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Summary

We have isolated two cDNA clones (GIuR-K2 and GIuR-K3) that share considerable sequence
identity with the previously described glutamate receptor subunit, GIuR-K1. The three glutamate
receptor subunits show significant sequence conservation with the glutamine binding component
of the glutamine permease of E. coli. Each of these clones encodes a channel responsive to both
kainate and AMPA. The coexpression of GIuR-K2 with either GIuR-K3 or GIuR-K1 results in the
formation of channels whose current-voltage relationships differ from those of the individual
subunits alone and more closely approximate the properties of kainate receptors in neurons. These
observations indicate that the kainate/quisqualate receptors are encoded by a family of genes and
are likely to be composed of hetero-oligomers of at least two distinct subunits.

Introduction

The amino acid glutamate mediates excitatory synaptic transmission in the vertebrate and
invertebrate central nervous systems (Mayer and Westbrook, 1987). The diverse
physiological actions of glutamate on central and peripheral neurons are likely to result from
the presence of multiple glutamate receptor molecules with distinct ligand binding, ion
selectivity, and conductance properties (Watkins and Evans, 1981; Dingledine et al., 1988).
Pharmacological and electrophysiological studies have defined two broad classes of
glutamate receptors, which can be distinguished by their response to selective agonists. The
glutamate agonist N-methyl-o-aspartate (NMDA) activates large conductance channels
(Nowak et al., 1984; Jahr and Stevens, 1987;Cull-Candy and Usowicz, 1987) that are
permeable to monovalent cations and calcium (MacDermott et al., 1986). A second class of
glutamate-responsive channels permeable only to monovalent cations (Mayer et al., 1987)
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Note Added in Proof

After the completion of this manuscript, two studies describing the cloning of three new glutamate receptor cONAs appeared
(Keinanen et al., 1990, Science 249, 556-560; Boulter et al., 1990, Science 249, 1033-1037). GIuR-B (Keinanen et al.) and GluR2
(Boulter et al.) correspond to GIuR-K2. GIuR-C (Keinanen et al.) and GIuR3 (Boulter et al.) correspond to GluR-K3. Each of these
glutamate receptor subunits exists in two alternatively spliced forms, designated "flip" and "flop" (Sommer et al., 1990, Science 249,
1580-1585). The GIuR-K2 and GIluR-K3 clones described in this manuscript correspond to the flip version of GluR-B and GIuR-C,
respectively.
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can be activated by the agonists kainate or quisqualate, but not by NMDA. Quisqualate (and
the more selective agonist a-amino-3-hydroxy-5-methyl-isoxazole-4-propionate [AMPA])
elicits responses with time course and conductance properties that are different from those of
kainate-evoked responses (Ishida and Neyton, 1985; Kiskin et al., 1986; Jahr and Stevens,
1987; Ascher and Nowak, 1988; Cull-Candy and Usowicz; 1989). However, selective
antagonists that can distinguish kainate between quisqualate-activated currents have not
been identified. Thus, it is not clear whether the two agonists activate the same or different
receptors.

The diversity of responses to glutamate is reflected not only in the distinct
electrophysiological properties evoked by different glutamate agonists, but also in the
complexity of responses elicited by a single agonist. For example, in most neurons kainate
activates channels permeable to monovalent ions (Mayer et al., 1987), butin a
subpopulation of embryonic neurons, an increase in calcium permeability also accompanies
the agonist-evoked current (lino et al., 1990). Interestingly, this current shows a significant
voltage dependence (lino et al., 1990) that is distinct from the linear current-voltage
relationship observed in most neurons (Mayer and Westbrook, 1984; Ascher and Nowak,
1988). This complexity is also observed at the level of single-channel recordings, which
demonstrate that kainate activates multiple conductances (Jahr and Stevens, 1987; Cull-
Candy and Usowicz, 1987).

The diversity of responses elicited by glutamate could reflect the existence of multiple
receptors with different combinations of shared subunits. It is also possible that receptor
channel complexes with multiple binding sites exist, and multiple conformational states are
associated with distinct channel properties (Jahr and Stevens, 1987; Cull-Candy and
Usowicz, 1987). One approach to understanding the complexity of glutamate receptors
involves the cloning and characterization of the genes encoding the subunits of these
receptors. Three different cDNASs encoding proteins capable of binding the glutamate
agonist kainate have recently been cloned (Hollmann et al., 1989; Wada et al., 1989; Gregor
et al., 1989). However, only one of these cDNAs, GIuR-K1, has been shown to direct the
synthesis of a kainate-responsive ion channel (Hollmann et al., 1989).

In initial studies, we cloned a functional GIuR-K1 cDNA and examined the
electrophysiological properties of the GIuR-K1 receptor subunit in Xenopus oocytes. The
current-voltage relationship of GIuR-K1 differed markedly from that observed for the
kainate-evoked current in most CNS neurons. These observations suggested that additional
subunits may be required to reconstitute the properties of the native channel. We therefore
isolated two homologous cDNAs from a library of cerebral cortex and hippocampal RNA.
The primary structure of each of the proteins encoded by their cDNAS reveals an
extracellular domain followed by four putative transmembrane domains characteristic of
ligand-gated channels. Interestingly, homology is observed between the three glutamate
receptor subunits and the binding component of the glutamine permease of E. coli. Each of
the three glutamate receptor subunits alone can form a channel responsive to both kainite
and quisqualate. The coexpression of heterologous pairs of receptor subunits results in the
generation of kainite receptors with conductance properties that differ from those of the
individual subunits alone and more closely approximate the electrophysiological properties
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of kainite receptors in neurons. These data suggest that non-NMDA glutamate receptors are
hetero-oligomers comprising at least two homologous, but distinct, subunits.

Results

Electrophysiological Properties of GluR-K1

In initial experiments, we examined the electrophysiological properties of the kainate
receptors expressed in oocytes injected with RNA encoding GIuR-K1 (Hollmann et al.,
1989). Oligonucleotides prepared from the published sequence of GIuR-K1 were used to
isolate a functional GIuR-K1 cDNA from a cDNA library of rat cerebral cortex and
hippocampal RNA in the vector A-ZAPII. Partial sequencing of this cDNA revealed a
sequence identical to that previously described. This cDNA was rescued by in vivo excision
into the RNA expression vector pBluescript, and in vitro synthesized RNA encoding GIuR-
K1 was expressed in Xenopus oocytes. Two-electrode voltage-clamp analysis of oocytes
injected with GIuR-K1 RNA reveals a smooth, inward current in response to kainate and the
selective quisqualate agonist AMPA (Figure 1A), but not to NMDA. These responses are
sensitive to the non-NMDA antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX;
Figure 1A), but insensitive to the NMDA inhibitor 2-amino-5-phosphonovaleric acid (APV;
data not shown). These observations confirm that expression of GIuR-K1 alone is capable of
generating a functional channel that can be activated by kainate and quisqualate.

1duosnue Joyiny [INHH

However, the current-voltage relationship of the GIuR-K1 kainate response displays a
pronounced voltage dependence distinct from that observed in CNS neurons (Figure 1B).
Current-voltage curves obtained from oocytes injected with GIuR-K1 reveal a pronounced
inward rectification of kainate-gated currents at potentials more positive than —60 mV. At
holding potentials between —150 and —=70 mV, the relationship of the peak kainate current to
voltage was linear. However, at more positive voltages, no current was detected and no
reversal of the kainate-activated current was observed. This is in sharp contrast to the linear
current-voltage relationship most often observed in CNS neurons (Mayer and Westbrook,
1984; Ascher and Nowak, 1988; lino et al., 1990) and in oocytes injected with rat brain
mRNA preparations (Verdoorn and Dingledine, 1988; Figure 1B). These observations
suggest that although GIuR-K1 is capable of generating a functional kainate receptor,
additional subunits are required to reconstitute a receptor whose properties more closely
resemble those commonly observed in CNS neurons. We therefore used the GIuR-K1 cDNA
as a hybridization probe at low stringency to isolate cDNAs that may encode other subunits
of the kainate receptor.
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Isolation and Characterization of GIuR-K2 and GluR-K3

A cDNA library of rat cerebral cortex and hippocampal RNA was screened at low
stringency using a 2.6 kb fragment of GIuR-K1 spanning amino acids 14-882. Numerous
hybridizing clones that share sequence identity with GIuR-K1 were isolated. The deduced
amino acid sequence of two full-length functional clones, GIuR-K2 and GIuR-K3, are
presented here (Figure 2). The nucleotide sequences through the coding regions of GIuR-K2
and GIuR-K3 have been deposited with the GenBank-EMBL database. Examination of the
nucleotide sequences reveals open reading frames encoding predicted proteins of 883 amino
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acids for GIuR-K2 and 888 amino acids for GIuR-K3. Hydropathy analysis suggests that all
three proteins initiate with a putative signal peptide and reveals several short hydrophobic
stretches that could reflect transmembrane domains.

Most ligand-gated channels are thought to conform to a structure in which an N-terminal,
extracellular, ligand binding domain is followed by four transmembrane regions (M1-M4).
Assuming that the glutamate receptor subunits also adopt this configuration, we tentatively
assigned the four transmembrane domains as depicted in Figure 2. The assignment of
transmembrane domains M1 and M2 differ from that originally suggested for GluR-K1 and
are in accord with the predicted transmembrane domains proposed for the chick and frog
kainate binding proteins (KBPs; see Discussion). According to this assignment, the three
glutamate receptor subunits (GluR-K1, GluR-K2, and GIuR-K3) would contain a 525 amino
acid N-terminal extracellular domain and a short (50-80 amino acid) C-terminal
extracellular domain.

Overall, the three molecules share significant amino acid identity: GluR-K2 and GIuR-K3
reveal 69% and 68% identity with GluR-K1, whereas GIuR-K2 and GIuR-K3 share slightly
higher (73%) identity. Sequence conservation is most striking within the region
encompassed by the putative transmembrane domains, where the three subunits share over
85% sequence identity. The extracellular N-terminal domains are less conserved, but
nonetheless exhibit significant sequence identity; the three GIuR-K subunits share about
50% sequence identity in this region. Comparison of the sequence of three GIuR-K subunits
with the two cloned KBPs suggests that these two sets of proteins are encoded by two
related but distinct gene families. The overall identity between each of the GIuR-K subunits,
K1, K2, and K3, and the chick KBP, for example, is about 36%. Perhaps the most striking
difference between the GIuR-K1 subunits and the KBPs is the length of the N-terminal
extracellular domain. Despite the fact that all five proteins bind kainate, the 525 residue
extracellular domain of the GIuR-K subunits is 370 amino acids longer than the 150 residue
extracellular domain of the KBPs.

Kainate Receptors Are Homologous to the E. coli Glutamine Permease

A search of the GenBank-EMBL sequence database revealed an interesting homology
between all five kainate receptor subunits (i.e., the GIuR-K subunits and KBPs) and the
periplasmic glutamine binding protein of E.coli (Nohno et al., 1986), an essential component
of the glutamine permease (Figure 3). Glutamine is actively transported into E. coli by first
binding to a highly specific, periplasmic glutamine binding protein (GInH; Masters and
Hong, 1981). The association of glutamine with GInH is thought to elicit a conformational
change that allows this protein to bind to components of the permease within the inner
membrane, facilitating glutamine transport (for review, see Ames, 1986). Alignment of the
N-terminal 100 amino acids of GInH with residues 390-505 of the GIuR-K subunits and
residues 25-130 of the KBPs reveals about 20%—-30% sequence identity and an additional
15% conservative substitutions with each of the five receptor subunits (Figure 3A). This
region of homology that encompasses the bulk of the N-terminal extracellular domain of the
KBP is likely to constitute the glutamate binding site.

Neuron. Author manuscript; available in PMC 2015 June 25.
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We have identified a second region of sequence conservation encompassing the C-terminal
45 amino acids of GInH and a cytoplasmic region connecting transmembrane domains M3
and M4 of the kainate receptor subunits (Figure 3B). This conserved region is thought to
reside within the cell, forming a loop between M3 and M4. In contrast, the homologous
region of GInH resides within an extracellular protein secreted into the periplasmic space.
The function of this conserved block of residues is unknown in both GInH and the glutamate
receptor subunits, and it is therefore difficult to assign a common function to this conserved
domain.

GluR-K2 and GluR-K3 Generate Kainate-Sensitive Channels

The functional properties of GIuR-K2 and GluR-K3 were examined by voltage-clamp
analysis following the expression of the corresponding RNAs in Xenopus oocytes. When
oocytes injected with GIUR-K2 or GIuR-K3 mRNA were exposed to kainate (100 uM), a
smooth, inward current, similar in form to that observed with GIuR-K1, was evoked (Figure
4A). However, the peak amplitude of the GIuR-K2 response was considerably smaller than
that observed with GIuR-K1 or GIuR-K3 (Table 1). At present we cannot determine whether
the difference in the magnitude of the current responses elicited by the three different
MRNAs results from differences in the number of kainite-responsive channels expressed in
oocytes or from differences in the conductance or gating properties of the channels directed
by these three receptor subunits.

The sensitivity of the channels encoded by GIuR-K2 and GIuR-K3 to other glutamate
receptor agonists and antagonists was also investigated. Oocytes injected with either GIUR-
K2 or GIuR-K3 mRNA showed no response to NMDA (40 uM; data not shown), but current
responses were observed with the agonists glutamate (1 mM), quisqualate (10 uM), and
AMPA (10 pM; Figure 4A). The response induced by these agonists resembles the inward
current evoked by kainate. Both GIuR-K2 and GIuR-K3 responses to kainate and AMPA
were blocked by CNQX (figure 4A). The peak amplitude of the AMPA response of each of
the GIuR-K subunits was significantly smaller than the corresponding kainate response. In
glutamate-responsive neurons, AMPA elicits a very fast transient current peak that
desensitizes quickly to a lower steady-state level (Ishida and Neyton, 1985; Kiskin et al.,
1986). Our drug application system would not permit the detection of this rapid, transient
current peak. The differences in amplitude between the AMPA and kainate responses we
observe may result from the fact that with AMPA, we are measuring only the steady-state
current following desensitization.

The current-voltage relationship of the GIuR-K3 kainate response displays a pronounced
voltage dependence similar to that observed with GIuR-K1 (Figure 4C). At potentials
between —150 and —70 mV, the relationship of the kainate-evoked current to voltage was
linear. However, at more positive voltages, no current was detected and no reversal of the
kainate-activated current was observed. The amplitude of the current with GIuR-K2
remained low even at a potential of =130 mV, and it was therefore difficult to obtain a
significant current-voltage relationship.

The dose-response curves for the activation of GIuR-K1 and GluR-K3 with AMPA and
kainate are shown in Figure 4B. The ECs for kainate is 32 uM for GIuR-K1 and 130 uM for

Neuron. Author manuscript; available in PMC 2015 June 25.
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GluR-K3 (Table 1). The ECsq observed with AMPA is 1.3 uM for GluR-K1 and 36 uM for
GluR-K3. The GIuR-K2 response was too small to obtain an accurate dose-response curve.
However, the GIuR-K2 responses are evoked in the same concentration range as the other
glutamate receptors. Hill coefficients calculated from kainate dose-response curves were 1.4
for GIuR-K1 and 1.3 for GIuR-K3 (Table 1), suggesting possible cooperative activation by
ligand binding to more than one subunit of the receptor complex. Taken together, these data
demonstrate that each of the three GIuR-K subunits can form a ligand-gated ion channel
responsive to the glutamate agonists kainate and AMPA.

Glutamate Receptors with Combinations of Different Subunits

We presume that the kainate channels produced upon expression of the GIuR-K subunits
alone in Xenopus oocytes result from the formation of oligomers. However, the current-
voltage relationships of these kainate responses differ dramatically from those observed in
most CNS neurons. Therefore, we next expressed all possible combinations of the three
glutamate receptor subunits to ask whether these subunits are capable of forming specific
hetero-oligomeric receptors whose electrophysiological properties more closely resemble
those of the kainate receptors observed in vivo.

In initial experiments, oocytes were co-injected with RNA from GluR-K1 and GIuR-K3.
These oocytes display a smooth, inward current response to kainate, AMPA (Figure 5A,
trace a), and L-glutamate (data not shown); no current response was evoked by NMDA (data
not shown). The kainate and AMPA responses were blocked by the non-NMDA antagonist
CNQX (Figure 5A, trace a), but not by the NMDA inhibitor APV (data not shown). The
dose-response curve reveals an ECgq of 55 uM for kainate and 24 uM for AMPA (Figure
5B; Table 1). The current-voltage relationship of this response displays the same voltage
dependence as that observed upon injection of either GIuR-K1 or GluR-K3 alone (Figure
5C). This kainate-activated channel rectifies inwardly such that no outward current was
detected even at positive holding potentials as high as +50 mV. At negative voltages from
-150 to =70 mV, the current-voltage curve is linear and the peak current amplitudes
approximate the sum of the kainate current responses obtained with GIuR-K1 and GIuR-K3
alone (Table 1). These data suggest that the coinjection of GIUR-K1 and GIuR-K3 results in
either the expression of two discrete homo-oligomers or the expression of hetero-oligomers
whose functional properties closely resemble those of the corresponding homo-oligomers.

The receptors expressed after coinjection of GIuR-K1 + GIuR-K2 or GIuR-K3 + GIuR-K2
exhibit similar pharmacological properties but strikingly different electrophysiological
properties from those observed upon expression of the corresponding homo-oligomers.
Oocytes expressing these two combinations of receptor subunits exhibit an inward current in
response to kainate and AMPA that was blocked by CNQX (Figure 5A, traces b and c). No
response was observed with NMDA, nor did APV block the responses observed with
kainate (data not shown). The dose-response curve for the receptors formed upon coinjection
of GluR-K1 and GIuR-K2 revealed a mean ECsgq of 110 pM for kainate and 2.2 uM for
AMPA (Figure 5B; Table 1). A similar concentration dependence was observed upon
coinjection of the combination of GIuR-K3 and GIuR-K2, with mean ECsq values of 110
UM and 19 pM for kainate and AMPA, respectively. Initial evidence for the formation of

Neuron. Author manuscript; available in PMC 2015 June 25.
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hetero-oligomers emerged from an examination of the magnitude of the kainate-evoked
currents in oocytes expressing combinations of GIuR-K3 + GIuR-K2 receptor subunits
(Table 1). In oocytes expressing GIUR-K2 alone, kainate routinely elicits a weak 1-5 nA
current at =70 mV, whereas in cells expressing GIuR-K3, kainate evokes a current of 1120 +
626 nA. Significant augmentation of the kainate-evoked current to 2400 + 766 nA is
observed upon coinjection of GIuR-K2 and GIluR-K3. Although the amplitude of the
responses may vary in different batches of oocytes, the ratio of current amplitudes for the
different combinations of subunits remains constant.

More convincing evidence for the formation of functional hetero-oligomers derives from the
analysis of the current-voltage relationships of the kainate receptors formed upon expression
of GIuR-K1 + GIuR-K2 or GIuR-K3 + GIuR-K2 (Figure 5C). In contrast to the inward
rectification observed upon expression of the individual receptor subunits alone,
coexpression of GluR-K2 with either GIuR-K1 or GIuR-K3 resulted in kainate responses
whose current-voltage relationships were linear in the range of —1SO to +SO mV. The
reversal potentials of the kainate response observed with either pair of subunits was 0 to -S
mV, consistent with the values observed in neurons (Mayer and Westbrook, 1984; Ascher
and Nowak, 1988) and in oocytes injected with cerebral cortex and hippocampal mRNA
(Figure 1B). The electrophysiological and pharmacological properties of receptors formed
upon coexpression of GIuR-K1 + GIuRK2 + GIuR-K3 are similar to those obtained with
GluR-K1 + GIluR-K2 or GIuR-K3 + GIuR-K2 (Figure SA, trace d; Figures SB and SC).

These data provide electrophysiological evidence that both GIluR-K1 and GIuR-K3 can form
functional hetero-oligomers with GIuR-K2. Moreover, the properties of these hetero-
oligomeric receptors more closely resemble the conductance properties observed for kainate
receptors in vivo. These data suggest that the native kainate receptor is a multimer consisting
of at least two different subunits.

Discussion

Putative Structure of the Kainate Receptor Subunits

The sequences of five kainate binding proteins have been determined: GIuR-K1, GIuR-K2,
GluR-K3, and two KBPs from frog and chick (Figure 2). The sequence of each of these
proteins is consistent with a configuration in which an N-terminal ligand binding domain is
followed by four transmembrane domains, which participate in the formation of an ion
channel. This basic structure has been suggested for the acetylcholine (Noda et al., 1982;
Claudio et al., 1983), y-aminobutyric acid (GABA; Schofield et al., 1987), and glycine
(Grenningloh et al., 1987) receptor subunits, and in the case of the acetylcholine receptor, it
is supported by a large number of structure-function analyses (Mishina et al., 1985; Kao and
Karlin, 1986).

There are, however, striking differences between the family of kainate receptor subunits and
the other ligand-gated channels. First, the N-terminal extracellular domain of the GIUR-K
family is large, 525 amino acids, compared with about 230 residues for the acetylcholine
receptor and 225 residues for the GABA receptor subunits. In contrast, the frog and chick
KBPs reveal a short, 150 amino acid N-terminal extracellular domain that shares about 45%

Neuron. Author manuscript; available in PMC 2015 June 25.
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identity with the corresponding region of the GIuR-K family of proteins. If we presume that
this 150 amino acid stretch constitutes the kainate binding domain, then a question arises as
to the function of the 370 N-terminal amino acids of the GfuR-K subunits.

A second property peculiar to the kainate receptor subunits emerges from a consideration of
the distribution of conserved residues throughout the length of the molecule. For other
ligand-gated channels, maximal sequence conservation is observed through the regions
encompassing the putative transmembrane domains, but significant divergence is observed
in the regions separating the individual transmembrane segments (Numa, 1989; Levitan et
al., 1988). This is most apparent in the cytoplasmic loop separating M3 and M4, which
shows significant sequence and length diversity. In contrast, this region is of fixed length
and shows greater than 80% sequence identity in the GIUR-K family. This striking
conservation unique to the kainate receptors suggests that this cytoplasmic loop may be
structurally constrained to permit contact with additional molecules within the receptor
complex.

One important point concerns the assignment of putative transmembrane domains. From a
comparison of the sequences of the GIuR-K subunits, we favor the placement of M1 and M2
suggested for the KBPs, as depicted in Figure 2. The proper identification of M2 is of
particular interest, since biochemical and genetic evidence strongly suggests that the M2
helices from neighboring subunits of the acetylcholine receptor line the channel pore
(Giraudat et al., 1986; Obertiir et al., 1986; Imoto et al., 1986). In the putative M2 domain of
GABA and glycine, as well as the acetylcholine receptor subunits, small polar or neutral
residues repeat in every fourth position such that they are capable of forming a continuous
ridge on the helical surface (Unwin, 1989). This ridge of small polar amino acids is flanked
by a ridge of large hydrophobic residues. This conserved distribution would be consistent
with one suggested gating mechanism in which the open pore is lined mainly by small
residues. Channel closure would result from helical displacement, in which the larger
hydrophobic ridge now replaces the smaller residues. The putative M2 transmembrane
domains of all five kainate binding proteins in the alignment shown in Figure 2 maintain this
conserved distribution of small polar and hydrophobic residues. This structural conservation
in the chick and frog KBPs suggests that these molecules may also function as components
of an ion channel in association with other subunits

If our assignment of M2 is correct, then the regions immediately flanking M2 in the GIuR-K
subunits are likely to form the channel entrance. In the acetylcholine receptor, M2 in all
subunits is flanked on its C-terminal extracellular face by negatively charged glutamate or
aspartate residues, which may form an anionic ring (Imoto et al., 1988). On the N-terminal
cytoplasmic side there are two such anionic rings. Mutations that reduce the net negative
charge in each of these rings dramatically reduce channel conductance. In the three GIuR-K
receptor subunits the short region between M1 and M2 (which presumably flanks the pore
on the cytoplasmic face) contains 8 glutamate or aspartate residues (Figure 2). A single
aspartate flanks M2 on its extracellular face. It is of interest that the region between M1 and
M2 is highly divergent in the GIuR-K subunits. Furthermore, the chick and frog KBPs have
an 11 amino acid deletion in the region between M1 and M2 that reduces their net negative
charge by 2. If this region is a component of the cytoplasmic entrance of the channel pore,

Neuron. Author manuscript; available in PMC 2015 June 25.
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then the presence of multiple, conserved, negatively charged residues interspersed among
highly divergent residues in the GIuR-K subunits may, in part, be responsible for the
multiple conductance states evoked by kainate in neurons.

It is striking that a 100 amino acid stretch within the N-terminal extracellular domains of the
five glutamate receptor subunits (GluR-K subunits and KBPs) shares significant sequence
conservation with the binding subunit of the glutamine permease of E. coli (Figure 3A).
Given the structural similarities of the two ligands and the fact that one common essential
function of these six proteins is ligand binding, it is likely that the region of conservation
comprises the ligand binding site. Therefore, we suggest that the ligand binding site resides
within residues 395-510 of the GIuR-K subunits and within the homologous regions
(residues 22-130) of the KBPs.

The observation that significant sequence homology is maintained over billions of years of
evolution suggests that the conserved residues may constitute the actual site of contact for
ligand or may be essential to maintain the structural integrity of the binding site. Although
the three-dimensional structure of the glutamine binding protein has not been determined,
analysis of the structures of related binding proteins of bacteria (including the .-arabinose
binding protein, the sulfate binding protein, the Leu/lleNal binding protein, the »-galactose
binding protein, and the leucine-specific binding protein) reveals very similar domains and
tertiary structures (Quiocho, 1990). Each structure is composed of two distinct globular
domains (Gilliland and Quiocho, 1981). The ligand binds within a cleft between the domains
(Newcomer et al., 1979), eliciting a conformational change thought to facilitate the
association between the binding protein and the corresponding membrane-bound transport
proteins (Mao et al., 1982). The neurotransmitter glutamate may therefore recognize a
similar structure within the extracellular domain of the glutamate receptor.

The glutamine binding protein and the glutamate-activated ion channel share the property of
ligand binding, but exhibit other divergent properties. Ligand binding to GInH facilitates
binding to the glutamine transporter, whereas ligand binding to the neurotransmitter
receptors, GIUR-K, opens a channel permeable to small ions. It is possible that the
glutamine/glutamate binding domain emerged early in evolutionary time and evolved,
perhaps by exon shuffling, as a component of several different families of genes that bind
glutamate but carry out distinct cellular functions. In the case of the glutamate receptor
genes, exons encoding a primitive glutamate binding domain may have become associated
with sequences encoding an ion channel to create a glutamate-gated channel. A similar
situation is illustrated by the cGMP-activated ion channel recently cloned from retina
(Kaupp et al., 1989). Although clearly related to a superfamily of voltage-gated ion channels
Jan and Jan, 1990), this protein reveals a putative cGMP binding domain homologous to
cAMP and cGMP binding regions of proteins of totally unrelated function in both
prokaryotes and eukaryotes. Thus, the binding motifs and perhaps even the conformational
changes elicited by binding and essential for the gating of ligand-activated ion channels
evolved from genes that serve distinct functions in prokaryotes.

Neuron. Author manuscript; available in PMC 2015 June 25.



Nakanishi et al. Page 10

Functional Diversity of Kainate Receptors

The presence of a family of genes encoding different glutamate receptor subunits may
provide a molecular basis for the diversity of responses to glutamate observed in neurons.
Single-channel recordings in rat cerebellar and hippocampal neurons indicate that kainate
activates channels with multiple conductances (Jahr and Stevens, 1987; Cull-Candy and
Usowicz, 1987). Kainate elicits predominantly small-amplitude channel openings (less than
1pS, 8pS, and 1S-18 pS) and large-amplitude openings of 38 pS at a much lower frequency.
We have isolated three genes encoding functional kainate receptor subunits that are capable
of associating to form at least five distinct kainite-responsive channels. The presence of a
family of kainate receptor subunits along with the ability of these subunits to associate with
one another provides a combinatorial mechanism to generate a large number of different
receptor complexes, each exhibiting distinct electrophysiological properties. This
combinatorial mechanism has been demonstrated in vivo for the muscle acetylcholine
receptor subunits (Mishina et al., 1986) and has been suggested by subunit mixing
experiments with the neuronal acetylcholine receptor (Wada et al., 1988), the GABA
receptor (Levitan et al., 1988), and the different subunits of the voltage-sensitive potassium
channel (Christie et al., 1990; Isacoff et al., 1990; Ruppersberg et al., 1990).

1duosnue Joyiny [INHH

Perhaps the property that differs most strikingly among the GIuR-K receptors we have
generated is the voltage dependence of the kainate responses. Whole-cell, voltage-clamp
recordings from a majority of CNS neurons demonstrate a linear current-voltage relationship
for the kainate-evoked currents (Mayer and Westbrook, 1984; Ascher and Nowak, 1988;
lino et al., 1990). In one study, however, inward rectification of a kainate channel was
described for a subpopulation of cultured embryonic neurons (lino et al., 1990). Another
example of inward rectification of a kainate channel was described in a study of oocytes
injected with cerebellar mMRNA (Randle et al., 1988). These voltage-dependent kainate
responses reverse at 0 mV, and significant outward current is observed at more positive
voltages. In our study, the putative homo-oligomeric channels formed by the GluR-K1 and
GluR-K3 subunits, also exhibit striking inward rectification (Figure 1B; Figure 4C);
however, no reversal of these kainate responses was observed, and no significant outward
current was detected even at +SO mV. Coexpression of GIuR-K1 or GluR-K3 with GIuR-
K2, however, results in the formation of hetero-oligomeric kainate receptors that show no
voltage dependence of activation (Figure SC). At present, we do not know whether the
inward rectification observed with GIuR-K1 or GIuR-K3 is a consequence of ion block or an
intrinsic voltage-dependent property of a subset of kainate receptors. Whatever the
mechanism, the voltage-dependent properties of the homo-oligomeric kainate receptors can
be dramatically altered when the subunits associate to form hetero-oligomers. Although our
data indicate that GIuR-K2 can associate with either GIuR-K1 or GIuR-K3, we do not know
whether these receptor subunits are coordinately expressed in the same neuron. It is
therefore possible that the hetero-oligomers we have formed in vitro do not reflect native
hetero-oligomers in vivo.
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One property shared by the five receptors formed by the GIuR-K subunits is the consistent
ability to respond to both kainate and AMPA. In neurons, AMPA and quisqualate elicit
responses that differ from those evoked by kainate. Quisqualate elicits a fast, transient
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current peak that desensitizes rapidly, whereas kainate most often activates a
nondesensitizing current (Ishida and Neyton, 1985; Kiskin et al., 1986). Moreover, these two
agonists preferentially activate different subpopulations of single-channel conductances Jahr
and Stevens, 1987; Ascher and Nowak, 1988; Cull-Candy and Usowicz, 1989). One
interpretation of these observations is that there exist distinct glutamate receptors capable of
binding either kainate or quisqualate. However, the two agonists cross-desensitize (Kiskin et
al., 1986; O'Brien and Fischbach, 1986; O'Dell and Christensen, 1989), and there are no
selective antagonists that can distinguish kainate from quisqualate-activated currents. Thus,
despite the different electrophysiological responses evoked by kainate and quisqualate, these
results suggest that the two agonists may activate the same receptors. Our data indicate that
all the receptor combinations we have examined can be activated by both kainate and
AMPA, thus providing physical evidence that kainate and AMPA bind and activate the same
receptor subtypes.

Thus, the complexity of electrophysiological properties exhibited by glutamate receptors
appears to be mirrored by an equivalent complexity in the genes encoding these receptors.
This physical and functional diversity of excitatory amino acid receptors may provide a
mechanism for activity-dependent processes of CNS neurons, including temporal
integration, rhythmic firing, and synaptic plasticity.

Experimental Procedures

Isolation and Characterization of GluR-K Clones

Total RNA was isolated using RNAzol (Cinna/Biotex; Chomczynski and Sacchi, 1987)
from hippocampus and cerebral cortex of 3- to 5-week-old rats (Sprague-Dawley; Hilltop).
Poly(A)+ RNA was selected by passing total RNA through an oligo(dT)-cellulose spin
column (Pharmacia), and a directional cDNA library was constructed in the bacteriophage
expression vector A-ZAPII using the Stratagene cDNA synthesis kit (Stratagene). To isolate
a full-length cDNA clone encoding GIuR-K1, two oligonucleotides were synthesized
according to the published sequence, corresponding to nucleotides —95 to —45 and 2641 to
2690 of GIuR-K1 (Hollman et al., 1989). These oligonucleotides were end labeled with T4
polnucleotide kinase in the presence of (y-32P] ATP and used as a hybridization probe to
screen 1 x 10% independent cDNA clones. Bluescript plasmids were rescued from positive
GluR-K1 clones by in vivo excision and partially sequenced by the chain termination
method (Sanger et al., 1987) to confirm their identity.

To isolate homologs of GIuR-K1 from the same library, plaque hybridization on nylon
membranes (MSI) was performed in 20% formamide, 1 M NaCl, 10% dextran sulfate, 50
mM Tris-HCI (pH 7.5), 1% SDS at 42°C using the coding region of GIuR-K1 as probe.
After hybridization, filters were washed in 20% formamide, 1 M NaCl, 50 mM Tris-HCI
(7.5), 1% SDS at 42°C. Positive plaques were grouped following high-stringency
hybridization using cDNA inserts prepared from each clone as hybridization probes.
Nucleotide sequencing of representatives of each group identified GluR-K2 and GIuR-K3 as
homologs of GIuR-K1.
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Nucleotide and Deduced Amino Acid Sequence Analysis

Nucleotide sequences were assembled using the IBI MacVector 3.0 (Pustell, 1988) program.
Deduced amino acid sequences of GIuR-K subunits were compared with protein sequences
translated from nucleotide sequences stored in the GenBank (Release 63.0) and EMBL
(Release 19) databases using the FASTA (Pearson and Lipman, 1988) algorithm. The extent
of protein sequence similarity was calculated using the PAM250 matrix (Dayhoff et al.,
1983). To evaluate the significance of similarity scores, randomly shuffled sequences that
preserved local sequence composition were generated using the RDF2 (Pearson and Lipman,
1988) program.

Synthesis of GIuR-K Transcripts In Vitro

pGIuR-K DNAs were linearized with Xhol endonuclease, followed by digestion with
proteinase K (100 pug/ml) and phenol-chloroform-isoamyl alcohol extractions. Transcription
reactions (50 ul) contained 40 mM Tris-HCI (pH 7.5), 6 mM MgCl,, 2 mM spermidine, 10
mM NacCl, 10 mM dithiothreitol, 30 U of placental ribonuclease inhibitor (Promega), 0.5
mM (each) ATP, CTP, UTP, and GTP, 1.0 uCi of [BHJUTP (1000 Ci/mmol; Amersham), 1
mM GpppG (Pharmacia), 10 U of 13 RNA polymerase (Bethesda Research Laboratories),
and 2 g of linearized plasmid DNA and were incubated at 37°C for 60 min. Template DNA
was digested with DNAase | (Pharmacia), and RNA transcripts were purified by three
precipitations in ammonium acetate and ethanol. Concentrations of synthesized RNA were
estimated by calculating the percentage of label incorporated and were confirmed by
agarose-formaldehyde gel electrophoresis and ethidium bromide staining.

1duosnue Joyiny [INHH

Expression in Oocytes

Oocytes were harvested from adult Xenopus laevis under anesthesia (0.1% aminobenzoic
acid ethyl ester; Sigma) and manually dissected into groups of 10-20 cells. The follicle
layers were removed by incubation in calcium-free ND-96 (82.5 mM NacCl, 2.0 mM KCl,
1.0 mM MgCl,, 1 mg/ml streptomycin; Specialty Media) containing collagenase type 1A (2
mg/ml; Sigma). Oocytes were maintained at 18°C in Barth's saline containing 2% Ficoll,
penicillin, and streptomycin (Specialty Media). Media were exchanged daily in the 2-5 days
before electrophysiological recordings. Cells were typically injected with 50 ul of RNA
sample. For voltage-clamp recordings, oocytes were placed in a continuous-flow chamber
perfused with oocyte Ringer solution at room temperature. All drugs were introduced
through this system by switching the perfusion line inlet. Kainate, AMPA, quisqualate,
NMDA (Cambridge Research), and L-glutamate (Sigma) were each added to the standard
bath solution. The antagonists CNQX and APV (Cambridge Research) were also included
for some experiments. For all experiments involving NMDA, 5 uM glycine was added to the
perfusing solution. The oocytes were voltage-clamped with the use of a two-electrode
voltage clamp (Axoclamp 2A) having a virtual ground and remote switchable headstage.
Membrane currents were recorded through the virtual ground and filtered at 10 Hz.
Responses were recorded on a Gould chart recorder and stored on an IBM PC AT using
pClamp software (Axon) for electrophysiological data acquisition and analysis. Electrodes
had 2-5 MQ resistance and were filled with 3 M KCI.
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The current-voltage relationship of agonist-evoked responses was determined by
continuously applying ligand while the membrane potential was stepped through a series of
voltages. Leak current was determined by performing the same series of voltage steps in the
absence of ligand. The difference between these two currents at each potential was taken as
the agonist-activated current. Individual voltage steps were of 2 s duration, separated by 3-8
s intervals. Typically, steps were made from an initial voltage of —70 mV, covering the
voltage range of =150 mV to +50 mV in 10 mV intervals. Peak currents were sampled 1.7 s
after the start of each voltage step. Dose-response curves were fitted by a form of the
Michealis-Menten equation:

I:Ima.x/(1+ (EC5U/A)h)

1duosnue Joyiny [INHH

Where 1 is the measured amplitude of evoked current, Iax is the maximum response, ECsg
is the effector concentration causing half-maximal response, A is the agonist concentration,
and the exponent h is the Hill coefficient determined from a Hill plot of the same data. ECgg
values were determined by the least squares fit of the concentration-response curves to this
equation.
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Figure 1. Expression of Functional Kainate/AMPA-Responsive Channels in Xenopus Oocytes
after Injection of Synthetic GIuR-K1 mRNA

(A) Trace a: Voltage-clamp recording from a single Xenopus oocyte injected with 3 ng of
synthetic GIuR-K1 RNA. Downward deflections indicate inward currents. The oocyte
membrane potential was maintained at —100 mV, and kainate (100 pM) was applied by
superfusion for the duration indicated by the bars. The antagonist CNQX (10 pM) reversibly
blocked the GIuR-K1 kainate response (recovery not shown). Trace b: Current traces
obtained from the same egg after application of 10 pM AMPA for the duration indicated.
The response was reversibly blocked by CNQX.
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(B) Current-voltage plot of the kainate (200 uM)-evoked response of oocytes injected with 3
ng of GIuR-K1 (closed circles) or 50 ng of rat cerebral cortex and hippocampal poly(A)*
MRNA (open circles). Responses were normalized to current values evoked at a holding
potential of =150 mV. Each point represents the mean and standard error of kainate-evoked
currents obtained from 4-7 oocytes.
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Figure 2. Alignment of the Deduced Ammo Acid Sequences of the Rat GIuR-K2 and GIuR-K3
cDNAs with Published Sequences of GIuR-K1, Chick KBP, and Frog KBP

The predicted amino-terminal residue of the mature protein is numbered 1, and the
preceding residues are indicated by negative numbers. Boxed amino acid residues are those
identical in all three of the GIuR-K subunits. The four proposed transmembrane domains
(M1-M4) are indicated by solid bars. The two sets of arrows denote the borders of two
regions of the GIuR-K subunits and the KBPs that bear homology to E. coli GInH (see
Figure 3). Smaller residues conserved within the putative M2 region are shaded. Triangles
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indicate the position of negatively charged residues flanking the M2 regions of the GIuR-K
subunits.

The deduced amino acid sequence for GIuR-K1 is from Hollmann et al. (1989); that for
chick KBP, from Gregor et al. (1989); and that for frog KBP, from Wada et al. (1989).

The DNA sequences of the GIuR-K2 and GIuR-K3 cDNAs are available on request and
have been deposited with the GenBank-EMBL database under accession numbers X54655
and X54656, respectively.
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E.coLr GLNH ( &4- 98)
RaT GLUR-KZ (393%-508)

TAF Ake-------- 6
TLESPYVMTKKNHENLEGNE

T RAT GLUR-K3 (395-510) ILESIPYVMYKKNHEQLEGNE

< RAT GLUR-X1 (389-504) [LEDPYVYMLKKNANGFEGND)

> Cwick KBP  ( 24-130) TLEDPYYMYR-------- SAELE

5 Fros KBP  ( 22-129) TLEKPAAMKITE - - - - -- splat

= 6LN LK PMDF lgp Tk KKATDFSDGYYKSEEL NN

D K2 TIVGDGKYGARDADTKINNGMVGELNYGKA] EV[DFSKPFMS L[ S IMIKK PO

= K3 IVGDGKYGARDPE TKIWNGMVGEILVYGR EV[[DFSKPFNS LIS IMI[KKPQ

o K1 EIVSDGKYGARDPDTKAWNGMVGEILVYGR KPFMS LI S IINTIKKPQ

=l CK VGDGKYGATSP- SENWTEMI]GE TLROEA EEVYSHTTPFLOTIGILLRKET
FK IVKDGKYGSKDOE - GNWSGMVGE T I RJE AD NAT|SF[TKPFMOTGIGILLKKD T

B

F.cour GinH (176-220)  [valm r@o 61 TYNFIYK
RAT GLUR-K2 (723-766) |V DSKGYGI GVLDKLKN
RAT GLUR-K3 (727-770) G DSKGNY G LDKLKN
RAT GLUR-K1 (719-762) DSKGYGI GILLDKLKNKW
CHick KBP  (333-376)  APEVIGARGFBI GOLDYLRN
FrOG KBP (333-376)  APEMIGGRGNGI GKLEYLROK

Figure 3. Sequence Homology between E. coli GInH, GIuR-K Subunits, and Two KBPs
(A) Sequence homology between E. coli GInH (amino acid residues 4-98; Nohno et al.,

1986), GIuR-K subunits, and two KBPs within the region indicated by the first set of arrows
in Figure 2. Exact positions in each protein are shown by numbers in parentheses. Boxed
amino acid residues represent identity between GInH and at least one of the GIUR-K
subunits or KBPs. In this region, sequence identity between GInH and each of the kainate
receptor subunits is 33% for GIuR-K2, 30% for GIuR-K3, 30% for GIuR-K1, 21% for chick
KBP, and 29% for frog KBK. The alignment shown in this figure gives a similarity score
that is 12.7 standard deviations above the mean value of those obtained from the alignments
of 200 random shuffles of the GluR-K1 sequence (amino acids 389-504) with GInH. Two
gaps were introduced to maximize identities.

(B) Sequence homology between amino acid residues 176 and 220 of E. coli GInH, GIuR-K
subunits, and two KBPs in the region indicated by the second set of arrows in Figure 2. In
this region, sequence identity between GInH and each of the kainate receptor subunits is
44% for GIuR-K2, 42% for GIuR-K3, 47% for GIuR-K1, 29% for chick KBP, and 27% for
frog KBP. The alignment shown in this figure gives a similarity score that is 12.0 standard
deviations above the mean value of those obtained from the alignments of 200 random
shuffles of the GIuR-K1 sequence (amino acids 719-762) with GInH.
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Figure 4. GIuR-K2 and GluR-K3 Generate Kainate- and AMPA-Sensitive Channels when
Expressed Alone in Xenopus Oocytes

(A) Inward current responses are shown to kainate (100 pM) and AMPA (10 uM) 4-5 days
after injection of 10 ng of GIuR-K2 (trace a) or 3 ng of GIUR-K3 (trace b) mMRNA.
Membrane potentials were held at =110 mV for GIuR-K2. For GIuR-K3, the egg was
clamped at —=70 mV (kainate) and =100 mV (AMPA). All kainate and AMPA responses
were inhibited by the antagonist CNQX (10 uM). The same egg injected with either GIuR-
K2 or GIuR-K3 mRNA was used to record the kainate- and AMPA-evoked currents shown
in trace a (GIuR-K2) and trace b (GIuR-K3).

(B) Dose-response curves of GIuR-K3 for kainate (closed triangles) and AMPA (closed
circles) compared with those of GIuR-K1 for kainite (open triangles) and AMPA (open
circles). Responses were normalized to average current values evoked at concentrations of
300 uM AMPA and 3 mM kainate. Each point represents the mean and standard error of
agonist-evoked currents obtained from 3-6 oocytes, voltage-clamped at =70 mV. ECsgg
values and Hill coefficients derived from curves are listed in Table 1. Curves were fitted as
described in Experimental Procedures.
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(C) Current-voltage plot of kainate (200 uM) currents evoked in oocytes injected with GIuR-
K3 RNA (3 ng) (open circles) compared with that obtained from oocytes injected with
GluR-K1 RNA (3 ng) (closed circles). Responses were normalized to current values evoked
at —150 mV. Each point represents the mean and standard error of kainate-evoked currents
obtained from 4-6 oocytes.
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Figure 5. Combinations of GIuR-K Subunits Form Distinct Channels when Expressed in
Xenopus Oocytes
(A) Current traces recorded from single oocytes 4-5 days after injection with GluR-K1 +

GluR-K3 (trace a), GIuR-K1 + GIuR-K2 (trace b), GIuR-K3 + GIuR-K2 (trace c), or GIuR-
K1 + GIuR-K2 + GIuR-K3 (trace d) mRNA. Oocytes were injected with 3 ng of RNA from
each subunit (6 ng total for paired combinations, 9 ng for GluR-K1 + GIuR-K2 + GIuR-K3).
Membrane potentials were held at =70 mV, except for the GIuR-K1 + GluR-K2 AMKA
(=100 mV) and GluR-K1 + CluR-K2 + GluR-K3 kainate (d.50 mV) responses. Kainate (100
uM) or AMPA (10 uM) was applied through the bath for the durations indicated by the bars.
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Responses were blocked by CNQX (10 uM). For all subunit combinations, the same egg
was used to record the kainate- and AMPA-evoked responses shown.

(B) Kainate dose-response curves for GIuR-K1 + GIuR-K3 (closed triangles), GIuR-K1 +
GluR-K2 (closed circles), GIuR-K3 + GIuR-K2 (closed diamonds), and GIuR-K1 + GluR-
K2 + GIuR-K3 (closed squares) together with AMPA dose-response curves for GIUR-K1 +
GluR-K3 (open triangles), GIuR-K1 + GIuR-K2 (open circles), GIuR-K3 + GIuR-K2 (open
diamonds), and GIuR-K1 + GIuR-K2 + GIuR-K3 (open squares). For each curve, responses
were normalized to average current values evoked at concentrations of 300 uM AMPA and
3 mM kainate. Each point represents the mean and standard error of agonist-evoked currents
obtained from 4-6 oocytes and recorded at a holding potential of =70 mV. ECsq values and
Hill coefficients derived from these curves are listed in Table 1.

(C) Current-voltage plots of kainate currents evoked in oocytes injected with GIuR-K1 +
GluR-K3 (closed triangles), GIuR-K1 + GIluR-K2 (closed circles), GIuR-K3 + GluR-K2
(open squares), or GIuUR-K1 + GIuR-K2 + GIuR-K3 (open circles). Oocytes were injected
with 3 ng of each subunit RNA. Responses were normalized to current values evoked at
-150 mV. Each point represents the mean and standard error of kainate-evoked currents
obtained from 4-7 oocytes.
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