Expression of y-aminobutyric acid p1 and p1A450 as
gene fusions with the green fluorescent protein
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The functional characteristics and cellular localization of the y-
aminobutyric acid (GABA) p1 receptor and its nonfunctional
isoform p1A450 were investigated by expressing them as gene
fusions with the enhanced version of the green fluorescent
protein (GFP). Oocytes injected with p1-GFP had receptors that
gated chloride channels when activated by GABA. The functional
characteristics of these receptors were the same as for those of
wild-type p1 receptors. Fluorescence, because of the chimeric
receptors expressed, was over the whole oocyte but was more
intense near the cell surface and more abundant in the animal
hemisphere. Similar to the wild type, p1A450-GFP did not lead to
the expression of functional GABA receptors, and injected oo-
cytes failed to generate currents even after exposure to high
concentrations of GABA. Nonetheless, the fluorescence dis-
played by oocytes expressing p1A450-GFP was distributed sim-
ilarly to that of p1-GFP. Mammalian cells transfected with the
p1-GFP or p1A450-GFP constructs showed mostly intracellularly
distributed fluorescence in confocal microscope images. A sparse
localization of fluorescence was observed in the plasma mem-
brane regardless of the cell line used. We conclude that p1A450
is expressed and transported close to, and perhaps incorporated
into, the plasma membrane. Thus, p1- and p1A450-GFP fusions
provide a powerful tool to visualize the traffic of GABA type C
receptors.

GABA( | Xenopus oocyte

Fast inhibitory synaptic transmission in the vertebrate brain
occurs mainly by the action of the amino acid y-aminobu-
tyrate (GABA) on at least three different classes of membrane
receptors: GABA type A (GABA4), GABA type B (GABAg),
and GABA type C (GABA(c). The GABA( receptors were
identified functionally after expressing mammalian retina
mRNA in Xenopus oocytes (1). Those oocytes responded to
GABA with a current made up of two components caused by
activation of GABAA and GABA( receptors, both of which
gated chloride channels. The latter component was distinguished
clearly by, among other things, a very slow rate of desensitization,
resistance to the GABAA receptor antagonist bicuculline, and
insensitivity to the GABAg agonist baclofen (1-5). Subse-
quently, the highly selective GABA¢ antagonist (1,2,5,6-
tetrahydropyridine-4-yl)methylphosphinic (TPMPA) was de-
signed, synthesized, and proven to be effective for distinguishing
among the three classes of GABA receptors (6—7). Thus, the new
class of GABA( receptors was defined by their functional and
pharmacological properties and their high abundance in the
vertebrate retina.

So far, three cDNAs encoding GABA( subunits have been
cloned: p1-p3. The human p1 and p2 genes are located in tandem
in chromosome 6, whereas the p3 gene is located in chromosome
3 (8-9). When those subunits are expressed heterologously in
frog oocytes or mammalian cultured cells, they form functional
homomeric receptors that exhibit the typical electrophysiological
and pharmacological profile of retinal GABA( receptors (8,
10-12), suggesting that those subunits and /or their combination
form the native GABA( receptors of retinal cells.

It is known that the human pl gene produces at least three
isoforms by alternative splicing: pl, plAS51, and p1A450 (13).
The pl and plAS1 isoforms express functional homomeric
receptors in oocytes whereas p1 A450 does not (13-14). p1A450
lacks 150 residues in the extracellular N-terminal domain, and
no evidence is known of either its translational efficacy or its
intracellular distribution. Although p1A450 conserves domains
necessary for the proper function of the receptor, such as the
signal peptide and the channel-forming second transmem-
brane region, the deletion removes critical regions for proper
cell sorting, agonist binding, and assembly of the receptor
(15-16). Production of nonfunctional subunits is not an event
exclusive to GABAC( receptors. For example, the a6 gene of
the GABA, receptor produces two isoforms: one that assem-
bles into fully functional heteromeric receptors and one that
inhibits formation of the receptor (17). The detailed mecha-
nisms and implications of this interaction are still unknown.
Therefore, it was of interest to determine whether the gene
carrying the A450 deletion is not functional because: (i) its
RNA is unstable or fails to be translated, (if) the receptor is
expressed but fails to be incorporated into the plasma mem-
brane, or (iii) the receptor is nonfunctional even if incorpo-
rated into the membrane.

To begin to address these questions, we constructed gene
fusions between the enhanced version of the green fluorescent
protein (GFP) and either p1 or p1A450, and the properties of the
receptors expressed by these chimeras were studied in both frog
oocytes and cultured cells.

Materials and Methods

Plasmids and DNA Manipulations. A Scal site was introduced at the
end of the coding sequence of pl by using site-directed mu-
tagenesis (mutagenic primer 5'-TACAAGCATAGTACT-
GAAAATAGACCAGTA-3’), thus eliminating the transla-
tional stop codon and changing the last serine codon (TCC 254
TCA). This method allowed subcloning of the p1 cDNA (Bam-
HI-Scal) into the Bg/II and Smal sites of plasmid pEGFP-N2
(CLONTECH) to produce the plasmid ppl-GFP. p1A450 was
introduced by replacing the Smal-HindIlI fragment of pp1-GFP
by the EcoRV-HindIII fragment from the plasmid pAV113. The
resulting plasmids (1 ug/ul) were injected (13-15 nl) into the
nucleus of Xenopus oocytes. After 2-7 days, expression was
assessed by electrophysiological methods and laser confocal
microscopy.

To produce cRNAs, the fragments encoding the gene fusions
had to be subcloned into a different vector. Therefore, p1-GFP
and plA450-GFP were inserted as Smal-Notl fragments be-
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Functional expression of p1-GFP. (A) Diagram of the receptor fusion p1-GFP. (B) Comparison of GABA currents elicited by oocytes injected with

either p1-GFP or p1. For this and other figures, the membrane was held at —60 mV, and GABA was applied during the time indicated by the bars above
the records as well as by 20-mV depolarizing pulses to monitor membrane conductance. (C) GABA-dose-response curve of an oocyte injected with p1-GFP

(ECso = 0.7 uM).

tween the EcoRV and Notl sites of the expression plasmid
pcDNA; (Invitrogen). The resulting recombinants were linear-
ized with NotI and capped cRNAs were synthesized by using the
T7 Riboprobe kit (Promega). For expression, 50 nl of cRNA (1
wng/ul) was injected into each oocyte.

Confocal Imaging. Images were obtained by using a confocal
microscope, built by I. Parker and N. Callamaras (University of
California, Irvine) using an Olympus inverted microscope. The
system has been modified to produce axial scanning (18-19).

Electrophysiological Recordings in Xenopus Oocytes. Procedures for
expressing pl receptors in Xenopus oocytes and recording were
as described (14, 20-21).

Expression in HEK293 and 3T3 Cells. The mouse fibroblast cell line
3T3 and human HEK293 cells were grown and transfected
according to the lipofectamine (GIBCO/BRL) method.

Results

p1-GFP Expresses Functional GABA Receptors. From its structure,
pl-GFP would be predicted to form a chimeric receptor in
which the extracellular C terminus is tagged with the fluores-
cent protein. Therefore, the N terminus and the four trans-
membrane segments including the second one, which forms
the ion channel, would be physically distant from the GFP (Fig.
1A4). Fig. 1B shows GABA currents elicited by oocytes injected
with either the wild-type (wt) pl or p1-GFP. The GABA-dose-
response relation for p1-GFP receptors yielded an ECsg of 0.7
uM (Fig. 1C), which is more like that of the plA51 isoform
(ECsp = 0.57 uM) than that of the pl receptors (ECsy = 1.2
uM). Essentially, the electrophysiological and pharmacologi-
cal properties of the chimeric receptors were the same as those
of the wt pl. For example, the receptors desensitized very little
even after long exposures to high concentrations of GABA,
and they were not blocked by bicuculline (up to 1 mM).
Moreover, the GABAc-antagonist TPMPA reduced the
GABA current with an ICsg of 1.6 uM (Fig. 24), which is the
same as that of the wt receptor (6-7). In addition, the reversal
potential of GABA currents generated by pl-GFP receptors
was the same as those for the wt p1, both of which were close
to —30 mV (Fig. 2B) which corresponds to the chloride
equilibrium potential (22).

Although the functional characteristics of the p1-GFP fusion
receptors were essentially the same as those for the wt-pl
receptor, some clear differences were observed. First, it took
longer for p1-GFP than for pl to express functional receptors
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(Fig. 3). Second, after cDNA injections, the amplitude of the
GABA currents as well as the proportion of oocytes expressing
functional p1-GFP receptors (10-30%) were also smaller than
those of oocytes injected with the wt p1 (90-100%). In contrast,
in oocytes injected with cRNAs the pl-GFP GABA currents
were again smaller than the p1l GABA currents; but the number
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Fig. 2. Characterization of p1-GFP. (A) The chimeric receptor is blocked
efficiently by TPMPA. GABA (0-3 um) and TPMPA were applied while holding
the oocyte at —60 mV. (B) The current elicited by GABA (1 uM) and voltage
steps from —120 to +40 mV (20-mV steps) were applied to an oocyte express-
ing p1-GFP (Inset). The current-voltage relation gave an equilibrium potential
close to —30 mV, similar to the chloride equilibrium potential in oocytes.
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Fig. 3. Time course of appearance of GABA currents. Each point shows the
mean + SEM of 2-5 oocytes.

of oocytes expressing functional receptors was the same for both
(90-100%). In some experiments, we compared the time course
of appearance of GABA currents in oocytes from the same
donor injected with cRNAs synthesized from either construct.
As soon as 1 h after injection, the GABA currents averaged 47
nA for p1-GFP and 77.6 nA for pl oocytes (1 uM GABA, n =
3). However, although p1-GFP-injected oocytes reached a pla-
teau of expression 24—48 h after injection, in pl-injected oocytes
the magnitude of GABA currents continued to increase (Fig. 3).
It is worth noting that fluorescence was not clearly evident above
background fluorescence in oocytes producing GABA currents
smaller than ~300 nA (1 uM GABA); and note also that only
a small proportion of oocytes injected with pl-GFP cRNA
reached sufficiently high levels of expression for detailed fluo-
rescent imaging.

Oocytes injected with pl-GFP, which elicited large GABA
currents of 700 nA or more (1 uM GABA), showed strong
fluorescence, and only low background fluorescence was ob-
served in wt-pl or noninjected oocytes. Fig. 44 illustrates the
distribution of fluorescence in the oocyte that generated the
GABA currents shown in Fig. 1B. Although the fluorescence was
distributed around the entire oocyte, more often the fluores-
cence was clear only in the animal hemisphere and was faint or
undetectable near the vegetal hemisphere, suggesting a clear
polarization of receptor distribution. A z-scan near the animal or
vegetal poles of the same oocyte showed that the fluorescence
was concentrated at and just below (3-5 wm) the oocyte’s surface
(Fig. 4 B and C).

p1A450-GFP Produces Fluorescent Proteins but Not Functional Recep-
tors. As already stated, the wt p1A450 fails to express GABA-
gated currents (13). Oocytes injected with the p1A450-GFP
construct again were unresponsive to GABA (Fig. 4F); but it
was clear that the RNA was translated efficiently because the
oocytes displayed fluorescence (Fig. 4 D-E). The distribution
of this fluorescence was very similar to that observed in
oocytes expressing functional p1-GFP receptors (compare to
Fig. 4 A-C); that is, the animal hemisphere was more fluo-
rescent than the vegetal hemisphere, and the fluorescence was
concentrated near the oocyte surface (Fig. 4E). Thus, the
translation and distribution of p1A450-GFP is clear, and the
absence of functional receptors therefore is not the result of
untranslatable cRNA.

p1-GFP and p1A450-Fluorescence Clusters. The fluorescence distri-
bution in xy-scans near the animal poles of oocytes expressing
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Fig.4. Confocal images of frog oocytes expressing p1-GFP and p1A450-GFP.
(A) Overall image of an oocyte expressing p1-GFP. (B) Oocyte surface near the
animal pole. (C) Part of the vegetal hemisphere. (D) Overall image of an oocyte
expressing p1A450. (D) An axial image near the animal pole. (E) Lack of
response to GABA. D and E were taken from the same oocyte. ““a" and "'b"
indicate the animal and vegetal hemispheres, respectively.

-scan

either p1-GFP or pl1A450-GFP evidenced that both constructs
lead to a “patchy” distribution of fluorescence. Higher magni-
fication images of an oocyte injected with p1-GFP, which elicited
a GABA current of 756 nA (1 uM GABA), are shown in Fig. 5.
The strong fluorescence patches in the z- and xy-scans show
clearly that the distribution of the receptors is clustered over the
oocyte surface.

Expression of p1-GFP and p1A450-GFP in Cultured Cells. After trans-
fection (1-3 days), mammalian cells efficiently produced p1-GFP
or plA450-GFP proteins. These proteins were located mostly in
intracellular compartments and contrasted clearly with a fairly
homogeneous distribution of fluorescence in cells transfected

Fig.5. Detail within the animal hemisphere of an oocyte expressing p1-GFP.
Fluorescence is concentrated in the oocyte’s filopodia and probably in endo-
plasmic reticulum compartments. (A) Z-scan. (B) Surface view.
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Fig. 6. Expression of p1-GFP and p1A450-GFP in mammalian cells. Arrows
indicate the fluorescence located at or near the plasma membrane. Nu,
nucleus. Cells were observed 72 h after transfection.

with GFP alone. Cells positively transfected (i.e., with strong
fluorescence) showed an altered morphology with shrunken
bodies and shorter filopodia. Despite these changes, fluorescent
proteins were located clearly near the surface in some cells,
suggesting that the receptor probably was anchored properly in
the surface membrane (Fig. 6). The distribution of fluorescence
was similar in HEK293 and 3T3 cells, but electrophysiological
experiments will be necessary to determine whether the GFP
constructs are really assembling into functional GABA receptors
in the plasma membranes of both types of cells. Furthermore,
expression of the chimeric receptors led to the premature death
of the overproducing cells 4-5 days after transfection. This was
not the case for cells expressing wt pl alone.

Discussion

To compare the cellular distribution of functional pl receptors
with the nonfunctional isoform p1A450, we fused GFP to their
corresponding C termini. This strategy was chosen to reduce the
possibility of alterations in the function of the receptor, because
the GFP would be physically far from the ion channel and the
agonist-binding sites.

The p1-GFP receptors expressed were functional, and the
traits typical of the wt-p1 receptor were conserved. However,
two differences were observed: a delay in the expression of
functional receptors and a decreased amplitude of the GABA
currents generated, possibly caused by a decrease in the
number of receptors assembled in the membrane. Somewhat
similar results have been reported for GABA, receptors fused
to GFP. For example, Bueno ef al. (23) fused GFP to the C
terminus of the al subunit, and coexpression of this chimera
with the B2 and 2 subunits produced functional receptors
with properties similar to those of wt receptors. However,
slight but nonsignificant differences in the time of appearance
and in the magnitude of the GABA currents were observed.
Similar variations in GABA currents of heteromeric GABAA
receptors (al, B2-GFP, and y2) were observed by Flippova et
al. (24).

Oocytes injected with either pl-GFP or p1A450-GFP dis-
played similar fluorescence patterns. However, consistent with
the wild-type p1A450 receptors, oocytes injected with p1A450-
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GFP cDNA or cRNA failed to generate a GABA current, even
after exposure to 10 mM GABA. Therefore, although it still is
possible that p1A450 receptors are not being assembled prop-
erly in the cell surface, the efficient translation of this subunit
is now clear. Moreover, because the fluorescence near the
plasma membrane was very similar in oocytes injected with
p1-GFP, which did express functional GABA receptors, and in
oocytes injected with p1A450-GFP, which did not respond to
GABA, it seems likely that plA450-GFP receptors actually
were inserted in the membrane but were nonfunctional.

Mammalian cells expressing the gene fusions usually showed
more fluorescence in intracellular compartments than in the
cell surface, and only a few cells presented clear fluorescence
close to or at the plasma membrane. This kind of fluorescence
distribution was found also in BOSC23 and HEK293 cells
expressing a homomeric subunit of the zebrafish glycine
receptor tagged with GFP (25). On the other hand, pl
expressed in COS cells had an intracellular as well as a
cell-membrane distribution, as determined by immunofluores-
cence, and coexpression of the microtubule associated protein
MAPIb and pl led to a redistribution of the receptor into
punctate intracellular compartments (26). Nevertheless, ag-
gregation of the receptor (presumptively triggered by MAP1b)
is not necessary to produce functional GABA-p1 receptors in
cultured cells, because it has been shown previously that pl
produces functional receptors in HEK293 and COS cells (24,
27-29). The intracellular distribution of both pl-GFP and
p1A450-GFP in cultured cells correlates well with that found
by immunolocalization of the wt-pl receptor (26), and there-
fore the fluorescent tag may be a useful tool to study proteins
associated with the receptors and their sorting to the cell
membrane in mammalian cells in culture. However, it is still
desirable to reduce the cell toxicity induced by overexpressing
the receptors.

The prevailing presence of pl-GFP and p1A450-GFP in in-
tracellular compartments could be due to the absence of ade-
quate plasma-membrane-anchoring proteins such as MAPI1b.
However, this may be explained also by the requirement of a
second GABA( subunit that facilitates or makes more efficient
the sorting process. For example, it is known that intracellular
coassembly of several subunits of nicotinic and GABA, recep-
tors is necessary to produce functional receptors in the plasma
membrane (30-31). Those experiments suggested that hetero-
meric acetylcholine receptors are assembled even if they lack 1-3
of the subunits that form the receptor complex. However,
assembly of all the subunits was needed for efficient insertion of
receptors into the plasma membrane (30). Thus, if this mecha-
nism is preserved among the other members of the nicotinic
acetylcholine- and GABAs-receptor families, it could be possi-
ble that p1 requires the presence of other proteins or GABAc
subunits to have a more efficient sorting of the receptor to the
cell surface.

Other interesting issues are the highly polarized and patchy
distribution of the p1-GFP receptors expressed in the oocyte.
For some time now it has been known that receptors such as
the nicotinic and muscarinic acetylcholine receptors are dis-
tributed differentially in the Xenopus oocyte cell membrane—
more abundance for either native muscarinic or heterologous
nicotinic receptors in the animal hemisphere or specially early
after mRNA’s injection in the vegetal hemisphere, respectively
(22, 32). GABAA receptors tagged with GFP were localized
preferentially in the animal hemisphere (23). That distribution
is very much like what we found for both GABA-pl and
p1A450-GFP receptors in oocytes injected into the nucleus or
with cRNA. On the other hand, the patchy distribution of
functional receptors within a small area of the oocyte mem-
brane was found originally by ionophoretically mapping the
acetylcholine sensitivity of oocytes injected with cat-muscle
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mRNA (32). Confocal images of pl-GFP confirm that some
membrane patches have higher concentrations of receptors.
This polarization and differential distribution could result
from a preexisting arrangement of factors that anchor the
receptors to the plasma membrane or from an asymmetrical
distribution of materials required for protein translation and
translocation to the plasma membrane. The combination of
p1-GFP gene fusions with expression in Xenopus oocytes is an
attractive model to dissect the molecular and cellular elements
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