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of plasma membrane proteins
B. Groves, Q. Gong, Z. Xu, C. Huntsman, C. Nguyen, D. Li, and D. Ma*
Department of Molecular, Cellular, and Developmental Biology, University of California, Santa Barbara, CA 93106
Communicated by Lily Y. Jan, University of California School of Medicine, San Francisco, CA, September 29, 2007 (received for review May 22, 2007)

drug addiction 兩 Golgi apparatus 兩 membrane trafficking 兩
receptors and channels

A

ctivator of G protein signaling 3 (AGS3) was originally
identified during a functional screen for mammalian proteins that activate heterotrimeric G protein signaling in a receptor-independent manner in Saccharomyces cerevisiae (1). Sequence analysis indicates that AGS3 consists of a three-module
structure. The N-terminal part of AGS3 contains seven tetratricopeptide repeats [the TPR domain (2)], a mediator of
protein–protein interaction, whereas the C-terminal part contains four G protein regulatory motifs [the GPR or GoLoco
domain (3)], a modulator of G protein signaling. The GPR
domain of AGS3 preferentially binds and stabilizes GDP-bound
G␣i subunits (4–6). By acting as a GDP-dissociation inhibitor of
the G␣i subunit, AGS3 blocks the reassociation of G␣i with the
G␤␥ dimer, thus it inhibits the G␣i-dependent pathways but
enhances the G␤␥-regulated signaling in a manner independent
of receptor activation. Although AGS3 was initially described in
the brain and testis, subsequent studies have confirmed its
presence in multiple tissue and cell types (1, 5, 7–9). In the heart,
two short forms of AGS3 lacking the TPR domain are detected
in addition to the full-length AGS3 (7).
There is evidence that AGS3 participates in diverse cellular
events, including macroautophagy in human intestinal HT-29
cells (9) and G␤␥-mediated mitotic spindle orientation in cell
division of cerebral cortical progenitors (10). In addition, in an
animal model of cocaine withdrawal, AGS3 is up-regulated in
the prefrontal cortex and the nucleus accumbens, two brain
regions essential for the reinstatement of drug-seeking behavior
(11, 12). Importantly, knockdown of AGS3 expression by infusing an AGS3 antisense RNA into the prefrontal cortex abolishes
the reoccurrence of cocaine-seeking behavior (11). When the
infusion is discontinued, this behavior is restored (11). In a
separate study, a similar antisense approach used in the nucleus
accumbens prevents the relapse of the heroin-seeking phenotype
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0709282104

(12). These observations establish a critical role of AGS3 in drug
addiction and further imply a potential function of AGS3 in the
formation or maintenance of neural plasticity.
Regulation of trafficking of receptors and channels represents
one important mechanism in the modulation of neural plasticity.
Whereas the involvement of AGS3 in membrane trafficking has
not been documented, several lines of evidence are consistent
with this hypothesis. First, although subcellular fractionation
studies suggest that the majority of AGS3 exists in the cytosolic
fraction, a small amount can be found in the particulate form (5,
13). Indeed, AGS3 has been reported to display a partial
colocalization with markers of the endoplasmic reticulum (ER)
and the Golgi apparatus (8, 14). Second, one major interacting
partner of AGS3, G␣i3, is localized primarily at the Golgi
apparatus (15, 16). Third, the mammalian homolog of Drosophila
melanogaster partner of inscuteable (mPins), a protein closely
related to AGS3, was recently shown to interact with two
members of the PDZ-domain containing protein family, PSD-95
and SAP102, and promotes the surface expression of NMDA
receptors in neurons (17). Based on these observations, we
examined whether AGS3 functions in membrane trafficking.
Results
Although previous studies have shown AGS3 expression in a
wide variety of cell types, it has not been studied in COS7 or
HeLa cells to our knowledge. Using a commercially available
antibody, we performed a Western blot and found that both cell
types express endogenous AGS3 (Fig. 1A).
Overexpression of AGS3 Changes the Ratio of Surface-to-Total Protein
Levels of a Subset of Receptors and Channels. Given the potential

link between AGS3 and neural plasticity (11, 12), and the fact
that a closely related protein, mPins, facilitates the surface
expression of NMDA receptors (17), we decided to assess the
impact of overexpressing AGS3 on the surface levels of various
G protein-coupled receptors (GPCRs) and inwardly rectifying
potassium (Kir) channels in transfected COS7 cells. Each of the
receptors and channels was cloned into the expression vector
pcDNA3 (Invitrogen, Carlsbad, CA) with identical flanking
untranslated regions. One GPCR, the GB1 subunit of GABAB,
contained an inactivated ER retention/retrieval signal to facilitate its surface detection (18). All of the GPCRs and Kir
channels used in our study contain an extracellular HA epitope
to allow quantitative measurement of their surface [using a
previously described chemiluminescence assay (19)] or total
expression levels [using the Odyssey Infrared Imaging System
(Li-Cor, Lincoln, NE)] (Fig. 1 B–F). The HA epitope was
inserted at the N termini of GPCRs or in the first extracellular
Author contributions: B.G., Q.G., and Z.X. contributed equally to this work; D.M. designed
research; B.G., Q.G., Z.X., C.H., C.N., D.L., and D.M. performed research; B.G., Q.G., Z.X., and
D.M. analyzed data; and B.G. and D.M. wrote the paper.
The authors declare no conflict of interest.
Abbreviations: AG53, activator of G protein signaling 3; ER, endoplasmic reticulum; GPCR,
G protein-coupled receptor; TGN, trans-Golgi network.
*To whom correspondence should be addressed. E-mail: ma@lifesci.ucsb.edu.
© 2007 by The National Academy of Sciences of the USA

PNAS 兩 November 13, 2007 兩 vol. 104 兩 no. 46 兩 18103–18108

CELL BIOLOGY

Activator of G protein signaling 3 (AGS3), originally identified in a
functional screen for mammalian proteins that activate heterotrimeric G protein signaling, is known to be involved in drug-seeking
behavior and is up-regulated during cocaine withdrawal in animal
models. These observations indicate a potential role for AGS3 in
the formation or maintenance of neural plasticity. We have found
that the overexpression of AGS3 alters the surface-to-total ratios
of a subset of heterologously expressed plasma membrane receptors and channels. Further analysis of the endocytic trafficking of
one such protein by a biotin-based internalization assay suggests
that overexpression of AGS3 moderately affects the internalization
or recycling of surface proteins. Moreover, AGS3 overexpression
and siRNA-mediated knockdown of AGS3 both result in the dispersal of two endogenously expressed trans-Golgi network (TGN)associated cargo proteins without influencing those in the cis- or
medial-Golgi compartments. Finally, adding a TGN-localization
signal to a CD4-derived reporter renders the trafficking of fusion
protein sensitive to AGS3. Taken together, our data support a
model wherein AGS3 modulates the protein trafficking along the
TGN/plasma membrane/endosome loop.
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Fig. 1. The effects of overexpressing AGS3 or mPins on the surface and total
protein levels of receptors and channels. (A) An antibody against AGS3
(CalBiochem) recognized a 74-kDa band from HeLa and COS7 lysates. Lysates
from COS7 cells overexpressing an HA-tagged AGS3 and PC12 cells were
included as positive controls (14). (B–F) Extracellular HA-tagged receptors or
channels were cotransfected into COS7 cells with an equal amount of empty
pcDNA3 vector (as a control) or pcDNA3 expressing AGS3. (B) Total protein
levels were determined by a quantitative Western blot analysis using the
Li-Cor Odyssey Infrared Imaging System. (C) Surface proteins levels were
determined by the previously described chemiluminescence assay (19). (D) The
surface-to-total ratio of Kir2.1 is increased by ⬇42% in cells overexpressing
AGS3. (E) A similar increase (⬇36%) of the surface-to-total ratio of Kir2.1 was
seen with a complementary biotinylation approach. 1x and 1y are arbitrary
units and represent the total and surface levels of control samples, respectively. GAPDH was probed to assure the plasma membrane integrity during
biotinylation. (F) Unlike AGS3, AGS3S and mPins both fail to significantly
enhance the surface expression of Kir2.1. The biotinylation experiments were
repeated twice and similar results were obtained. The values shown in the
other graphs are the average of at least six independent experiments.

loop of the Kir channels. Previous studies have shown that an
epitope insertion in these positions has no detectable effects on
the function of Kir channels or GPCRs (19–22). Compared with
an empty vector control, overexpression of AGS3 caused an
increase in the total protein levels of most receptors and
channels assayed (Fig. 1B). However, a similar treatment had
little effect on their surface levels, except in the case of Kir2.1
(Fig. 1C). As a result, whereas AGS3 overexpression leads to a
decrease or little change of the surface-to-total ratios of most
receptors and channels examined, it specifically enhances that of
Kir2.1 by 42% (Fig. 1D). A similar increase (⬇36%) in the
surface-to-total ratio of Kir2.1 was observed when surface
biotinylation was used as an alternative approach to quantify the
surface pool of channel proteins (Fig. 1E). It has been our
observation that a large fraction of expressed receptor and
channel proteins reside at the ER and Golgi compartments (data
not shown), suggesting that their export from these compartments may be rate-limiting under our experimental conditions.
Therefore, we do not know to what extent the AGS3-mediated
18104 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0709282104
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Fig. 2. Effects of AGS3 are independent of the PDZ-binding motifs of Kir2
channel proteins. Although AGS3 greatly increases the surface expression of
Kir2.1, it does not significantly alter that of Kir2.2 or Kir2.3. Moreover,
deletion of the PDZ-binding motif in Kir2.1⌬3 has no impact on the ability of
AGS3 to stimulate the surface level of Kir2.1. Surface chemiluminescence
measurements were conducted as described in Fig. 1. The values shown are the
average of at least six independent experiments.

AGS3
1.59y

GA

% change of surface protein level
caused by AGS3 over-expression

C

0%
-20%

K

BA

150%

20%

K

-60%

40%

ir2

200%

-40%

60%

.1

250%

-20%

BA

% change of total protein level
caused by AGS3 over-expression

B

0%

80%

K

HeLa COS-7

20%

100%

ir2

PC12

40%

120%

K

74 kD

60%

% change of surface protein level
caused by AGS3 over-expression

end

D

3

BG
B
mADRD1
Ch 2
mA
R1
C
mA h R
m A ChR 2
m A C hR 3
mGChR4
mGluR15
m G lu R 2
l
Kiur R6
Kir3.4
2.1

HA
S3AG

GS
sA
nou
e
g
o

Ratio of change in surface to change
in total proteinlevls caused AGS3
over-expression

A

enhancement of protein level might saturate the transport
machinery leading to a reduction of the surface-to-total ratio of
a particular receptor or channel. For this reason, we focused our
subsequent studies on Kir2.1. Overexpression of AGS3S, a short
form of AGS3 lacking the N-terminal TPR domain (7), results
in only a moderate increase in the surface density of Kir2.1 (Fig.
1F). Taken together, these data imply that AGS3 is involved in
the trafficking of receptors and channels. Moreover, the TPR
domain is required for AGS3-mediated enhancement of surface
expression.
Effect of AGS3 on the Surface Level of Kir2.1 Is Independent of the
Association Between Kir2.1 and PDZ Domain-Containing Proteins. The

close homolog of AGS3, mPins, has been shown to promote
the surface expression of NMDA receptors via its interaction
with PDZ domain-containing proteins (17). Because members of
the Kir2 family can bind to PDZ proteins at their C termini (23),
we wondered whether the effect of AGS3 on the trafficking of
Kir2.1 is linked to PDZ proteins. To test this idea, we first
compared the impacts of AGS3 and mPins on the surface level
of Kir2.1 (Fig. 1F). Unlike AGS3, overexpressed mPins exerted
little influence. Moreover, an elevated level of AGS3 failed to
increase the surface expression of two other Kir2 members,
Kir2.2 and Kir2.3 (Fig. 2), both of which have a PDZ-binding
motif at their C termini. These results suggest that the presence
of PDZ-binding motifs is not sufficient to render the trafficking
of cargo sensitive to AGS3. We next determined whether the
PDZ-binding motif is necessary for the effect of AGS3 by using
a Kir2.1 mutant, Kir2.1⌬3, which lacks three residues of the
C-terminal PDZ binding motif. Our data show that elevated
AGS3 increases the surface level of the mutant channel to the
same extent as it does the wild-type Kir2.1 (Fig. 2). In conclusion,
our results demonstrate that AGS3 modulates the cargo trafficking in a way distinct from mPins.
AGS3 Overexpression Results in a Modest Decrease in the Levels of
Internalized Kir2.1 at Later Time Points. The surface density of a

receptor or channel can be controlled at various transport steps
along the biosynthetic or endocytic pathways. To gain insight
into the mechanism or mechanisms by which AGS3 regulates
Kir2.1 trafficking, we investigated whether AGS3 affects the
endocytic trafficking of Kir2.1. A biotin internalization assay
(24) was used to compare the rates of internalization and/or
recycling between control cells and cells overexpressing AGS3.
The overexpression of AGS3 did not lead to an appreciable
change in the relative amount of Kir2.1 internalized after 5 min
(Fig. 3). However, at later time points (10 and 20 min), AGS3
overexpression led to a moderate decrease in the amount of
Groves et al.
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Fig. 3. Overexpression of AGS3 modestly affects the internalization or
recycling of Kir2.1 at later, but not earlier, time points when compared with
control. Surface proteins of COS7 cells overexpressing Kir2.1 and either AGS3
or pcDNA3 (control) were labeled by using the membrane-impermeant SulfoNHS-SS-Biotin (Pierce) and allowed to internalize for a period of 0, 5, 10, or 20
min. Remaining surface biotin was cleaved by using a membrane-impermeant
reducing agent, mercaptoethanesulfonic acid (MESNA, 50 mM). Samples left
untreated with MESNA at time 0 represent the total surface Kir2.1 protein.
Proteins retaining their biotin tags after the MESNA treatment thus represented surface proteins that had become internalized but not yet recycled
back to the plasma membrane. (A) Amounts of Kir2.1 remaining internalized
after 0, 5, 10, and 20 min were normalized to total surface expression. Values
shown are the average of four separate sets of Western blots. (B) A representative set of Western blots of the Kir2.1 protein internalization assay is shown.

channel remaining internalized when compared with the control
sample. Thus, it seems likely that AGS3 overexpression alters the
endocytic trafficking of Kir2.1.
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Fig. 4. Inhibition of clathrin-mediated internalization of Kir2.1 does not
prevent the stimulation of channel surface expression by AG53 overexpression. (A) Surface expression of Kir2.1 was determined by chemiluminescence
assay as in Fig. 1. Expression of AP180C efficiently inhibits the internalization
of Kir2.1 (comparing Kir2.1 to Kir2.1⫹AP180C); however, it does not influence
the AGS3-dependent increase of surface Kir2.1 (⬇40% in either case, comparing Kir2.1⫹AGS3 with Kir2.1⫹AGS3⫹AP180C). Equal amounts of Kir2.1 were
used for transfection in each experiment. Because a smaller amount of AGS3
was used for each transfection, the effects of AGS3 on the surface level of
Kir2.1 appeared to be less compared with that in Figs. 1 or 2. (B) Exogenous
biotinylated transferrin receptors are internalized normally and concentrated
at the perinuclear recycling endosomes (indicated by arrows) in COS7 cells
overexpressing AGS3.
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Fig. 5. Overexpression of AGS3 disrupts the localization of two endogenous
TGN cargo proteins without affecting those of cis-Golgi/cis-Golgi network and
medial-Golgi proteins. (A) COS7 cells overexpressing AGS3 were counted (n ⬎
200, only cells highly overexpressing AG53 were counted) based on whether
the staining of Golgi marker proteins had predominantly perinuclear or
diffuse staining. (B) The localization of p115 is not significantly different in
those cells highly overexpressing AGS3, whereas localization of the TGN cargo
proteins TGN46 and CD-MPR are dramatically altered in cells with high levels
of AGS3. Cells overexpressing and not overexpressing AGS3 were captured in
the same field for comparison. (Scale bars: 20 m.)

that a significant fraction of surface Kir2.1 is internalized via a
clathrin-dependent mechanism. However, AGS3 increases the
surface level of Kir2.1 to the same extent (⬇40% increase) in the
absence or presence of AP180C (Fig. 4A). Consistent with this
notion, we found that clathrin-dependent internalization of
transferrin receptors (26) proceeded normally in cells overexpressing AGS3 (Fig. 4B), suggesting that AGS3 does not facilitate the surface expression of Kir2.1 simply by inhibiting the
clathrin-mediated internalization of Kir2.1.
Both Elevated and Decreased AGS3 Levels Alter Trans-Golgi Network
(TGN) Structure and/or Protein Trafficking at the Level of the TransGolgi/TGN. Because previous studies have revealed that a pool of

AGS3 resides in the ER and Golgi compartments and one major
interacting partner of AGS3, G␣i3, is concentrated at the Golgi
apparatus (15, 16), we used immunoflouresence microscopy to
investigate how AGS3 overexpression affected various components of the secretory pathway. An increased level of AGS3 did
not cause any significant changes in the localizations of marker
proteins for the ER (Calreticulin), the ER-to-Golgi COPII
transport machinery (Sec13), the cis-Gogi network/cis-Golgi
(p115), the medial-Golgi (GRASP55), the trans-Golgi/TGN
(␤-GalT1), and the lysosomes (Lamp1; Fig. 5 and unpublished
observations), indicating that AGS3 overexpression does not
PNAS 兩 November 13, 2007 兩 vol. 104 兩 no. 46 兩 18105
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whether the effect of AGS3 on Kir2.1 is caused by its action at
the clathrin-mediated internalization step. If AGS3 primarily
regulates the clathrin-mediated endocytosis of Kir2.1 the increase in Kir2.1 surface levels observed in AGS3-overexpressing
cells should be at least partially masked if the clathrin-mediated
internalization of the channel protein is inhibited. To block the
clathrin-mediated internalization of Kir2.1, we used a truncated
mutant of AP180, AP180C (25). Compared with COS7 cells
transfected with Kir2.1 plus a control vector, cells transfected
with Kir2.1 plus AP180C displayed a 60% increase in channel
proteins on the plasma membrane (Fig. 4A). This result indicates
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Fig. 6. Similar to the overexpression of AGS3, depletion of AGS3 also leads
to the specific dispersal of endogenous TGN cargo proteins. (A) The AGS3
siRNA used in this study efficiently knocked down the AGS3 protein level by
80% (Western blot quantified by the Li-Cor Odyssey Infrared Imaging System)
without influencing that of GAPDH. (B) HeLa cells were counted (n ⬎ 200)
based on whether the subcellular distributions of marker proteins were
normal or diffuse. (C) p115 localization changes very little when cells are
treated with the AGS3 siRNA, whereas the staining of the TGN cargo proteins,
CD-MPR and TGN46, is much more diffuse when compared with control cells.
(Scale bars: 20 m.)

disturb the general integrity of early secretory or lysosomal
compartments. In contrast, the same treatment led to an extensive dispersal of TGN46 (Fig. 5), a cargo protein found at the
trans-Golgi/TGN at steady state but that also shuttles among the
TGN, the plasma membrane, and the endosomes (27), and
CD-MPR, a protein trafficking primarily between the TGN and
the endosomes (28). We then examined the localization of
TGN46 and CD-MPR in HeLa cells where the endogenous
AGS3 was depleted with siRNA. Compared with a nontargeting
control siRNA, the commercial siRNA (Qiagen, Valencia, CA)
targeting AGS3 mRNA (target sequence: CCGGGCGCTGGAATACCACAA) knocked down the AGS3 protein level by
80% (Western blot quantified by Li-Cor Odyssey), whereas
GAPDH levels remained unchanged (Fig. 6A). Similar to overexpression, depletion of AGS3 had little or only modest influence on the markers of cis-Golgi network/cis-Golgi (p115),
medial-Golgi (GRASP55), and ␤-GalT1, a trans-Golgi/TGN
resident protein (Fig. 6B). Also like AGS3 overexpression, in
AGS3 knockdown cells, TGN46 and CD-MPR were found to be
greatly dispersed (Fig. 6C). This observation was specific to
AGS3 depletion because cells treated with another siRNA
targeting a different region of the AGS3 mRNA (target sequence: CCGCCGAGTACTACAAGAAGA) exerted a similar
effect (data not shown). Our data imply that either the traffic in
18106 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0709282104
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Fig. 7.
Elevated AGS3 greatly increases the surface expression of two
TGN-enriched CD4-derived reporters. (A) Whereas CD4⌬C is efficiently expressed on the plasma membrane, both CD4⌬C-Tcd and CD4⌬C-Fcd primarily
reside at the TGN. An anti-TGN46 antibody was used to label the TGN. (B)
Surface chemiluminescence measurements of CD4⌬C, CD4⌬C-Fcd, and CD4⌬CTcd plasma surface expression were performed as described in Fig. 1. (C) A
complementary surface biotinylation assay was used to determine surface
levels of CD4⌬C and CD4⌬C-Fcd. 1x and 1y are arbitrary units and represent the
total and surface levels of control samples (i.e., cells transfected with pcDNA3
only), respectively. AGS3 overexpression caused an increase in the CD4⌬C and
CD4⌬C-Fcd total protein levels compared with controls (18% and 56%, respectively) and an increase in the surface protein levels of the two by 31% and
145%, respectively. Thus, the surface-to-total ratio of CD4⌬C-Fcd was stimulated by AGS3 to a much higher extent compared with that of CD4⌬C.

and/or out of the trans-Golgi/TGN or the integrity of the TGN
are sensitive to the cellular AGS3 level.
Elevated AGS3 Greatly Increases the Surface Expression of Two
TGN-Enriched CD4 Reporters. As a further test for our view that

AGS3 primarily acts along the endocytic/TGN pathway or
pathways, we assessed the effect of AGS3 overexpression on the
surface levels of three CD4-derived reporter molecules, CD4⌬C,
CD4⌬C-Fcd, and CD4⌬C-Tcd. CD4⌬C contains the extracellular region, transmembrane region, and 10 aa of the cytoplasmic
region of CD4 and thus lacks any specific cytoplasmic trafficking
motifs. It is stably localized to the plasma membrane when
expressed in COS7 cells (Fig. 7A and ref. 29). CD4⌬C-Fcd and
CD4⌬C-Tcd were made by fusing the cytoplasmic domain of
Furin (Fcd) and TGN38 (Tcd) to CD4⌬C, respectively. Furin
and TGN38 cycle between the TGN and plasma membrane, but
both proteins enrich at the TGN at their steady state (30–32).
This TGN enrichment occurs because, upon reaching the plasma
membrane, Furin (31) and TGN38 (30, 32) are rapidly internalized and sent to the TGN from late and early endosomes,
respectively. Previous studies have demonstrated that the Cterminal cytoplasmic domains of Furin and TGN38 are necessary and sufficient for their internalization and their subsequent
endosome-to-TGN retrieval. Consistently both CD4⌬C-Fcd and
CD4⌬C-Tcd mainly accumulated at the TGN (Fig. 7A and ref.
29). Because a much higher fraction of CD4⌬C-Fcd or CD4⌬CTcd cycles among the TGN, the plasma membrane, and the
endosomes compared with CD4⌬C, we reasoned that if AGS3
functions at these compartments, its overexpression should
impose a bigger effect on the surface density of CD4⌬C-Fcd or
CD4⌬C-Tcd than that of CD4⌬C. Indeed, whereas overexpression of AGS3 did not greatly alter the surface level of CD4⌬C
Groves et al.

Discussion
Heterotrimeric G proteins have a well established role in relaying
signals from GPCRs on the plasma membrane to downstream
effectors in the cytosol. AGS3, originally identified in a screen for
proteins that activate G protein signaling in a receptor-independent
fashion, has been suggested to be involved in several different
pathways, including drug-seeking behavior in animal models of
addiction (11, 12). Given the well known role of receptor/channel
trafficking in modulating neural plasticity and previously reported
partial colocalization between AGS3 and markers of the ER and
the Golgi apparatus (14), we were interested to see whether AGS3
could affect the plasma membrane expression of various GPCRs
and channel proteins, and if so, whether this effect was a result of
the regulation of protein trafficking.
By examining the impact of overexpressed AGS3 on the
surface and total protein levels of a panel of plasma membrane
receptors and channels, we found that AGS3 overexpression
causes an increase in the total protein level of most, but not all,
of the receptors and channels in transfected COS7 cells (Fig. 1B).
This result is somewhat unexpected because cotransfection of
two expression plasmids often leads to either little change or
reduction of each expressed protein, presumably as a result of
competition for the transcriptional or translational machinery.
Despite the general stimulatory effect of AGS3 overexpression
on the protein levels of receptors and channels, Kir2.1 is the only
member whose surface expression is prominently enhanced (Fig.
1C). Because the surface level of Kir2.1 is increased to a
significantly higher extent than that of the total Kir2.1 level (Fig.
1D), an elevated AGS3 expression appears to affect the trafficking of Kir2.1. Unlike its homolog mPins, the ability of AGS3
to influence Kir2.1 trafficking does not require the interaction
of Kir2.1 with PDZ domain-containing proteins (Fig. 2). Instead,
we have shown that internalization or recycling of Kir2.1 occurring over longer periods of time (10–20 min) is impacted by an
increased level of AGS3 (Fig. 3), implying a role for AGS3 in the
endocytic pathway. Moreover, overexpression and siRNAmediated knockdown of AGS3 results in the specific dispersal of
two endogenous TGN proteins cycling between the TGN and the
plasma membrane or endosomes, TGN46 and CD-MPR, without altering the distributions of cis- and medial-Golgi markers
(Figs. 5 and 6). This observation also points to a potential
function of AGS3 in either the cargo trafficking into or out of the
TGN or the structural integrity of the TGN. Additionally,
CD4⌬C-Fcd and CD4⌬C-Tcd, two chimeric proteins that rapidly
cycle between the TGN and the plasma membrane via endosomes (Fig. 7A), exhibit greatly increased plasma membrane
levels in cells expressing an elevated amount of AGS3 (Fig. 7B).
On the other hand, AGS3 overexpression exhibits little effect on
the surface level of CD4⌬C, which stably resides on the plasma
membrane. In sum, our studies have revealed a previously
unrecognized role of AGS3 in regulating the trafficking of some
plasma membrane proteins such as Kir2.1 between the cell
surface and endosomes or TGN. It is important to point out that
although our studies are focused mainly on Kir2.1, it remains
Groves et al.

possible that AGS3 also has a role in controlling the trafficking
of other receptors and channels we examined (Fig. 1D). Another
question to be addressed in the future regards the mechanism by
which AGS3 affects the total protein level of receptors and
channels.
Based on our studies, there are several modes through which
AGS3 may influence membrane trafficking. One possibility is
that AGS3 affects the TGN-to-plasma membrane transport of its
cargo proteins, either via a biosynthetic pathway of newly
synthesized proteins or a recycling pathway of internalized
proteins through the TGN, as has been demonstrated for the
recycling of several membrane proteins (30). The increase in the
surface level of CD4⌬C-Tcd and CD4⌬C-Fcd (Fig. 7) and
the dispersal of the TGN-associated cargo markers TGN46
and CD-MPR are consistent with such a function. In this model,
the absence of a significant effect of AGS3 overexpression on the
CD4⌬C surface level (Fig. 7) can be explained by a relative
smaller pool of TGN-associated CD4⌬C at the steady state,
compared with CD4⌬C-Tcd and CD4⌬C-Fcd. Moreover, the
modest reduction seen during the later time points of Kir2.1
internalization can be caused by an increase of channel recycling
through TGN in cells overexpressing AGS3. In this aspect, it
would be interesting to see whether the impact of AGS3 persists
when using Kir2.1 mutants with defective Golgi export (33).
Alternatively, the preceding data can be explained if AGS3 were
to specifically regulate a step in the endosome-to-plasma membrane recycling of surface proteins. Finally, we cannot rule out
the possibility that AGS3 modulates the rate of endocytosis of its
cargo. In this scenario, Kir2.1 might be internalized by two or
more internalization pathways of differing kinetics (e.g., clathrindependent and clathrin-independent), with the AGS3-sensitive
pathway operating mainly during the later time points under our
experimental conditions. Such a model could explain why there
was no difference seen in the level of internalized Kir2.1 between
the AGS3 overexpression control samples in the early time point
(Fig. 3) and why inhibition of clathrin-mediated internalization
of Kir2.1 had little influence on the effect of AGS3 (Fig. 4).
However, this model alone cannot readily account for the
dispersal of CD-MPR, which is known to cycle primarily between
the TGN and endosomes (28). Furthermore we were unable to
detect the surface localization of CD-MPR after overexpressing
or knocking down AGS3 (Figs. 5B and 6C). Future experiments
will be required to distinguish among these possibilities.
Whereas our current study does not provide insight regarding
the molecular mechanism by which AGS3 modulates membrane
trafficking, it is noteworthy that heterotrimeric G proteins have
been found to reside at many intracellular trafficking compartments such as the ER (34), the Golgi apparatus (15, 16), the
secretory granules (35), the endosomes (36), and the cytoskeleton (37). Experiments using pharmacological tools and mutants
of various G␣ subunits suggest that G proteins are involved in the
sorting of cargo proteins and the budding of transport carriers
from the donor compartments (15, 16), as well as the fusion of
transport carriers at the target compartments (35). Among them,
the role of G proteins in regulating TGN export is best characterized (38). In this model, an unknown GPCR is assumed to
activate a TGN-localized G protein, freeing the G␣ and G␤␥
(G␤1␥2 and G␤3␥2) subunits. The G␤␥ subunit promotes a
signaling cascade, leading to the recruitment of multiple effector
proteins to stimulate the fission of cargo-containing carriers
bound for the plasma membrane. Based on our findings, one
intriguing possibility would be that AGS3 can modulate the
protein transport at the Golgi apparatus by sequestering the G␣
subunit, inhibiting the reassociation of G␤1␥2 and G␤3␥2 with
G␣, thus enhancing the G␤␥-mediated Golgi export. Our observations showing increased surface expression of Kir2.1,
CD4⌬C-Tcd, and CD4⌬C-Fcd upon AGS3 overexpression are
consistent with this possibility. In this scenario, the dispersal of
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(⬍10% change), it greatly increased that of CD4⌬C-Fcd (by
60%) or CD4⌬C-Tcd (by 40%) as measured by a quantitative
surface chemiluminescence assay (Fig. 7B). As an independent
measurement we used surface biotinylation to measure the
amount of surface expression of CD4⌬C and CD4⌬C-Fcd.
AGS3 overexpression caused an increase in the total protein
levels of CD4⌬C and CD4⌬C-Fcd (18% and 56%, respectively),
and an increase in the surface protein levels of the two by 31%
and 145%, respectively. These results indicate that an elevated
level of AGS3 leads to an increase in the surface-to-total ratio
of CD4⌬C-Fcd to a much higher degree than that of CD4⌬C and
lend more support for a role for AGS3 in the TGN/plasma
membrane/endosome trafficking pathway or pathways.

TGN46 and CD-MPR could be the consequence of an imbalance
in the TGN traffic.
Whereas AGS3 and its close homolog mPins are both abundantly expressed in the brain, they display different subcellular
distributions and responses to stimuli, suggesting distinct functions (14). Several previous studies have implicated mPins in
tuning synaptic plasticity via regulating the trafficking of NMDA
receptor or the activity of G protein-activated inwardly rectifying
potassium channels in hippocampal neurons (17, 39). Our
current findings raise the exciting possibility that AGS3 and
mPins may constitute a family of important modulators of neural
plasticity.
Materials and Methods
DNA Constructs and Reagents. CD4⌬C, CD4⌬C-Fcd, and CD4⌬C-

Tcd constructs have been described (29). AGS3 and all receptors
and channels were cloned into the expression vector pcDNA3
(Invitrogen). The antibodies used in this study were: monoclonal
anti-HA (HA.11; Covance, Richmond, CA), CD4 (Chemicon),
p115 (BD Transduction), GRASP55 (a gift from F. Barr, Cancer
Research Center, University of Liverpool, Liverpool, U.K.),
␤-GalT1 (a gift from U. Mandel, University of Copenhagen,
Copenhagen), TGN46 (a gift from S. Ponnambalam, University
of Dundee, Dundee, U.K.), and CD-MPR (Hybridoma Bank). A
polyclonal antibody raised previously against the N-terminal
portion of Kir2.1 (peptide sequence: A V A N G F G N G K S
K V H T R Q Q K) was also used.

glutamine, and 1⫻ penicillin-streptomycin (Cellgro). FuGENE
HD (Roche, Indianapolis, IN) or Lipofectamine 2000 (Invitrogen) was used for transfecting cells with DNA constructs or
siRNA, respectively.
Quantitative Surface Chemiluminescence Assay. We followed a surface chemiluminescence protocol as described (19, 29, 40).
SDS/PAGE and Western Blot Analysis. Protein samples were separated by SDS/PAGE, and Western blot was performed as
described (29). Quantitation was performed on an infrared
imaging system (Odyssey).
Biotinylated Transferrin Internalization Assay. Biotinylated transferring (Jackson ImmunoResearch) internalization was performed as described (29).
Surface Biotinylation Assay. Surface biotinylation was performed

according to the manufacturer’s instructions with the Cell
Surface Protein Isolation Kit (Pierce, Rockford, IL) with SulfoNHS-SS-Biotin.
Biotin Internalization Assay. The biotin internalization assay was

performed as described (24).
Immunostaining Assay. Immunostaining of HeLa and COS7 cells

was performed as described (29).

Cell Culture and Transfection. COS7 or HeLa cells were cultured in
Advanced DMEM (GIBCO) supplemented with 4% FBS, 2 mM

We thank the individuals who provided antibodies and/or reagents (see
Materials and Methods).
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