
(A) Current-voltage plot for the response to 100 μM glycine recorded from the
ML032222a K505C/S789C double mutant, with an extracellular solution con-
taining 100 μM Ca2+ and 1 mM Mg2+ to suppress activation of endogenous
calcium activated chloride currents. (B) Conductance voltage plot fit with a
Boltzman function, with Vb = −5.4 mV and kb = 15.7 mV (red line).
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less stable complex, from which dissociation of glycine would be
complete in around 6–7 min. This difference almost certainly re-
sults from strain imposed on the ligand binding domain in an in-
tact receptor assembly that is absent when the LBD is expressed as
a soluble protein, uncoupled from its connection to the ion
channel and ATD. Even so, the high affinity for glycine and slow
recovery from desensitization are features that will profoundly
impact the biological function of ML032222a in vivo.
The subset of ctenophore iGluRs we report here is, to our

knowledge, the first identified glycine binding subunits expressed
in a primitive organism, and are highly abundant, representing
50% of M. leidyi and 30% of P. bachei iGluR subunits. Even
ML05909a, which is activated by glutamate, binds glycine with
higher affinity. Could ML032222a, PbiGluR3, and related cteno-
phore iGluRs be relatives of NMDA receptor subunits that bind
glycine? Was binding of glycine a common feature of primitive
iGluRs that subsequently evolved to bind glutamate with high af-
finity? A surprising structural feature in all ctenophore iGluRs,
which is revealed by our structural analysis, is a conserved disulfide
bond in loop 1 that is found only in NMDA receptor subunits,
including those from the fruit fly Drosophila melanogaster and the
nematode Caenorhabditis elegans, but not in AMPA or kainate
receptors. Did the ctenophore iGluRs acquire this signature after
splitting from the last common ancestor of other animal families or
was this feature present in a primordial glutamate receptor that
subsequently evolved to give rise to different iGluR clades?
Vertebrate NMDA receptors are characterized by their voltage-
dependent gating conferred by magnesium ions (18, 19), a
mechanism that would severely impact ctenophore iGluR activity,
because sea water contains 55 mM Mg2+ (33). Instead, current
voltage plots for ML032222a show instead biphasic rectification
that is characteristic of channel block of AMPA and kainate re-
ceptors by cytoplasmic polyamines (45, 46), and on this basis,
ctenophore iGluRs resemble non-NMDA receptors. A plausible
scenario based on the robust bootstrap values for the phylogenetic
positions of the NMDA and ctenophore receptors in the maxi-
mum-likelihood tree is that ctenophore iGluRs encode features of
an ancestral ligand gated ion channel, of which a disulfide bond in
loop 1 and activation by glycine are common characteristics.
The results presented here highlight the difficulty of classifying

the ligand binding and functional properties of newly discovered
iGluRs identified by genome sequencing projects and suggest
that attempts to classify iGluRs from invertebrate species into
classes using the scheme developed for vertebrate AMPA, kai-
nate, and NMDA receptors is not reliable and should be avoided.
Our results, as well as recent work on AvGluR1 from the
bilaterian rotifer Adineta vaga, which is activated by a range of
hydrophobic amino acids as well as glutamate (42, 52), as well as
studies on Drosophila NMJ iGluRs that bind glutamate but not
AMPA or kainate or NMDA (43), in addition to earlier work on
GluR0 from the photosynthetic cyanobacterium Synechocystis sp
PCC6803 and its homologs, which bind glutamate, glutamine,
and serine but not glycine (53–55), illustrate that it is currently
challenging to identify ligand selectivity for iGluRs either by
sequence analysis or by analysis of phylogenetic trees based on
iGluR LBD crystal structures (Fig. 1C). Indeed, the initial an-
notation of iGluRs revealed by sequence analysis of the M. leidyi
(4) and the sea gooseberry P. bachei (5) genomes failed to identify
the large subset of glycine binding subunits reported here, and for
the nine ctenophore iGluRs selected for study, amino acid se-
quence alignments yield mean values of 18.9% identity compared
with the kainate receptor GluK2 subunit; 17.2% identity com-
pared with the AMPA receptor GluA2 subunit; and 13.2% iden-
tity compared with the glycine binding subunits GluN1, GluN3A,
and GluN3B. Recently the Placozoan Trichoplax adhaerans has
emerged as another model organism for studying the evolution of
cellular signaling in primitive metazoan species (56). Analysis of
the T. adhaerans genome also reveals numerous iGluR subunits

but these have yet to be functionally characterized. Sequence ana-
lysis reveals that the interdomain salt bridge we identified in
ctenophore iGluRs is not present in T. adhaerans iGluRs, which
likely have their own unique structural features and ligand binding
properties, and would be interesting candidates for furthering our
understanding of iGluR structural biology.

Materials and Methods
Phylogenetic- and Structure-Based Sequence Analysis. Phylogenetic analysis
using amino acid sequence alignments for 100 representative metazoan
animal iGluR subunits was performed with MEGA6 and maximum-likelihood
(ML) tree reconstruction, using the Le-Gascuel amino acid substitution model
and 10 distinct gamma-distributed rates and invariant sites (57). The ML
heuristic search was performed with the nearest-neighbor-interchange
method, and the initial tree was selected by applying the neighbor joining
method to a matrix of pairwise distances estimated using the Jones, Taylor,
and Thornton (JTT) method. Sequence segments with less than 15% cover-
age across the 100 sequences analyzed were excluded from the analysis. The
accuracy of the tree was tested with bootstrapping using 100 replicates; 70%
of the nodes had bootstrap values above 70, and the node leading to the
ctenophore branch has a bootstrap value of 100. Subsequent formatting of
the tree was performed with MEGA and FigTree (tree.bio.ed.ac.uk/software/
figtree). Structure-based sequence alignments were generated based on a
progressive pairwise heuristic algorithm as implemented in MUSTANG (58).
Structure-based phylogeny was calculated based on the structural similarity
score (QH) using the MultiSeq module of VMD (59). The value of QH indicates
an overall structural similarity score between two structures and is calculated
using the equation QH = ℵ−1 [qaln + qgap], where ℵ is the normalization that
accounts for the contribution from both contacts between the aligned re-
gions, as well as between the residue present in the aligned position and the
gap region; qaln represents the fraction of Cα-Cα distances that are similar
between the two aligned structures; and qgap introduces a penalty term to
account for the presence of insertions with the QH value decreasing with
larger perturbations (27).

Protein Expression and Purification. Synthetic genes with codon optimization
for expression in E. coli were designed for LBD S1-S2 constructs of ML032221a
(N410-E527 and S683-A819); ML032222a (K409-E526 and T682-S815); ML03683a
(N418-K537 and R693-P828); ML05909a (N440-E560 and P715-G850); ML085016a
(T434-E552 and T707-D843); ML150012a (N434-P554 and G682-H816); ML15636a
(N434-E550 and T706-D842); PbiGluR3 (N399-D519 and D660-N795); and
PbiGluR4 (N404-E519 and Q674-C806). All constructs encoded an N-terminal
MH8SSGLVPRGS affinity purification tag and thrombin cleavage site, with a GT
dipeptide linker connecting the S1 and S2 sequences. For PbiGluR3 the E400Q
mutation was constructed by overlap PCR to improve thrombin cleavage of
the affinity tag. Proteins were expressed in Origami B(DE3) cells grown in Luria
Broth and induced overnight with 30 μM isopropyl β-D-1-thiogalactopyrano-
side at 18 °C; following immobilized metal affinity chromatography and anion
exchange chromatography, with thrombin cleavage used to remove the af-
finity tag, the proteins were concentrated to 10 mg/mL for crystallization.

Crystallography. ML032222a crystals were grown at 4 °C in a buffer of com-
position 100 mM NaCl, 10 mM Hepes, pH 7.5, 0.5 mM EDTA, and 2 mM
L-glutamate, with a reservoir containing 21% PEG 8000, 0.1 M Na cacodylate,
pH 6.5, and 150 mM MgSO4. Microseeding was performed 1 d after initially
setting drops. The ML032222a L-alanine, D-serine, and L-serine complexes were
crystalized using protein initially purified in the presence of 100 mM L-serine to
displace endogenous glycine, followed by exhaustive dialysis against 100 mM
of the appropriate ligand. Crystals were grown at 4 °C in a buffer of compo-
sition 100 mM NaCl, 10 mM Hepes, pH 7.5, 0.5 mM EDTA, and 100 mM desired
ligand, with a reservoir containing 23–25% PEG 8000, 0.1 M Na cacodylate,
pH 6.5, and 150 mM MgSO4. Microseeding was performed 1 d after initially
setting drops. Crystals were cryoprotected using serial transfers to mother li-
quor supplemented with ligands and 10–12% glycerol. PbiGluR3 crystals were
grown under cryoprotective conditions at 4 °C by spontaneous nucleation in a
buffer of composition 100 mM NaCl, 10 mM Hepes, pH 7.5, 1 mM EDTA, and
2 mM L-glutamate; with a reservoir containing 1.75 M Li2SO4, 0.1 M Na
cacodylate, pH 6.5, 9% PEG 400, and 75 mM MgSO4.

X-ray diffraction data were collected at APS beam line ID22, using a
MAR 300 mosaic charge coupled device (CCD) detector for ML032222a
and a Rayonix MX300HS detector for PbiGluR3 (Table S2) and processed
using HKL2000 (60). The ML032222a structure with endogenous glycine
was solved by molecular replacement using PHASER (61) and the GluK2 LBD
glutamate complex [Protein Data Bank (PDB) ID code 1S50] as a probe, with
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nonconserved side chains truncated to CG atoms using Chainsaw (62); two
molecules were located in the asymmetric unit with rotation and translation Z
scores of 6.5 and 3.9 for protomer 1 and 6.3 and 14.1 for protomer 2. Iterative
cycles of model building and refinement were carried out using COOT (63) and
PHENIX (64) with riding hydrogen atoms and individual anistropic B factors for
protein and ligand atoms. The final model was refined to an Rfree value of
16.1% with good geometry at a resolution of 1.21 Å (Table S2). There was no
electron density for residues 409–410 and 811–815 in the N terminus and C
terminus, respectively. The L-alanine, D-serine, and L-serine complexes were
solved by difference Fourier analysis and then rebuilt and refined as described
above, but with isotropic B-factors and 6–10 TLS groups per protomer; the
final models had Rfree values of 16.5%, 16.7%, and 16.4% for the L-alanine,
D-serine, and L-serine complexes, respectively, with good geometry at resolutions
of 1.40, 1.38, and 1.46 Å (Table S2). The PbiGluR3 structure with endogenous
glycine was solved by molecular replacement using the ML032222a glycine
complex as a probe, with nonconserved side chains truncated to CG atoms;
one molecule was located in the asymmetric unit with rotation and translation
Z scores of 4.0 and 11.5. The structure was refined as described above, with 10
TLS groups and isotropic B-factors, to an Rfree value of 17.7% with good ge-
ometry at a resolution of 1.50 Å (Table S2); there was no electron density for
residues 399, 468–472, and 790–795, in the N terminus, loop 2, and C terminus,
respectively. Analysis of ligand binding pocket volumes was performed using
VOIDOO (65) as previously described (26). Domain closure was calculated with
respect to the GluA2 apo structure (PDB ID code 1FTO) after least-squares su-
perposition of domain 1 Cα atoms using LSQMAN in the Uppsala Software
Factory suite (66) followed by superposition of domain 2 using FIT. The co-
ordinates and structure factors have been deposited to PDB with ID codes 4YKI,
4YKJ, 4YKK, 4YKP, and 4ZDM.

Proteolysis Protection Assays. Proteins were initially purified in the presence
of 100 mM L-alanine to remove endogenous glycine, unfolded in a buffer
containing 4 M guanidinium, exhaustively dialyzed in ligand-free buffer,
refolded by rapid dilution to a final guanidinium concentration of 50–
100 mM, and then dialyzed against 20 mM Tris (pH 7.5), 200 mM NaCl, and
0.5 mM EDTA. Digestions were performed with trypsin at a ratio of 1:20 (wt/wt)
at room temperature and then run on polyacrylamide gels as previously de-
scribed (39). Control reactions were incubated with 1 mM concentrations of
selected ligands for 15 min on ice before the addition of trypsin.

ITC. ITC experiments with a VP-ITC calorimeter (MicroCal) were performed at
20 °C using refolded proteins prepared as described above. The glycine ti-
trant concentration was 8–12 times higher than the cell protein concentra-
tion. Data were analyzed with NITPIC and SEDPHAT (67).

3[H] Glycine Binding Assays. The streptavidin binding peptide (SBP) tag was
added at the C terminus of the ML032222a and PbiGluR3 S1S2 constructs by
overlap PCR for use in scintillation proximity assays (68). Radio ligand binding
assays using refolded protein prepared as described above were performed
at 4 °C in a buffer containing 10 mM Hepes, pH 7.2, 150 mM NaCl, 0.2 mM
EDTA, 10% (wt/vol) glycerol, and 0.1% (wt/vol) BSA, with 4 mg/mL poly-
vinyltoluene beads. Total and nonspecific counts were determined in tripli-
cate with a 1-min reading time each. Readings were taken on a Wallac Tri
Lux β-counter (Perkin-Elmer) 18–24 h after setting up the reactions.

Expression in Xenopus oocytes and Functional Analysis. Full-length cDNAs for
ML03683, ML05909a, ML085016a, and ML15636a were prepared using TRI
reagent (Molecular Research Center), andmRNAwas extracted from embryos
at regular intervals from fertilization to 24 h, three cydippid stage larvae, and
one lobate adult (20). mRNAs were reverse transcribed to generate cDNA
using Advantage RT (Clontech). For ML032222a, PbiGluR3 and PbiGluR4
synthetic genes were synthesized. cDNAs were cloned into pGEMHE (69),
linearized with PmeI, and used for cRNA expression using T7 polymerase
(Ambion mMessage mMachine transcription kit). To measure current-volt-
age relationships for ML032222a, we prepared the K505C/S789C double
mutant using the ML032222a dimer crystal structure as a guide, based on
prior work on AMPA and kainate receptors, which established that LBD
cross-links reduce desensitization (70). Defolliculated stage 5–6 Xenopus
oocytes obtained from Ecocyte Bioscience were injected with between
0.05 and 4 ng of cRNA and incubated at 18 °C for 2–4 d in ND96 (96 mM NaCl,
2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM Hepes, and 2.5 mM sodium
pyruvate, gentamycin at 50 μg/mL, pH 7.6). Two electrode voltage-clamp re-
cordings at a holding potential of −60 mV, with 3 M KCl agarose-tipped
electrodes of resistance 0.1–0.8 MΩ, were performed 2–3 d after injection of
cRNAs. The bath solution contained 100 mMNaCl, 1 mMKCl, and 5 mMHepes,
pH 7.5, to which CaCl2 and MgCl2 were added as required. Amino acids were
dissolved in recording solution and applied by computer operated solenoid
valves essentially as reported previously (48).
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