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�-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors (AMPARs) are a major subtype of ionotropic glutamate
receptors (iGluRs) that mediate rapid excitatory synaptic transmis-
sion in the vertebrate brain. Putative AMPARs are also expressed
in the nervous system of invertebrates. In Caenorhabditis elegans,
the GLR-1 receptor subunit is expressed in neural circuits that
mediate avoidance behaviors and is required for glutamate-gated
current in the AVA and AVD interneurons. Glutamate-gated cur-
rents can be recorded from heterologous cells that express verte-
brate AMPARs; however, when C. elegans GLR-1 is expressed in
heterologous cells, little or no glutamate-gated current is detected.
This finding suggests that other receptor subunits or auxiliary
proteins are required for function. Here, we identify Ce STG-1, a C.
elegans stargazin-like protein, and show that expression of Ce
STG-1 together with GLR-1 and the CUB-domain protein SOL-1
reconstitutes glutamate-gated currents in Xenopus oocytes. Ce
STG-1 and homologues cloned from Drosophila (Dro STG1) and
Apis mellifera (Apis STG1) have evolutionarily conserved functions
and can partially substitute for one another to reconstitute gluta-
mate-gated currents from rat, Drosophila, and C. elegans. Further-
more, we show that Ce STG-1 and Apis STG1 are primarily required
for function independent of possible roles in promoting the surface
expression of invertebrate AMPARs.

C. elegans � SOL-1 � transmembrane AMPA receptor regulatory protein
(TARP) � GLR-1

The majority of fast synaptic neurotransmission in the verte-
brate central nervous system is mediated by ionotropic

glutamate receptors (iGluRs) that are gated by the neurotrans-
mitter glutamate. The non-NMDA class of iGluRs are selectively
gated by the ligands �-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid (AMPA) or kainate (1). Although much has
been learned about iGluR function in recent years, our under-
standing is still incomplete. For example, functional vertebrate
AMPA receptors (AMPARs) can be expressed in Xenopus
oocytes; indeed, the first AMPAR subunit was cloned by func-
tional expression in oocytes (2). In contrast, although inverte-
brate iGluRs have been cloned from nematodes and insects
(3–5) and are known to mediate neurotransmission at inverte-
brate synapses (6–8), little or no glutamate-gated current can be
recorded when genes encoding invertebrate iGluRs are ex-
pressed in heterologous cells, (3, 9). This absence of current
indicates either that the correct iGluR subunit composition has
not been identified or that iGluRs require one or more auxiliary
proteins to be fully functional.

In Caenorhabditis elegans, mutations in the AMPAR subunits
GLR-1 (4, 5) and GLR-2 (8) eliminate or reduce glutamate-
gated currents in interneurons that mediate avoidance behaviors
(10, 11). In addition, SOL-1, a CUB-domain transmembrane
protein that interacts with GLR-1, is required for non-NMDA-
type glutamate-gated currents. In sol-1 mutants, behaviors de-
pendent on the GLR-1 AMPAR subunit are disrupted, and no
fast glutamate-gated or kainate-gated currents can be detected
after pressure application of ligand (12). However, coexpression

of SOL-1 with C. elegans GLR-1 is not sufficient to reconstitute
glutamate-gated currents in Xenopus oocytes (9).

In mice, the transmembrane protein stargazin associates
with AMPARs and has been reported to regulate several
aspects of iGluR expression and function (13). A mutation in
stg, which encodes stargazin, eliminates all AMPAR-mediated
synaptic transmission, greatly reduces the response to exog-
enously applied AMPA, and eliminates surface expression of
AMPARs in cerebellar granule cells, but has no effect on
NMDA-mediated currents (14, 15). Stargazin shares no amino
acid sequence identity with SOL-1, but rather has sequence
identity with � calcium channel subunits. Stargazin is the
founding member of a small family of transmembrane AMPA
receptor regulatory proteins (TARPs) (16). Stargazin seems to
have at least three functions: it serves as a chaperone protein
for the exit of AMPARs from the endoplasmic reticulum, it
targets AMPARs to the synapse by binding to PSD-95 (15,
17–19), and it modifies the electrophysiological characteristics
of AMPARs (20–23). No stargazin-like proteins have been
identified to date in invertebrates.

To address the requirements for invertebrate iGluR function,
we have attempted reconstitution of C. elegans glutamate-gated
currents in Xenopus oocytes. In C. elegans, we identified STG-1,
a protein that is related to vertebrate stargazin, and show that we
can record glutamate-gated currents in Xenopus oocytes that
express Ce STG-1 together with SOL-1 and GLR-1. We have
also identified Ce STG-1 homologues from Drosophila (Dro
STG1) and Apis mellifera (honey bee, Apis STG1). We show that
nematode and insect stargazin-like proteins have conserved
function and when coexpressed with vertebrate GluR1 enhance
the glutamate-gated current. In reconstitution experiments, we
found that considerable surface expression of invertebrate
iGluRs occurs in the absence of stargazin-like proteins yet no
glutamate-gated current is detected, suggesting that an evolu-
tionarily conserved role of stargazin-like proteins is to promote
the function of AMPARs.

Results
Ce stg-1 Encodes a Stargazin-Like protein That Is Expressed in the
Nervous System. In the C. elegans nervous system, SOL-1 and the
iGluR subunits GLR-1 and GLR-2 are coexpressed in many
neurons (4, 5, 12, 24), suggesting that these proteins may be
sufficient to reconstitute functional receptors in heterologous
cells. However, we were unable to record appreciable glutamate-
gated currents from Xenopus oocytes that expressed GLR-1
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alone or coexpressed with SOL-1 (9). Nor were we able to record
currents when GLR-2 was also coexpressed (data not shown).
Therefore, we reasoned that reconstitution might require a
second auxiliary protein in addition to SOL-1. Based on weak
sequence identity to vertebrate stargazin, we identified predicted
ORFs in the C. elegans (C18D1.4), honey bee (Apis mellifera;
XM 397021), and Drosophila (CG33670) genomes. The pre-
dicted Apis sequence was incomplete; therefore, we used PCR
amplification and RACE to clone the complete ORF from A.
mellifera first-strand cDNA.

C. elegans, Apis, and Drosophila encode predicted 366 (Ce
STG-1), 397 (Apis STG1), and 447 (Dro STG1) amino acid
transmembrane proteins (Fig. 1A), and share �21% (Ce STG-1),
24% (Apis STG1), and 25% (Dro STG1) sequence identity with
vertebrate stargazin. Hydropathy analysis identified four puta-
tive transmembrane domains. Because no N-terminal signal
sequences are evident, we predict that the N and C termini of Ce
STG-1, Apis STG1 and Dro STG1 are intracellular. Dro STG1
has a predicted 5� region that is longer by �200 aa than the other
stargazin-like proteins. In addition, its 3� region is significantly

shorter (Fig. 1 A). These differences may indicate that the
particular clone we have identified is alternatively spliced. The
amino acid sequences of these predicted proteins were analyzed
by generating a neighbor-joining tree of related vertebrate
proteins, including TARPs, Ca2� channel � subunits, and claudin
tight junction proteins (Fig. 1B). Ce STG-1, Apis STG1, and Dro
STG1 seem only slightly more related to TARPs than to the Ca2�

channel � subunits. To determine the cellular expression of Ce
STG-1, we used the stg-1 promoter to drive the expression of
GFP (Fig. 2A) or yellow fluorescent protein (YFP) (Fig. 2B) in
transgenic worms. GFP and YFP were strongly expressed in the
nervous system, with expression apparent in most of the neurons
that normally express the GLR-1 subunit as indicated by coex-
pression of Pglr-1::CFP (cyan f luorescent protein) and
Pstg-1::YFP (Fig. 2B). We did not observe expression in non-
neuronal tissues such as muscle.

GLR-1 Function, but Not Surface Expression, Depends on Ce STG-1 and
SOL-1. To attempt to reconstitute GLR-1 receptor activity, we
injected cRNAs encoding C. elegans GLR-1 and auxiliary pro-

Fig. 1. C. elegans STG-1, Drosophila STG1, and Apis STG1 are related to members of the TARP family. (A) The predicted amino acid sequences encoded by C.
elegans stg-1, Drosophila stg1, vertebrate stg, and A. mellifera stg1. Amino acids are numbered beginning with the first predicted methionine. For Ce STG-1,
bars and asterisks indicate predicted transmembrane domains and putative N-linked glycosylation sites, respectively. Underlined in gray are the potential type
I PDZ-domain-binding sites for vertebrate stargazin and Apis STG1. (B) Phylogenetic tree of the amino acid sequences for stargazin-like proteins (figure modified
from ref. 16).

10782 � www.pnas.org�cgi�doi�10.1073�pnas.0604482103 Walker et al.



teins into Xenopus oocytes and used standard voltage-clamp
techniques to record the current in response to bath application
of glutamate. We recorded no glutamate-gated current after
expression of GLR-1 alone, and only negligible or very small
currents after coexpression of GLR-1 with either SOL-1 (�3
nA) or Ce STG-1 (�8 nA) (Fig. 3A). In contrast, when GLR-1,
Ce STG-1, and SOL-1 were coexpressed, the amplitude of the
glutamate-gated current was increased by over two orders of
magnitude (Fig. 3 A and B). We found that vertebrate stargazin,
Apis STG1, and Dro STG1 could partially substitute for Ce
STG-1 in reconstituting GLR-1-mediated currents in Xenopus
oocytes (Fig. 3 A and B). The kinetics of current desensitization
seemed dependent on which of the four stargazin-like proteins
was coexpressed, indicating that these auxiliary proteins influ-
ence some aspect of receptor gating. The magnitude of GLR-
1-mediated glutamate-gated current depended on the amount of
injected Ce STG-1 cRNA, with maximal currents observed with
�2.5 ng of cRNA per oocyte (Fig. 3B). A similar dose depen-
dency was observed in a recent study of vertebrate stargazin (25).

We also found that Ce STG-1, Apis STG1, and Dro STG1 can
enhance vertebrate GluR1-dependent currents (Fig. 3 C and D).
Thus, stargazin’s role in promoting glutamate-gated currents
seems evolutionarily conserved. However, we noted different
functional effects of stargazin-like molecules on GluR1-
mediated currents. For example, the glutamate-gated current
rapidly desensitized when GluR1 was coexpressed with verte-
brate stargazin, but no desensitization was noted when coex-
pressed with Apis STG1 (Fig. 3C). This result suggests that a
primary effect of stargazin-like molecules is to directly regulate
iGluR function. Additional support for this interpretation comes
from our analysis of the effects of Ce STG-1 on receptor surface
expression. Coexpression of GLR-1 and Ce STG-1 increased
GLR-1 surface expression �3-fold (see Materials and Methods)
(Fig. 3E). This relatively small change in surface expression
cannot explain the dramatic increase (at least two orders of
magnitude) in glutamate-gated current observed when GLR-1
was coexpressed with Ce STG-1 (Fig. 3 A and B).

Vertebrate stargazin is known to associate with AMPARs (25,
26). To determine whether Ce STG-1 and GLR-1 form a
complex when expressed in heterologous cells, we coexpressed
HA-epitope-tagged GLR-1 (HA::GLR-1) with MYC-epitope-
tagged Ce STG-1 (STG-1::MYC). Both constructs were fully
functional when expressed in oocytes (data not shown). We also
coexpressed STG-1::MYC with HA-tagged NMR-1
(HA::NMR-1), an NMDA receptor subunit that functions in-
dependently of SOL-1 (12). In vertebrates, stargazin is not
required for NMDA-dependent currents (14, 15). Antibodies
to HA precipitated HA::GLR-1 and HA::NMR-1, but

STG-1::MYC coprecipitated only with HA::GLR-1 (Fig. 3F).
These data indicate that Ce STG-1 associates with GLR-1.

Mutations in GLR-1 Partially Compensate for the Absence of Ce STG-1.
Because we observed only a small contribution of Ce STG-1 to
the surface expression of GLR-1, we suspected that Ce STG-1
might be required for receptor function. For example, if the
receptor rapidly desensitized, we would underestimate the true
current magnitude because of the relatively slow application of
glutamate. We tested this hypothesis by introducing a single
amino acid change in the ligand-binding domain of the receptor
that is known to slow desensitization (27). In the case of C.
elegans, the corresponding mutation in GLR-1 is glutamine to
tyrosine (Q552Y) (28). Glutamate-gated currents recorded from
Xenopus oocytes that expressed GLR-1(Q552Y), Ce STG-1, and
SOL-1 showed almost no desensitization (Fig. 4 A and D). In
contrast, we did not observe significant glutamate-gated currents
in oocytes that expressed GLR-1(Q552Y) and SOL-1 without Ce
STG-1 (Fig. 4 A and D).

A single alanine to threonine (A�T) change was identified in
the �2 glutamate receptor subunit of the lurcher mouse, and
expression of the mutated �2 receptor in Xenopus oocytes was
associated with constitutive activation of the receptor (29). Later
studies showed that introduction of the lurcher (A�T) mutation
into GluR1 slowed receptor kinetics, increased the apparent
affinity for glutamate, and reduced the rate of desensitization
(30–32). We have shown that the behavioral and electrophysi-
ological defects of sol-1 mutants can be partially suppressed by
transgenic expression of the GLR-1(A687T) lurcher variant in C.
elegans (9, 12). To examine the effect of the lurcher mutation on
GLR-1-dependent currents, we expressed GLR-1(A687T) in
Xenopus oocytes together with SOL-1 and Ce STG-1. We
observed two major changes in the glutamate-gated current: the
oocytes had a substantial leak current (data not shown) and
the kinetics of desensitization were markedly slowed (Fig. 4 B
and D).

In contrast to GLR-1 or GLR-1(Q552Y), where we observed
no current in the absence of Ce STG-1, we found that GLR-
1(A687T) partially overcame the requirement for Ce STG-1.
Thus, we observed large glutamate-gated currents in oocytes
that expressed GLR-1(A687T) and SOL-1 (Fig. 4 B and D). In
the presence of Ce STG-1, the current only slowly desensitized
whereas, in the absence of Ce STG-1, the current fully desensi-
tized during the time course of glutamate application. These
results indicate that Ce STG-1 regulates receptor gating and
provide additional evidence that GLR-1 is expressed on the cell
surface in the absence of Ce STG-1.

To test whether Q552Y and A687T influenced different
processes in GLR-1 receptor gating, we examined the effects of
introducing both Q552Y and A687T mutations into GLR-1. The
kinetics of desensitization of glutamate-gated current were
markedly slowed in oocytes that coexpressed GLR-1(Q552Y;
A687T), Ce STG-1, and SOL-1 (Fig. 4 C and D). In contrast to
either single mutant alone, glutamate-gated currents recorded
from oocytes that expressed GLR-1(Q552Y; A687T) and SOL-1
had slow kinetics of desensitization (Fig. 4 C and D). Thus,
introducing two independent mutations into GLR-1, both of
which affect receptor kinetics, had a nonadditive effect on
receptor properties allowing function in the absence of Ce
STG-1. Again, these data argue that GLR-1 must be expressed
on the cell surface in the absence of Ce STG-1, because amino
acid changes in GLR-1 that are known to affect receptor function
rather than expression are sufficient to restore glutamate-gated
current.

Vertebrate Stargazin, Apis STG1, Dro STG1, and C. elegans STG-1 Have
Different Effects on Invertebrate Glutamate-Gated Currents. In Dro-
sophila, a number of iGluRs have been cloned, including Dro

Fig. 2. C. elegans STG-1 is expressed in the nervous system. Confocal images
of transgenic worms that expressed Pstg-1::GFP (A) or both Pglr-1::CFP and
Pstg-1::YFP (B) are shown. Expression is limited to neuronal cell bodies and
processes.
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GluRIA, which has significant identity with C. elegans GLR-1
and is expressed in the nervous system (3). However, only small
kainate-gated and virtually no glutamate-gated currents can be
recorded from oocytes that express Dro GluRIA (3). We also
observed no glutamate-gated current when Dro GluRIA was
expressed alone. We tested whether the lack of current was
secondary to a requirement for a stargazin-like auxiliary protein.
Unlike GLR-1-mediated currents (Fig. 3A), coexpression of Dro
GluRIA with vertebrate stargazin, Ce STG-1, or SOL-1 and Ce
STG-1 did not significantly increase glutamate-gated current
(Fig. 5A). However, we were able to record small currents with
coexpression of Dro GluRIA and Dro STG1, and significantly
larger currents with coexpression of Dro GluRIA and Apis STG1
(Fig. 5 A and B). The onset of the current observed with
coexpression of Dro STG1 was very slow, indicating that the
majority of the current is likely a consequence of secondary
activation of an endogenous Ca2�-activated chloride conduc-
tance (33). Consistent with this idea, substitution of barium for
calcium in the extracellular solution dramatically reduced the

amplitude of currents in response to glutamate application (data
not shown). Our results indicate that there are important
functional differences between vertebrate, C. elegans, and insect
stargazin molecules in their ability to promote Dro GluRIA-
mediated current. The large glutamate-gated current observed
with coexpression of Apis STG1 could not be explained by
surface delivery of receptors; in fact, we found that the fractional
surface expression of Dro GluRIA alone was 2- to 3-fold higher
than when coexpressed with Apis STG1 (Fig. 5C).

Discussion
Two explanations are commonly put forth when receptors at the
surface do not respond to a candidate ligand: either the ligand
is inappropriate or the receptor requires one or more auxiliary
subunits. We have shown that the latter is true for C. elegans
GLR-1 and Drosophila GluRIA, both of which require a star-
gazin-like molecule for function. We have identified stargazin
homologues in C. elegans (Ce STG-1), the honey bee (A.
mellifera, Apis STG1), and Drosophila (Dro STG1), and demon-

Fig. 3. GLR-1-mediated glutamate-gated currents in Xenopus oocytes are dependent on Ce STG-1 and SOL-1. (A) Currents recorded in response to 1 mM
glutamate application in Xenopus oocytes injected with combinations of SOL-1, GLR-1, and C. elegans STG-1, vertebrate stargazin, Apis STG1, or Dro STG1 cRNA.
Oocytes were voltage-clamped at a holding potential of �70 mV. (B) Average peak glutamate-gated current amplitude in oocytes coinjected with GLR-1, SOL-1,
and Ce STG-1 cRNA as a function of Ce STG-1 (black). Values are also indicated for vertebrate stargazin, Apis STG1, and Dro STG1 (gray). GLR-1 plus SOL-1 plus
0.1 ng of Ce STG-1, n � 21; plus 0.5 ng of Ce STG-1, n � 19; plus 2.5 ng of Ce STG-1, n � 16; plus 12.5 ng of Ce STG-1, n � 18; plus vert. stargazin, n � 9; plus Apis
STG1, n � 6; plus Dro STG1, n � 5. In A and B, oocytes were injected with 8.3 ng of GLR-1 and 8.3 ng of SOL-1 cRNA. (C) Glutamate-gated currents in Xenopus
oocytes injected with rat GluR1 alone or coinjected with Ce STG-1, Apis STG1, Dro STG1, or vertebrate stargazin cRNAs. (D) Average peak glutamate-gated current
amplitude as a function of stargazin cRNA. GluR1, n � 12; plus vert. stargazin, n � 5; plus Ce STG-1, n � 12; plus Apis STG1, n � 5; plus Dro STG1, n � 4. In C and
D, oocytes were injected with 0.1 ng of rat GluR1 and 8.3 ng of the indicated stargazin cRNA. (E) Western blot showing the relative surface expression of C. elegans
HA::GLR-1 in the presence or absence of Ce STG-1. (F) Coimmunoprecipitation of HA::GLR-1 and STG-1::MYC from HEK 293 cells. IB, immunoblot.
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strated a conserved function in promoting glutamate-gated
currents. We noted considerable expression of GLR-1 at the cell
surface even in the absence of Ce STG-1, yet cell surface GLR-1
receptors produced significant responses to glutamate only in the
presence of Ce STG-1. This result provides strong evidence that
Ce STG-1 is critically required for some aspect of GLR-1
receptor function. Furthermore, the kinetics of GLR-1 and
vertebrate GluR1 glutamate-gated currents were dependent on
the coexpressed stargazin homolog, suggesting that regulation of
iGluR gating is a conserved feature of STG function.

We found that two mutations in GLR-1, Q552Y and A687T,
slowed the desensitization of the receptor, but only one of these

mutations, GLR-1(A687T), partially bypassed the requirement for
Ce STG-1. Interestingly, this suppression, or genetic redundancy,
may explain why stg-1 has not yet been identified in our screens for
suppressors of the lurcher phenotype. Our results indicate that the
molecular rearrangements that lead to receptor desensitization may
be more complicated than commonly believed. The crystal struc-
ture of the extracellular domain of an iGluR subunit revealed that
two extracellular domains, S1 and S2, are arranged in a clamshell-
like arrangement that undergoes a conformational change upon
binding of ligand that leads to opening of the channel pore (34–36).
A secondary rearrangement of the receptor dimer interface leads
to the desensitization of the receptor (37). These rearrangements
may in turn be modified by interactions with stargazin-like mole-
cules. Interestingly, the currents measured with the double GLR-
1(Q552Y; A687T) mutant seem essentially independent of Ce
STG-1, indicating that these two mutations together bypass the
functional effects of Ce STG-1.

Recently, several reports have suggested that vertebrate star-
gazin has a role in modulating AMPAR function in addition to
its primary role in promoting surface expression (20–23). In
contrast, our results indicate that invertebrate stargazin homo-
logues have primarily a functional role, suggesting perhaps that
the most evolutionarily conserved function of stargazin is to
regulate receptor gating. In vertebrates, four TARPs have been
identified, and these proteins seem to have redundant function
but differential distribution in the central nervous system (16).
Because the neuronal distribution of Ce STG-1 does not com-
pletely overlap that of GLR-1, we predict that other stargazin-
like proteins might also be expressed in C. elegans.

The dependence of AMPAR function on the auxiliary pro-
teins SOL-1 and Ce STG-1 provides for stringent control of
glutamate-gated neurotransmission. Based on our findings in
oocytes, we would predict that the synaptic currents mediated by
GLR-1 receptors in the absence of these regulatory molecules
would be dramatically reduced. In support of this hypothesis,
synaptic communication and behavior are disrupted in sol-1
mutants (9, 12). The requirement for auxiliary subunits may
provide a mechanism for protecting neurons from possible
excitotoxicity or inappropriate depolarization by limiting func-
tional receptors to the synapse.

AMPARs have a critical role in long-term potentiation (LTP),
a cellular model of learning and memory. During LTP, the
number of functional AMPARs is increased at synapses, thus
increasing synaptic strength. A recent study of AMPAR traf-
ficking predicted that ‘‘placeholder proteins’’ would regulate the
number of functional receptors at the synapse (38). Our findings
suggest that SOL-1 and Ce STG-1 may comprise or contribute to
this placeholder function and conversely, that drugs that inter-
fere with the function of these auxiliary proteins may have
relatively selective modulatory effects on synaptic function.

Materials and Methods
General Methods and Strains. All strains were raised at 20°C under
standard conditions. Germ-line transformation was achieved as
described by using the lin-15 clone pJM23 (40 ng��l�1) as a
transformation marker (5). lin-15(n765ts) mutants were used in all
transgenic experiments and expressed one of the following extra-
chromosomal arrays: akEx478, pDM649 (Pstg-1::GFP); or akEx485,
pDM666 (Pstg-1::YFP) plus pYZ262 (Pglr-1::CFP). We isolated
full-length stg-1 and Apis stg1 by PCR amplification from C. elegans,
and A. mellifera first-strand cDNAs (GenBank accession nos.
DQ015968 and DQ015969). Drosophila stg1 cDNA (GenBank
accession no. CG33670) was amplified from the di-cistronic clone
GH12419 (AY122110). Analysis of predicted proteins was facili-
tated by the EXPASY suite of programs and CLUSTALW (39).

Plasmid Constructs. The oocyte expression plasmids were as follows:
pSP64T, Drosophila GluRIA; p59�2-rat GluR1; pDM657, C.

Fig. 4. Glutamate-gated current in the absence of Ce STG-1 depends on
modifying the gating properties of GLR-1. (A–C) Currents measured in re-
sponse to 1 mM glutamate application in Xenopus oocytes coinjected with
cRNAs for SOL-1 and GLR-1(Q552Y) (A), GLR-1(A687T) (B), or GLR-1(Q552Y;
A687T) (C) both with (Upper) and without (Lower) Ce STG-1. Oocytes were
voltage-clamped at �70 mV. (D) The ratio of the current amplitude 1 s after
the start of glutamate application (steady state) to the peak current both with
(black) and without (gray) Ce STG-1. GLR-1(Q�Y) plus SOL-1 plus Ce STG-1, n �
3; GLR-1(Q�Y) plus SOL-1, n � 3; GLR-1(A�T) plus SOL-1 plus Ce STG-1, n � 4;
GLR-1(A�T) plus SOL-1, n � 4; GLR-1(Q�Y;A�T) plus SOL-1 plus Ce STG-1, n � 4;
GLR-1(Q�Y;A�T) plus SOL-1, n � 6.

Fig. 5. Apis and Drosophila STG1 differentially affect Dro GluRIA. (A)
Currents measured in response to 1 mM glutamate application in Xenopus
oocytes that expressed Dro GluRIA and various combinations of vertebrate
stargazin, Ce STG-1, Dro STG1, Apis STG1, and Ce SOL-1. Oocytes were voltage-
clamped at �70 mV. (B) Average peak current (black) and current amplitude
1 s after glutamate application (gray) for currents mediated by Dro GluRIA
coexpressed with Apis STG1, n � 10. (C) Western blot showing the relative
surface expression of HA::Dro GluRIA in the presence or absence of Apis STG1.
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elegans glr-1; pDM862, C. elegans glr-1(A687T); pDM858, C. elegans
glr-1(Q552Y); pDM863, C. elegans glr-1(Q552Y;A687T);
pGEMHE-mouse stargazin; pDM921, A. mellifera stg1; pDM1035,
Drosophila melanogaster stg1; pDM654, C. elegans stg-1; pDM350,
C. elegans sol-1. Additional plasmids used for coimmunoprecipita-
tion and surface labeling experiments were: pYZ253, HA::GLR-1;
pDM473, HA::NMR-1; pDM1043, STG-1::MYC; pCSW141,
HA::GLR-1; and pDM1009, HA::Dro GluRIA.

Immunoprecipitation. HEK 293 cells (TSA201 cells, a gift from
M. F. Sheets, Cardiovascular Research and Training Institute,
University of Utah, Salt Lake City) were cultured in DMEM
nutrient medium with 10% bovine fetal serum. The cells were
transiently transfected by using Lipofectamine 2000 (Invitrogen).
After 48 h, transfected cells were collected and lysed in ice-cold
immunoprecipitation (IP) buffer [25 mM Tris, pH 7.4�150 mM
NaCl�10% glycerol�1% Triton X-100�protease inhibitor mixture
(Roche Diagnostics)]. The lysates were incubated with agarose-
conjugated antibodies (Santa Cruz Biotechnology) in IP wash
buffer (25 mM Tris, pH 7.4�150 mM NaCl�7% glycerol�1% Triton
X-100�1% sodium deoxycholate�0.1% SDS�protease inhibitor
mixture (Roche). Samples were washed six times in ice-cold IP wash
buffer and then boiled in SDS�PAGE sample buffer for 5 min. The
precipitated proteins were resolved on a 7% SDS�PAGE gel,
transferred to nitrocellulose membranes, probed with either mouse
anti-HA (12CA5) or anti-MYC (9E10) primary antibodies (Uni-
versity of Utah Antibody Core Facility), followed by peroxidase-
conjugated secondary antibodies (Jackson ImmunoResearch), and
analyzed with the SuperSignal West Femto Chemiluminescence kit
(Pierce).

Microscopy. GFP, CFP, and YFP images from transgenic worms
were acquired by using confocal microscopy with a Zeiss LSM
510 microscope.

Electrophysiological Studies. Xenopus oocyte recordings were car-
ried out by using standard two-electrode voltage clamp as
described (40). Statistical significance was determined by using
the standard Student’s t test. Error bars represent the SEM.

Surface Protein Detection. HA::GLR-1 and HA::Dro GluRIA
surface expression in Xenopus oocytes followed previously pub-
lished protocols (40, 41). Proteins were resolved on a 7%
SDS�PAGE gel, probed with mouse anti-HA antibody at 1:1,000
(University of Utah Antibody Core Facility), followed by per-
oxidase-conjugated goat anti-mouse secondary antibody at
1:10,000 (Jackson ImmunoResearch), and analyzed as indicated
above. Signal densities were quantified by scanning the film
followed by densitometry of the bands using IMAGEJ. The total
(loading control) is 3% of the amount that was loaded in the
surface lane.
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