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�-Aminobutyric acid type B (GABAB) receptors are impor-
tant for slow synaptic inhibition in the CNS. The efficacy of
inhibition is directly related to the stability of cell surface recep-
tors. For GABAB receptors, heterodimerization between R1 and
R2 subunits is critical for cell surface expression and signaling,
but how this determines the rate and extent of receptor inter-
nalization is unknown. Here, we insert a high affinity �-bunga-
rotoxin binding site into the N terminus of the R2 subunit and
reveal its dominant role in regulating the internalization of
GABAB receptors in live cells. To simultaneously study R1a and
R2 trafficking, a new�-bungarotoxin binding site-labeling tech-
nique was used, allowing �-bungarotoxin conjugated to differ-
ent fluorophores to selectively label R1a and R2 subunits. This
approach demonstrated that R1a and R2 are internalized as
dimers. In heterologous expression systems and neurons, the
rates and extents of internalization for R1aR2 heteromers and
R2 homomers are similar, suggesting a regulatory role for R2 in
determining cell surface receptor stability. The fast internaliza-
tion rate of R1a, which has been engineered to exit the endoplas-
mic reticulum, was slowed to that of R2 by truncating the R1a
C-terminal tail or by removing adileucinemotif in its coiled-coil
domain. Slowing the rate of internalization by co-assembly with
R2 represents a novel role for GPCR heterodimerization
whereby R2 subunits, via their C terminus coiled-coil domain,
mask a dileucinemotif onR1a subunits to determine the surface
stability of the GABAB receptor.

Metabotropic GABAB
2 receptors mediate a slow and pro-

longed phase of synaptic inhibition in the CNS. Their impor-
tance for neuronal function is evident when they become dys-

functional, which can lead to a range of diseases that includes
epilepsy, sleep disorders, stress, depression, and substance
abuse (1–3).
Native GABAB receptors are considered to function as het-

erodimers formed from R1 and R2 subunits (4, 5) with the pos-
sibility that somehigher order oligomeric assemblies (e.g.dimer
of dimers) may also retain functionality (6, 7). Heterodimeriza-
tion of GABAB receptors has profound consequences for their
structural and functional properties, impacting on the effi-
ciency of cell surface expression and the linkage between ago-
nist binding and G-protein activation.
Functional GABAB receptors require both R1 and R2 to co-

assemble because an endoplasmic reticulum (ER) retention
motif, RSR, in the C-terminal coiled-coil domain of R1 subunits
has to bemasked by theR2 subunit to ensure surface expression
(8, 9). Substitution of the retention motif with ASA allows R1
subunits to exit the ER and travel alone to the cell surface (8).
Although the role of R2 in heterodimerization for forward traf-
ficking has been reported, how heterodimerization, and in par-
ticular the R2 subunit, affects the cell surface stability and inter-
nalization of GABAB receptor subunits remains unresolved.
This aspect is important because the cell surface stability and

mobility of GABAB receptors will directly influence the
strength and duration of slow synaptic inhibition following
GABAB receptor activation. Previous studies have proposed
that GABAB receptors are very stable on the cell surface (10,
11), whereas more recent reports have indicated that GABAB
receptors are mobile, being rapidly and constitutively internal-
ized in the absence of agonist in both heterologous expression
systems and neurons (12–15). To date, most studies addressing
GABAB receptor trafficking necessarily utilized fixed cells in
conjunction with surface receptor biotinylation or C-terminal
antibody labeling to monitor receptor subunit mobility. How-
ever, these approaches have been unable to distinguish between
the trafficking itineraries of R1 and R2, either independently or
simultaneously.
By inserting the binding sitemotif for�-bungarotoxin (BTX)

into the N terminus of the GABAB receptor R1a subunit, we
have previously tracked the mobility of GABAB R1a receptors
in heterologous expression systems (HEK cells) and live hip-
pocampal neurons. Here we now insert the �-bungarotoxin
binding site (BBS) into R2 subunits to monitor their indepen-
dent traffickingwith live cell imaging.We study how R2 affects
GABAB receptor internalization and the role of hetero-
dimerization in the trafficking of R1a and R2 subunits. By using
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a new technique to differentially tag the R1a and R2 subunits
with different �-bungarotoxin-linked fluorophores, we moni-
tor themobility of R1a andR2, simultaneously revealing a dom-
inant role for R2 as a regulator of the rate of GABAB receptor
internalization.

EXPERIMENTAL PROCEDURES

DNA Cloning and Mutagenesis—Myc-tagged GABAB R1a
(R1aMyc), BBS-tagged GABAB R1a (R1aBBS), FLAG-tagged
GABAB R2 (R2FLAG), pEGFP-C1, and Rab7-GFP have been
described previously (13, 16). eGFP-Rab5 and eGFP-Rab11
were a generous gift from José A. Esteban. The oligonucleotide
sequences CTAGCTGGAGATACTACGAGAGCTCCCTG-
GAGCCCTACCCTGACG (sense) and CTAGCGTCAGGG-
TAGGGCTCCAGGGAGCTCTCGTAGTATCTCCAG (anti-
sense), encoding the 13-amino acid BBS (WRYYESSLEPYPD)
(17), were subcloned into aNheI site previously introduced into
the R2FLAG subunit such that the BBS was placed 27 amino
acids from the start of the mature protein (Fig. 1A). The
GABABR2BBS (R2BBS) cDNAwas subcloned into a pRK5 vector.
The ER retention motif of GABAB R1aBBS was mutated from
RSR to ASA (R1aBBS-ASA) using an inverse PCR method and
oligonucleotides GCCTCAGCGCGCCACCCCCCAACACC-
CCCAGATC (forward primer) and GAGTTGCTGC-
CGAGACTGGAGCTG (reverse primer). R1aBBS with a com-
plete truncation of the C-terminal tail (starting after Arg858),
R1aBBS�CT, was made from R1aBBS using an inverse PCR
method and the oligonucleotides TAGTTTAGAGTCGGC-
CTGCAGAA (forward primer) and CCTGCGCATCT-
TGGGCACAAAGAG (reverse primer). Two leucines were
substituted with alanines (L889A,L890A) in R1BBS-ASA by an
inverse PCR with the primers GCAGCAGAGAAGGAAAAC-
CGAGAACTG (forward) and TCGGGACTTCTCTTC-
CTCGTTGTT (reverse). R2 with a truncated C-terminal tail
(truncation starting after Thr748; R2�CT) was made from
R2FLAG using an inverse PCRmethod and the oligonucleotides
TAGAAGCTTGGCCGCCATGGCCCAA (forward primer)
and GTTTGTCCTCAGAGTGATGAGCTTTG (reverse
primer). Two serine residues in the BBS were substituted with
cysteines in R1aBBS by an inverse PCR method using TGTT-
GTCTGGAGCCCTACCCTGACGCTAGC (forward primer)
and CTCGTAGTATCTCCAGCTAGCTA (reverse primer) to
create an R1withmodified BBS for double fluorophore labeling
(R1aBBS-CC). The entire cDNA sequences of all constructs were
checked for fidelity.
Cell Culture and Transfection—HEK-293 cells stably

expressing potassium channels, Kir3.1 and Kir3.2 (GIRK cells),
were maintained at 37 °C and 95% air, 5% CO2 in DMEM sup-
plemented with 10% fetal calf serum (FCS), penicillin-G/strep-
tomycin (100 units/100�g/ml), 2mM glutamine, andGeneticin
(0.5 mg/ml) (all from Invitrogen). Cells were seeded onto poly-
L-lysine-coated 22-mm glass coverslips and transfected using a
calcium phosphate method (13) with 4 �g of total DNA in the
following ratios: R1a (or R1aBBS)/R2 (or R2BBS)/eGFP reporter
(1:5:1) or R1a (or R1aBBS)/R2 (or R2BBS) (1:5). For radioligand
binding experiments, cells were transfected by electroporation
using aGenePulser II electroporator (Bio-Rad) (18) using 10�g

of DNA with an R1a/R2BBS ratio of 1:3 and then plated onto
10-cm dishes at 70% confluence.
Dissociated E18 rat hippocampal neurons were cultured on

poly-D-lysine-coated 18- or 22-mm glass coverslips (Assis-
tance/VWR) in a medium containing MEM, 5% (v/v) heat-in-
activated FCS, 5% (v/v) heat-inactivated horse serum, penicil-
lin-G/streptomycin (10 units/10 �g/ml), 2 mM glutamine
(Invitrogen), and 20 mM glucose (Sigma). After 3 h, the plating
medium was replaced with Neurobasal-A supplemented with
1% (v/v) B-27, penicillin-G/streptomycin (50 units/50 �g/ml),
0.5% (v/v) Glutamax (Invitrogen), and 35mM glucose. The neu-
rons were maintained in this medium before transfection at
8–10 DIV using Effectene (Qiagen) or calcium phosphate (19).

�-Bungarotoxin Radioligand Binding Assay—The apparent
affinity of BTX for its binding site on the GABAB R1aR2BBS
receptor was determined using 125I-BTX as described previ-
ously (13). GIRK cells expressing R1aR2BBS were washed in PBS
before resuspension in PBS containing 0.5% (w/v) bovine serum
albumin (BSA; Sigma). Cells were incubated in 150 �l of PBS
plus BSA containing 125I-BTX (200 Ci/mmol; PerkinElmer Life
Sciences) for 60min at room temperature. Nonspecific binding
was determined after the addition of a 1000-fold excess higher
concentration of unlabeled BTX (Molecular Probes). Radioli-
gand binding was assessed by filtration onto 0.5% polyethyl-
eneimine presoaked Whatman GF/A filters, followed by rapid
washing with PBS using a Brandel cell harvester. The radiolabel
retained on the filters was assayed with a Wallac 1261 � coun-
ter. Scatchard analysis with non-linear regression was used to
obtain Bmax and Kd values from the equation,

y � �BmaxX�/�Kd � X� (Eq. 1)

where X represents the 125I-BTX concentration. The same
analysis was used for the �7/5HT3a receptor chimera,
expressed in GIRK cells, which exhibits high affinity BTX bind-
ing (13).
Whole-cell Electrophysiology—Whole-cell potassium cur-

rents activated by GABA were recorded from individual
GABAB receptor-expressing GIRK cells using patch clamp
recording as indicated previously (13). Patch pipettes (resis-
tances: 3–5 megaohms) contained the following solution: 120
mM KCl, 2 mM MgCl2, 11 mM EGTA, 30 mM KOH, 10 mM

HEPES, 1 mM CaCl2, 1 mM GTP, 2 mM ATP, 14 mM creatine
phosphate, pH 7.0. TheGIRK cells were bathed in a Krebs solu-
tion containing 140 mM NaCl, 4.7 mM KCl, 1.2 mM MgCl2, 2.5
mM CaCl2, 11 mM glucose, and 5 mM HEPES, pH 7.4. To
increase the amplitude of the GABAB receptor-activated K�

currents, prior to the application of GABA, the KCl concentra-
tion in the external solution was increased to 25 mM, with a
corresponding reduction in theNaCl concentration to 120mM.
This shifted EK from �90 to �47 mV. The peak amplitude
GABA-activated K� currents were now inward at a holding
potential of �70 mV. Membrane currents were recorded from
cells 48–72 h post-transfection and filtered at 5 kHz (�3 dB,
6th pole Bessel, 36 dB/octave) before storage on a Dell Pentium
III computer for analysis with Clampex 8. Changes�10% in the
membrane input conductance or series resistance resulted in
the recording being discarded.

Trafficking of GABAB Receptor and R2

JULY 8, 2011 • VOLUME 286 • NUMBER 27 JOURNAL OF BIOLOGICAL CHEMISTRY 24325



TheGABAconcentration response curveswere generated by
measuring the potassium current (I) for eachGABA concentra-
tion applied at 3-min intervals in the absence or presence of 3
�g/ml BTX coupled to AlexaFluor 555 (BTX-AF555; Molecu-
lar Probes). The current amplitudes were normalized to the
maximum GABA response (Imax), and the concentration
response relationship was fitted with the Hill equation,

I/Imax � ��1/1 � �EC50/A�n�� (Eq. 2)

where A represents GABA concentration, EC50 is the concen-
tration activating 50% of the maximum response, and n is the
Hill slope.
Double Labeling of R1a and R2 with BTX—R1a and R2 sub-

units containing the Cys mutant (R1aBBS-CC) and wild-type
(R2BBS) versions of the BBS were exposed to 0.2mM dithiothre-
itol (DTT) in PBS for 15 min at room temperature. After wash-
ing (three times) in PBS, cells were incubated with 200 �M

MTSES in PBS for 5 min at 4 °C to selectively block the binding
of BTX to R1aBBS-CC. Subsequently, after washing in ice-cold
PBS (three times), the cells were incubated in 3 �g/ml BTX
coupled toAlexa Fluor 488 (BTX-AF488;Molecular Probes) for
10 min at 4 °C to label the R2BBS subunits. The cells were then
washed with PBS (three times) to remove the unbound BTX-
AF488 and incubated in 2mMDTT in ice-cold PBS for 5min at
room temperature to remove the MTSES bound to R1aBBS-CC
subunits. The cells were then washed with PBS to remove the
DTT and finally incubated in 3�g/ml BTX-AF555 for 10min at
4 °C to label the R1aBBS-CC subunits. Finally, PBS was used to
remove excess BTX-AF555 prior to dual fluorophore confocal
imaging.
Fixed Cell Imaging—Cells were fixed in 4% (w/v) paraform-

aldehyde in PBS for 5 min and quenched with 5% (w/v) NH4Cl
in PBS for 5 min. After washing (three times), cells were
mounted on glass slides using glycerol. A Zeiss Axioskop
LSM510 confocal microscope with three laser lines (� � 488,
543, and 643 nm) and a Meta head was used with a Plan Neo-
fluor 40� oil differential interference contrast objective
(numerical aperture 1.3) for imaging. The top andbottomof the
imaged cell was determined using a rapid z-stack scan, and a
mid-stack slice was optimized and acquired as a mean of four
scans in 8 bits and stored for analysis.
Live Cell Imaging—Live transfected GIRK cells and hip-

pocampal neurons (12–14 or 19–21 DIV) were imaged using
the confocal microscope with an Achroplan 40�water immer-
sion differential interference contrast objective (numerical
aperture 0.8). To label R1aBBS or R2BBS with BTX, transfected
GIRK cells werewashed three times inKrebs and incubated in 3
�g/ml BTX-AF555. Transfected hippocampal neurons were
similarly washed and incubated in 1 mM D-tubocurarine for 5
min to prevent BTX binding to native nicotinic acetylcholine
receptors, followed by incubation with 3 �g/ml BTX-AF555 in
Krebs for 10 min. Labeled cells were superfused with Krebs at
16–18, 22–24, or 30–32 °C.
To start imaging at t � 0, the top and bottom of the cell were

determined with a rapid z-scan. Themid-optical slice was opti-
mized and imaged as a mean of four scans in 8 bits using the
543-nm helium-neon laser (560-nm long pass filter) for BTX-

AF555 or the 488-nm argon laser (505–530-nm band pass fil-
ter) for imaging eGFP or BTX-AF488. For later time points, all
of the confocal settings (detector gain, amplifier offset, optical
slice thickness, and laser intensity) were unaltered from those
used at t � 0. For fixed and live cell imaging at low tempera-
tures, cellswere co-transfectedwith eGFP andGABAB receptor
subunit constructs. For single fluorophore live cell confocal
imaging at room and near physiological temperatures, the cells
were only transfectedwith the receptor subunits. Thus, the only
fluorophore excited during live cell imaging was AF555, conju-
gated to �-BTX. This minimized the exposure time of the cells
to the laser. During live imaging, transmitted light or eGFP
images were captured simultaneously with BTX-AF555 images
to check for change to cell morphology. The majority of cells
showed no sign of phototoxicity, such as surface blebbing, over
1-h periods of imaging, and those that did were excluded from
analysis.
Photobleaching Profile—To ensure that the rate and extent of

R1aBBSR2 receptor internalization could be accurately mea-
sured using the BTX-linked fluorophores required that the
fluorophores not be significantly affected by photobleaching.
To determine the extent of any photobleaching for BTX-
AF555, live GIRK cells, transfected with R1aBBSR2, were tagged
with BTX-AF555 and then exposed to eight scans (pixel time�
1.6 �s) performed consecutively every 8 s up to a total of 120
(total laser exposure time per pixel � 192 �s) at 7–9 °C and
30–32 °C. A loss of 	10% fluorescence intensity was evident
over 120 scans, which was unaffected by temperature. How-
ever, this rate of scanning far exceeds that used in all of the live
cell experiments, which required four scans at 5 time points
over 1 h, giving a total of just 20 scans. Therefore, photobleach-
ing was negligible and did not affect the surface fluorescence
measurements.
Image Analysis—Confocal images were analyzed using

ImageJ (version 1.40g) (National Institutes of Health, Bethesda,
MD). The mean fluorescence was determined for three regions
of interest, selected for each cell: surface membrane, intracel-
lular compartment, and total cell fluorescence. Background
fluorescencewas set by imaging a region of the coverslip devoid
of cells. This was subtracted from the region of interest fluores-
cence, yielding amean background-corrected fluorescence. For
live cells, themean background-corrected fluorescence per unit
area (�m2) at each time point was then normalized to themean
background-corrected fluorescence/�m2 at t� 0. These values
were then fittedwith anmonoexponential decay function using
Origin (version 6).

RESULTS

Constitutive Internalization of GABABR1aBBSR2 Heterodimers
in Live Cells—To determine how the �-BTX tagging method
performed in live rather than fixed cells, we studied the tempera-
ture dependence of the rate and extent of constitutive internaliza-
tion of R1aBBSR2 receptors expressed in GIRK cells and cultured
hippocampal neurons. The loss of surface fluorescence over time
(1h)wasusedasa rate indicatorofBTX-labeledGABABR1aBBSR2
internalization, sampled at low (16–18 °C), room (22–24 °C), or
near physiological (30–32 °C; PT) temperatures. The extent of
internalization is the percentage of receptors at t� 0 remaining at
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t� 60, which reflects a steady state that is attained between inter-
nalization and the recycling of receptors.
GIRK cells expressing R1aBBSR2 and eGFP and exposed to 3

�g/ml BTX-AF555 for 10 min at room temperature exhibited
clear surface labeling of R1aBBS subunits (supplemental Fig. 1A).
Similar labelingwas apparentwith cultured hippocampal neurons
expressing R1aBBSR2 and eGFP following preincubation with 1
mMD-tubocurarine for5min(supplementalFig. 1B). Such labeling
was not observed when transfected cells were incubated either
with unconjugated BTX or if cells expressed only eGFP and were
incubated with BTX-AF555 (supplemental Fig. 1,A and B).

Low temperatures (16–18 °C), which impede internalization
(20), stabilized the surface fluorescence for up to 1 hwithminimal
loss (
13%; Fig. 1,A–D, and Table 1), indicating that at these low
temperatures, GABAB receptors undergo very little constitutive
internalization.This result, togetherwithourphotobleachingpro-
files (supplemental Fig. 2, A and B), demonstrated that over 1 h,
fluorophore photobleaching was insignificant.
By contrast, at room temperature and PT, R1aBBSR2 rapidly

and constitutively internalized in GIRK cells (Fig. 1B and Table
1). Within 5 min at PT, intracellular compartments were deco-
rated with internalized BBS-tagged receptors (Fig. 1A).

FIGURE 1. Constitutive internalization of R1aBBSR2 receptors in live GIRK cells and neurons. A, GIRK cells expressing R1aBBSR2 receptors were
incubated in 3 �g/ml BTX-AF555 for 10 min at room temperature and then imaged over 0 – 60 min at 16 –18, 22–24, and 30 –32 °C. The arrowheads
indicate internalized R1a subunits. Scale bar, 5 �m. B and C, rate (B) and extent (C) of internalization of BTX-AF555-tagged R1aBBSR2 at 16 –18 °C (red),
22–24 °C (blue), and 30 –32 °C (black). n � 6 –15; ***, p 
 0.001. In this and following figures, all points and bars represent means � S.E. (error bars).
D, Hippocampal neurons (14 –21 DIV) expressing R1aBBSR2 and eGFP were incubated in 1 mM d-tubocurarine for 5 min followed by 3 �g/ml BTX-AF555
for 10 min at room temperature and imaged at different time points at 16 –18 °C or 30 –32 °C. The arrowheads indicate internalized R1a subunits. Scale
bar, 10 �m. E and F, rate (E) and extent (F) of internalization of BTX-AF555-tagged R1aBBSR2 receptors at 16 –18 °C (red) and 30 –32 °C (black) in live
hippocampal neurons, n � 6 –12. ***, p 
 0.001.

TABLE 1
Rates and extents of GABAB receptor internalization

Cells Construct Temperature Rate (n)a Extent (n)

°C min %
GIRK cells R1aBBSR2 16–18 86 � 2 (6)

22–24 13.4 � 1.4 (7) 51 � 2
30–32 12.4 � 1.1 (15) 35 � 2

R1aBBSR2 � DYN 30–32 13.7 � 2.6 (11) 49.3 � 3.6
R1aBBSR2 � CPZ 30–32 10.4 � 1.8 (5) 52.4 � 4.1
R1aBBS-ASA 22–24 7.2 � 1.5 (10) 30 � 3
R1aBBS�CT 22–24 15.0 � 1.4 (6) 41 � 2
R1aBBS-LL889–90AA 22–24 11.4 � 2.6 (6) 47 � 4
R1aBBS-LL889–90AA R2�CT 22–24 9.0 � 2.0 (6) 32 � 2
R2BBS 16–18 85 � 2 (5)

22–24 18 � 3 (8) 47 � 2
30–32 12.4 � 1.1(10) 31 � 1

R1aR2BBS 16–18 90 � 2 (7)
22–24 18.8 � 2.2 (13) 48 � 2
30–32 16.4 � 2.2 (6) 30 � 1

Neurons R1aBBSR2 16–18 87 � 4 (6)
30–32 13.1 � 1.7 (12) 33 � 3

R1aR2BBS 16–18 89 � 2 (7)
30–32 17.1 � 3.2 (14) 33 � 2

Neurons, double labeling R1aBBS-CC 30–32 11 � 1 (5) 32 � 3
R2BBS 30–32 8 � 1 (5) 35 � 3

an � number of experiments.
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Although the rates of internalization at room temperature and
PT appeared similar (Fig. 1B), the extent of internalization after
1 h was significantly greater at higher temperature compared
with room temperature, and these were both significantly
greater than the extent of internalization at 16–18 °C (Fig. 1C
and Table 1).
Similar constitutive internalization of R1aBBSR2 was evident

in transfected hippocampal neurons (14–21 DIV) at PT. Intra-
cellular structures again filled with BTX-AF555-tagged recep-
tors within 5 min (Fig. 1, D and E), and after 1 h, the extent of
receptor internalization was considerably greater than at
16–18 °C (Fig. 1F and Table 1).
Labeling GABAB receptors with BTX linked to fluorophores

did not cause any changes in themorphology of the transfected
cells (supplemental Fig. 3, A and B).
Real-time Internalization of GABAB Receptors by Clathrin-

and Dynamin-dependent Mechanisms—To monitor internal-
ization in real time over 1 h, live GIRK cells expressing
R1aBBSR2 receptorswere labeledwithBTX-AF555 at 30–32 °C.
Comparedwith untreated controls (� � 12.4� 1.1min;n� 15),
the rate of internalization for R1aBBSR2 was unaffected by
either the inhibitor of clathrin-coated pit formation, chloro-
promazine (14) (50 �g/ml CPZ; �CPZ � 10.4 � 1.8 min, n � 5),
or the cell-permeable inhibitor of dynamin GTPase activity,
dynasore (21) (80 �MDYN; �DYN � 13.7� 2.6min, n� 11, p�
0.05; Fig. 2A). However, both chlorpromazine (52.4� 4.1%, n�
5, p 
 0.01) and dynasore (49.3 � 3.6, n � 11, p 
 0.01) signif-
icantly reduced the extent of internalization compared with
controls (Fig. 2B).
The fate of the internalized R1aBBSR2 receptors was assessed

by co-staining for intracellular structures. Hippocampal neu-
rons were co-transfected with markers for early endosomes
(eGFP-Rab5) (22, 23), for recycling endosomes (eGFP-Rab11)
(24, 25), and for late endosomes/lysosomes (Rab7-GFP) (26).
Surface receptors were labeled with BTX-AF555 for 10 min at
room temperature and washed in Krebs prior to incubation at
37 °C for 30–60 min to allow the BTX-tagged receptors to
internalize. The BTX-AF555 tagged R1aBBSR2 co-localized
with GFP-tagged Rab5, Rab11, and Rab7 containing intracellu-
lar compartments in the soma and dendrites of cultured hip-
pocampal neurons (Fig. 2C). Therefore, after being internal-
ized, GABAB receptors are recruited to early endosomes, from
where they are either recycled via recycling endosomes to be
reinserted into the plasma membrane or are degraded in the
lysosomes via the late endosomes, consistent with previous
findings (14, 15, 27, 28). The process of recyclingwould account
for the plateau phase in the time profiles of surface fluorescence
(Fig. 2).
R1a Homomers Internalize Faster andMore Extensively than

R1aR2 Heterodimers—To determine the importance of het-
erodimerization on constitutive internalization of GABAB
receptors, the trafficking of R1a and R2 were studied individu-
ally. For R1a to internalize in the absence of R2, its ER retention
motif (-RSR) was substituted for -ASA (R1aBBS-ASA).

In GIRK cells expressing only BTX-AF555-labeled R1aBBS-ASA
on the cell surface at room temperature, there was clear evi-
dence of constitutive internalization (Fig. 3A). Intracellular
structureswere decorated even at t� 0, indicating active recep-

tor internalization during BTX-AF555 binding. The loss of sur-
face fluorescence for R1aBBS-ASA was significantly faster (Fig. 3,
B and C, and Table 1) and more extensive after 60 min (Fig. 3D
and Table 1) compared with R1aBBSR2 heterodimers.

The slower rate of internalization for R1aBBSR2 could be due
to a dominant internalization signal on R1a being masked by
heterodimerization with R2. R2 subunits interact closely with
R1a in the C-terminal coiled-coil domain and the N-terminal
Venus flytrap module (VFTM).
To determine if the R1a C-terminal tail contains a dominant

internalization signal, a tailless R1aBBS receptor was generated
in which the C terminus was truncated from and including
Leu859 (R1aBBS�CT). This subunit was expressed on the GIRK
cell surface without R2 because the truncation included the ER
retention motif. Constitutive internalization of BTX-labeled
R1aBBS�CT (Fig. 3A) proceeded at a rate and to an extent very
similar to that for R1aBBSR2 (Fig. 3, B, C, and D, and Table 1).

These data suggest that R2 subunits are a major determinant
of the rate of trafficking for R1a when co-assembled as a het-
erodimer and that the R1a C-terminal tail contains an endo-
cytic signal that, in the absence of R2, causes R1a subunits to
constitutively internalize at a faster rate and to a greater extent
than the dimer.
Inserting a Bungarotoxin Binding Site on GABAB R2—To

directly establish that R2 subunits are determining the rate of

FIGURE 2. GABAB receptors are internalized via clathrin and dynamin-de-
pendent mechanisms and recruited to lysosomes. Shown are the rate (A)
and extent (B) of constitutive internalization of BTX-AF555-tagged R1aBBSR2
receptors in the absence (F) and presence of dynasore (Œ) or chlorpromazine
(�). GIRK cells expressing R1aBBSR2 receptors were incubated in 3 �g/ml BTX-
AF555 for 10 min at room temperature and imaged over 0 – 60 min at
30 –32 °C in the presence of either 50 �g/ml CPZ or 80 �M DYN, n � 5–11. **,
p 
 0.05 (one-way ANOVA). C, hippocampal neurons (14 –21 DIV) expressing
R1aBBSR2 and either eGFP-Rab5, eGFP-Rab11, or Rab7-eGFP were incubated
in 1 mM D-tubocurarine for 5 min, followed by 3 �g/ml BTX-AF555 for 10 min
at room temperature. Cells were incubated at 37 °C for 30 – 60 min and then
fixed and imaged. The arrowheads depict co-localization in the soma (top)
and a dendrite (bottom). Scale bars, 5 �m; error bars, S.E.
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internalization of R1aR2 heterodimers required a separate BBS
to be inserted into the R2 subunit. This was placed in the N
terminus 27 residues from the start of the mature R2 protein
(Fig. 4A). Clear and specific labelingwithBTX-AF555 (3�g/ml)
was observed in GIRK cells and neurons co-expressing
R1aR2BBS and eGFP (Fig. 4, B and C). No labeling was observed
with unconjugated BTX or in cells expressing only eGFP (sup-
plemental Fig. 4).
The functional neutrality of the BBS in R2 was assessed

using whole-cell patch clamp recording. GIRK cells stably
expressing inwardly rectifying potassium channels (Kir3.1
and Kir3.2) were used to express either R1aR2BBS or R1aR2.
GABA concentration response curves for activating Kir3.1
and 3.2 were overlapping for R1aR2 and R1aR2BBS, reflecting
similar GABA potencies with EC50 values of 0.5 � 0.1 �M

(R1aR2BBS; n � 6–7) and 0.4 � 0.04 �M (R1aR2; n � 7–13,
p � 0.05; Fig. 4D).
Occupation of the BBS by preincubation for 10 min with

unlabeled BTX did not affect the GABA curves or their EC50
values (R1aBBSR2, 0.53 � 0.01 �M, n � 5; R1aR2BBS, 0.8 � 0.1
�M, n � 5), compared with those for wild-type R1aR2. Thus,
inserting the BBS into R2 had no significant effect on the func-
tional properties of R1a R2BBS.

To determine the apparent affinity of BTX for the BBS onR2,
radioligand bindingwith 125I-BTXwas used. The binding curve
for 125I-BTX to R1aR2BBS expressed in GIRK cells saturated at
	100 nM (Fig. 4E). Scatchard analysis revealed a Kd for BTX
binding of 45.5� 4.8 nM (n� 6). This was 4-fold lower than the
Kd for BTXbinding to the R1aBBSR2 receptor (9.8� 2.6 nM; n�
6) (13). As a control, 125I-BTX binding to the nicotinic
�7/5HT3A chimera was determined. This revealed an innate
high affinity BTX binding site (29) with a Kd of 3.92 � 2.4 nM
(n � 3), close to that previously reported.

R2 Homomers Internalize at the Same Rate as R1aR2
Heterodimers—Because R2 subunits can form homomeric sur-
face receptors (6), GIRK cells expressing R2BBS were used to
determine the rate and extent of constitutive R2 internaliza-
tion and to establish its regulatory role in heterodimer
internalization.
R2 subunits, labeled with BTX-AF555 at room tempera-

ture, showed clear surface expression. At 16–18 °C, internal-
ization of R2BBS was minimal but rapidly increased in rate
and extent at room temperature and PT (Fig. 5A and supple-
mental Fig. 5A) with rates and extents of constitutive inter-
nalization that were comparable with those for R1aBBSR2
(p� 0.05; Table 1). By contrast, the rate of internalization for
R2BBS was slower, and its extent was reduced (Fig. 5B
and Table 1) compared with that for R1aASA at room
temperature.
To ensure that there was no contamination fromunexpected

innate expression of R1a in GIRK cells, GABAwas applied dur-
ing whole-cell patch clamp recording of cells expressing R2BBS
and identified by BTX-AF555. Even with 1 mM GABA, no
potassium currents were activated (n � 6; data not shown),
indicating the absence of endogenous R1 subunits. Therefore,
the rate and extent of internalization genuinely reflect those of
R2BBS.
To determine the influence of R2BBS on the internalization of

the heterodimer, R1aR2BBSwas expressed inGIRKcells (Fig. 5A
and supplemental Fig. 5B). The rate and extent of internaliza-
tion were comparable with those for either R1aBBSR2 hetero-
mers or R2BBS homomers with low temperatures minimizing
internalization of R1aR2BBS (Fig. 5A), which rapidly increased
at room temperature and PT (Fig. 5A and Table 1). However,
the rate of internalization for R1aR2BBS was slower, and the
extent was reduced compared with R1aBBS-ASA (Fig. 5B). These

FIGURE 3. Faster and more extensive internalization of R1aBBS-ASA compared with R1aBBSR2. A, GIRK cells expressing either R1aBBS-ASA (top) or R1aBBS�CT
(bottom) were incubated in 3 �g/ml BTX-AF555 for 10 min at room temperature to label surface GABAB receptors and imaged over 0 – 60 min at room
temperature. B, the rate of internalization of BTX-AF555-tagged R1aBBSR2 heteromers and R1aBBS-ASA and R1aBBS�CT homomers at room temperature (n �
6 –10). The inset shows the relative positions of the ASA motif and C-terminal truncation (�CT). C, exponential decay time constants (min) for surface R1aBBSR2,
R1aBBS-ASA, and R1aBBS�CT. D, extent of internalization for R1aBBSR2, R1aBBS-ASA, or R1aBBS�CT. One-way analysis of variance was used. *, p 
 0.05; **, p 
 0.01;
***, p 
 0.001. Scale bar, 5 �m; NS, not significant; error bars, S.E.
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data suggest that R2 subunits play a dominant role in determin-
ing the rate and extent of constitutive internalization of R1a
subunits when co-assembled in a heterodimer.
Constitutive internalization of R1aR2BBS receptors was also

evident in the soma of 14–21-DIV cultured hippocampal neu-
rons. As expected, internalization of R1aR2BBS rapidly
increased from 16–18 to 30–32 °C (Fig. 5C, supplemental Fig.
5C, and Table 1), being very similar in profile to R1aBBSR2. This
indicated that the receptors are probably internalized as
heterodimers.
Dileucine Motif on R1a Is a Dominant Positive Signal for

Internalization—R2 subunits may regulate the stability of cell
surfaceGABAB receptors by interactingwith a dominant endo-
cytic sorting signal on the R1a C-tail. Given that a dileucine
motif in the R1a coiled-coil domain (Leu889, Leu890) can affect
the surface availability of GABAB receptors (8, 30), the conse-
quences of their replacement by alanines were investigated on
the background of R1aBBS-ASA forming R1aBBS-ASA,L889A,L890A.
The rate and extent of internalization for BTX-labeled

R1aBBS-ASA,L889A,L890A in GIRK cells at room temperature (Fig.
6, A and B) were similar to that for R1aBBSR2, R1aR2BBS, and
R2BBS (Fig. 6, C and D, and Table 1). However, the extent of
internalization for R1aBBS-ASA,L889A,L890A was significantly
less when compared with R1aBBS-ASA (Fig. 6D). This is in
accord with the dileucine motif acting as a dominant endo-

cytic signal, and upon heterodimerization with R2, this motif
is inactivated via an interaction of the coiled-coil domains,
thereby increasing the stability of the R1aR2 heterodimer on
the cell surface.
To examine this putative role for theR2C-tail in determining

the rate of internalization of R1a subunits, the C-tail was trun-
cated (R2�CT) starting from and including Asn749. The
R1aBBS-ASAR2�CT receptors will still interact via their N-ter-
minal VFTMs, but the dileucine motif on R1a will now be freed
from the R2 C-tail. The expression of R1aBBS-ASAR2�CT in
GIRK cells revealed co-localization of subunits on the cell sur-
face by immunostaining for the Myc tag on R1a and the
FLAG tag on R2 (data not shown). At room temperature,
R1aBBS-ASAR2�CT constitutively internalized at a rate (Fig. 6,
A–C) and extent (Fig. 6,A,B, andD) thatwere indistinguishable
from R1aBBS-ASA (Table 1). The rate was significantly faster
than that for R1aR2BBS and R2BBS (Fig. 6C), and the extent
of internalization was significantly greater compared with
R1aBBSR2, R1aR2BBS, R2BBS, and R1aBBS-ASA,L889A,L890A.

Therefore, these results strongly suggest that R2 subunits
determine the rate of constitutive internalization of the het-
erodimer by masking a dominant dileucine motif internal-
ization signal on the R1a coiled-coil domain. This is most
likely to occur by interaction between the C-tails of R1a and
R2.

FIGURE 4. Silent incorporation of the BBS into R2 subunits. A, schematic diagram showing the relative locations for the BBS and the Myc and FLAG epitopes
in GABAB R1a and R2 subunits. For the R2 subunit, the BBS was inserted between Val67 and Thr68, as shown in the segment of the primary sequence. B, images
of GIRK cells expressing R1aR2BBS and eGFP were incubated with (�) or without (�) 3 �g/ml BTX-AF555 for 10 min at room temperature. C, images of rat
cultured hippocampal neurons expressing R1aR2BBS and eGFP, incubated with 1 mM D-tubocurarine for 5 min followed by incubation with or without 3 �g/ml
BTX-AF555 for 10 min at room temperature. Scale bars, 5 �m. D, GABA concentration response curves for R1aR2, R1aR2BBS, and R1aBBSR2 receptors and
BTX-bound R1aR2BBS and R1aBBSR2 receptors all expressed in GIRK cells (n � 5–13). E, whole-cell radioligand binding experiments with 125I-BTX for the R1aR2BBS

receptor (n � 6). Error bars, S.E.
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Dual Labeling of R1a and R2 with Different BTX-linked
Fluorophores—The rates and extents of internalization for
GABAB receptor heterodimers, monitored with a BBS tag on
either R1a (R1aBBSR2) or R2 (R1aR2BBS), are very similar, sug-
gesting thatmost are internalized as heterodimers. To unequiv-

ocally demonstrate this required the simultaneous labeling of
R1a and R2 with BTX linked to different fluorophores. How-
ever, for dual labeling, the BBS on one of the subunits must be
chemically protected while the BBS on the other subunit
remains accessible. To enable this, we substituted two vicinal

FIGURE 5. R2 subunits slow the rate of GABAB receptor internalization. A, rate and extent of internalization for BTX-AF555-tagged R2BBS (gray) or R1aR2BBS

(black) at 16 –18 °C (Œ), 22–24 °C (f), and 30 –32 °C (F) (n � 5–13). GIRK cells expressing R2BBS or R1aR2BBS were incubated in 3 �g/ml BTX-AF555 for 10 min at
room temperature prior to imaging over 0 – 60 min. B, comparison of internalization of R1aBBS-ASA with R1aBBSR2, R1aR2BBS, and R2BBS (data taken from A and
Fig. 1A) at 22–24 °C. C, rate of internalization of BTX-AF555-tagged R1aBBSR2 (�) and R1aR2BBS (E) receptors at 16 –18 °C and 30 –32 °C in live hippocampal
neurons (n � 6 - 14). Neurons (14 –21 DIV) expressing R1aR2BBS and eGFP were incubated in 1 mM D-tubocurarine for 5 min followed by 3 �g/ml BTX-AF555 for
10 min at room temperature before imaging at 16 –18 or 30 –32 °C.

FIGURE 6. Dileucine motif on R1a determines the rate of internalization. A, GIRK cells expressing R1aBBS-ASA,L889A,L890A (top) or R1aBBS-ASAR2�CT (bottom)
were incubated in 3 �g/ml BTX-AF555 for 10 min at room temperature and imaged over 0 – 60 min at room temperature. Scale bar, 5 �m. B, rates of constitutive
internalization for R2BBS, R1aBBSR2, R1aBBS-ASA,L889A,L890A, R1aBBS-ASA, and R1aBBS-ASAR2�CT receptors (n � 6). C, decay time constants for the surface membrane
fluorescence for the subunits indicated, where R1aBBS-ASA-L889A,L890A � R1aBBS-ASA-AA. D, extent of internalization for the subunits indicated. *, p 
 0.05; **, p 

0.01; ***, p 
 0.001, one-way analysis of variance. Error bars, S.E.
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serines in the BBS of R1aBBS for cysteines (R1aBBS-CC; Fig. 7A).
By covalent labeling of the Cys residues using a sulfhydryl rea-
gent, the binding of BTX to R1a was prevented, whereas bind-
ing to the wild-type BBS on R2 could proceed unhindered. BTX
binding to R1a was subsequently restored by removing the pro-
tective sulfhydryl reagent using DTT (Fig. 7A).
The structural integrity of the modified BBS was confirmed

by BTX-AF555 labeling of R1aBBS-CCR2 in GIRK cells. The
binding was selective, and the fluorescence intensity was
slightly reduced compared with labeled R1aBBSR2 (data not
shown). Reducing theCys bridgewithDTTdid not improve the
fluorescence intensity for R1aBBS-CCR2. To prevent BTX-
AF555 binding to R1aBBS-CC, the two vicinal Cys residues were
reduced (breaking a Cys-Cys bridge) using 200 �M DTT for 30
min at room temperature before the application of 20 �M

MTSES for 5 min at 4 °C. Under these conditions, the surface
labeling by BTX-AF555 was minimal (supplemental Fig. 6).
Having established that binding to R1aBBS-CC was prevented

by MTSES, the protecting group was removed with 5 mM DTT
for 5 min at room temperature. Subsequent incubation with
BTX-AF555 for 10 min at room temperature significantly
recovered surface fluorescence, indicating that BTX-AF555
was binding to R1aBBS-CC (supplemental Fig. 6).

Whole-cell recording was used to determine the impact of
the Cys residues in the BBS on the function of R1aBBS-CCR2BBS.
Following serine substitution, there is a small reduction in
GABA potency for activating inwardly rectifying potassium
currents with an 8-fold shift in the EC50 to 3.2 � 0.37 �M (n �
6; Fig. 7B). This was not sufficiently different from that for

R1aBBS to affect its use as a tag for monitoring themovement of
GABAB receptors.
We then used dual BTX labeling with R1aBBS-CCR2BBS to

studywhether the twoGABAB receptor subunits were internal-
ized as heterodimers. Following the protection of R1aBBS-CC
withMTSES, BTX-AF488was applied for 10min at 4 °C to label
surface R2BBS. After deprotection of R1aBBS-CC, BTX-AF555
was applied for 10 min at 4 °C to label surface R1aBBS-CC
(Fig. 7A).
The cells were incubated at 30–32 °C, and BTX-AF488 and

BTX-AF555 labeling in live cells was detected at different time
points. Notably, R1a and R2 were co-localized to intracellular
compartments at 15–60 min (Fig. 7C). No intracellular com-
partments were decorated with only one or the other of the
fluorophores. The rates and extents of internalization for the
labeled R1a and R2 subunits (Fig. 7D and Table 1) were also
similar. Taken together, these data strongly suggest that the
majority of R1a and R2 subunits are mostly internalized as
heterodimers.

DISCUSSION

Slow synaptic inhibition in the CNS relies on the hetero-
oligomerization of R1 and R2 GABAB receptor subunits. This
links the transmitter binding site of R1 with the G-protein sig-
naling properties possessed by R2. Although it is well estab-
lished that heterodimerization enables the trafficking of R1
subunits to the cell surface, what controls GABAB receptor sur-
face stability thereafter is less well understood. The ability to
track the real-timemovement of R1 andR2 subunits in live cells

FIGURE 7. GABAB receptors are constitutively internalized as heterodimers. A, schematic for the dual labeling strategy for R2 (wild-type BBS, left) and R1a
(mutant BBS, right) subunits. B, GABA concentration response curves for R1aR2, R1aR2BBS, R1aBBSR2, and R1aBBS-CCR2BBS expressed in GIRK cells (n � 7–13).
C, hippocampal neurons (14 –21 DIV) expressing R1aBBS-CCR2BBS were incubated in 1 mM D-tubocurarine for 5 min followed by 200 �M DTT for 30 min at room
temperature, 20 �M MTSES for 5 min, 3 �g/ml BTX-AF488 for 10 min at 4 °C, 5 mM DTT for 5 min at room temperature, and 3 �g/ml BTX-AF555 for 10 min at 4 °C
and imaged at different times at 30 –32 °C. The arrowheads indicate some examples of co-localized and internalized R1a and R2 subunits. D, rate of constitutive
internalization of BTX-AF488-tagged R2BBS and BTX-AF555-tagged R1aBBS-CC receptors (n � 5).
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using the BBS and the fluorophore-conjugated�-BTXprovides
opportunities for investigating the role of R2 in the molecular
mechanisms underlying cell surface receptor stability. Inserting
the BBS does not affect the trafficking properties of the GABAB
receptors per se by comparison with other studies monitoring
internalization using biotinylation (12) of antibody labeling
(14).
R2 Is a Regulator of GABAB Receptor Internalization—The

fast rate of internalization of R1aBBS-ASA homomers became
evident once the ER retention motif had been substituted,
allowing R1a access to the surface membrane. The moderating
influence of R2 was apparent by extending the use of the BBS
tagging strategy to insert a functionally silent, high affinity BBS
into the N-terminal domain of R2 subunits. Tracking the real-
timemovement of R2 subunits, for the first time independently
from R1a, revealed that its internalization rate was notably
slow. Indeed, the rates of internalization for R1aBBSR2,
R1aR2BBS, and R2BBS were comparable with and significantly
slower than for R1aBBS-ASA. Independent of which subunit was
tagged with the BBS, the R2 subunit slowed the rate and
reduced the extent of internalization. Thus, heterodimerization
will provide greater stability for cell surface GABAB receptors,
thereby enhancing inhibition. The equivalent rates of internal-
ization noted when R2 was present in the GABAB receptor
imply that R1aR2 heterodimers do not internalize as a weighted
mean of the rates for R1a and R2 but are determined by the
internalization rate of R2 alone.
The rates of internalization, measured by fluorophore-con-

jugated BTX labeling, are likely to accurately reflect GABAB
receptor trafficking for three reasons. First, BTX binds with
relatively high affinity to the BBS inserted in either the R1a or
R2 subunits. The apparent affinity compares well (11-fold
lower) with that measured for the native �-BTX binding site on
the nicotinic acetylcholine �7/5HT3A chimera. Thus, signifi-
cant dissociation of the fluorophore from the GABAB receptor
is unlikely. Second, there is very little constitutive internaliza-
tion of GABAB receptor monomers and heterodimers at low
temperatures, which are non-permissive conditions for inter-
nalization. This changes at room temperature and PT, where
heterodimers and homomers internalized rapidly in a temper-
ature-dependent manner. Third, the reduction in cell surface
fluorescence is not a consequence of photobleaching of BTX-
AF555 because this is negligible (
10%) with the scanning pro-
tocols used to follow receptor mobility.
Structural Motif Promoting Rapid GABAB Receptor

Internalization—The rapid internalization of R1aBBS-ASA com-
pared with R2BBS was likely to be caused by one or more intra-
cellular motifs specifically located on the R1a subunit. The
C-tail was designated as the prime location for controlling
receptor internalization because of its length and its engage-
mentwith the equivalent tail in theR2 subunit, which also influ-
ences the rate of internalization of the heterodimer.
By truncating the C-tail of R1aBBS-ASA after the seventh

transmembrane domain, the rate of internalization was
reduced toward that of R1BBSR2, identifying the domain
location of an endocytic motif that increased the rate of con-
stitutive internalization of R1aBBS-ASA compared with
R1aR2. By replacing the dileucine motif (Leu889, Leu890) in

R1aBBS-ASA,L889A,L890A, the rate and extent of constitutive
internalization became comparable with that for R2BBS and
R1aR2. By contrast, co-assembly of R1aBBS with R2�CT pro-
duced receptors exhibiting similar rates and extents of inter-
nalization to R1aBBS-ASA, discounting the possibility that the
ASA motif was serving as an endocytic signal.
For the R1aR2 heterodimer, the dileucine motif did not

increase the rate of internalization. This may be a consequence
of the R2 subunit C-tail. Its truncation in R2�CT and co-ex-
pression with R1aBBS-ASA no longer slowed the rate and extent
of internalization to that of the R2 homomer but proceeded at
the same rate and to the same extent as that of R1aBBS-ASA
homomers. The most plausible explanation is that the R2 sub-
unit determines the rate and extent of internalization of het-
erodimers by masking the dileucine motif upon coassembly
with residues from its C-tail. The dileucine motif is suitably
positioned in the coiled-coil domain, a major site of interaction
between R1 and R2 (32, 33).
The importance of the dileucine motif on R1a trafficking is

exemplified by its previous description as an interaction motif
forMsec7-1 (30), which is a guanine nucleotide exchange factor
of the ADP-ribosylation factor proteins. These proteins are
known to play an important role in vesicular trafficking in all
eukaryotic cells (34). Indeed, the overexpression of Msec7-1
up-regulates the levels of R1ASA on the cell surface of COS-7
cells via an interactionwith the dileucinemotif. It is conceivable
that Msec7-1 could serve as an adapter for GABAB receptor
internalization by interacting with the dileucine motif, causing
R1aASA receptors to be internalized faster and to a greater
extent thanR1aR2. An isoleucine-leucine pair is also present on
the R2 subunit (Ile853, Leu854), but this motif appears to play no
role inGABAB receptor trafficking despite theR2 subunitC-tail
influencing the targeting of assembled receptors to specific
neuronal compartments (35).
Cycling of GABAB Receptors—The rate and extent of inter-

nalization were notably increased for R1a homomers when the
RSR retention motif was removed. Co-expression with R2 nul-
lified this effect unless the C-tail for R2 was truncated. By com-
bining the rates of receptor movement measured in this study
with others, it is possible to construct a kinetic model for the
trafficking of GABAB receptors (Fig. 8A). Themain elements of
the model include rates for GABAB receptor endocytosis
from the surface membrane (kendo; this study), synthesis and
insertion of new receptors from the Golgi stack/ER (kin; taken
from Ref. 13), degradation of endocytosed receptors (kdegrad),
recycling of receptors back to the surface membrane (krecyc),
and photobleaching of the BTX attached fluorophore (kpb; this
study (Fig. 8A)). The removal of GABAB receptors from the
surface membrane (as measured by the loss of surface fluores-
cence) was a function of the rate of insertion (� � 7.8 min (13))
and the rate of endocytosis (� � 15min for R1aR2 heteromers),
with photobleaching (� � 98min) having a negligible contribu-
tion. To ensure that a plateau phase develops requires that a
proportion of receptors must recycle back to the cell surface.
This rate was empirically determined to reproduce the experi-
mental data, being set to � � 25min with up to 40% of internal-
ized receptors being returned to the surface. A proportion are
considered to be degraded from the internalized pool, and this
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was set empirically at 20% with a � � 120 min. Given these
boundary conditions, and apart fromchanging the rate of endo-
cytosis, the plateau steady-state phases of the decay curves
involving R1aBBS-ASA and R1aBBS-ASAR2�CT, compared with
R1aR2 and R2BBS (Fig. 6B), are most easily accounted for by
changes in receptor recycling (Fig. 8B). Although increased
receptor insertion will also affect the steady state, when the
rates are increased, this slows the rate of internalization, often
causing an inflection on the decay phase that is not observed
experimentally. Changes to the rate of degradation can also
affect the steady-state, but under the conditions of the model,
large excursions in the extent of degradation have minimal
effect on the steady state. Overall, receptor recycling appears
the likeliest cause for moderating the extent of receptor
endocytosis.
Mulitple Roles for GABAB Receptor Heterodimerization—

The GABAB receptor was the first example of a GPCR that
required heterodimerization to support ligand binding and
G-protein coupling (32, 36). Although the precise subunit stoi-
chiometry (or stoichiometries) for GABAB receptors has not
been resolved, primary heterodimerization between R1 and R2

performs at least three distinct roles. First, to link ligand bind-
ing to downstream signaling, the ligand binding site located in
the VFTM of R1 needs to be co-assembled with the G-protein
coupling domain located in the intracellular loops of R2 (37–
40). Second, an interaction between the VFTMs of R1 and R2 is
important to create a high affinity GABA binding site (41), and
any disruption to this extracellular interaction abolishes subse-
quent G-protein coupling (42). Third, R1 requires R2 to act as a
chaperone to reach the cell surface (9) because of the ER reten-
tion motif in R1 (8). Here, we add another important role for
heterodimerization in which R2 determines the rate and extent
of internalization of heterodimers by masking the dileucine
motif in the C-tail coiled-coil domain of R1a.
As predicted from studies using fixed tissue (12, 14), the

process of constitutive endocytosis in live cells, monitored with
the tagged BBS, proceeded via clathrin- and dynamin-depen-
dent mechanisms, which were inhibited by either chloro-
promazine or dynasore. The importance of the dileucine motif
for GABAB receptor trafficking is highlighted by its trafficking
role in other proteins and interactionswith adapter proteins for
clathrin-mediated endocytosis (43).

FIGURE 8. Trafficking model for GABAB receptors. A, schematic diagram that illustrates the trafficking of GABAB receptors from the cell surface to early/late
endosomes and onto lysosomes. The surface replenishment pathway involves the recycling of receptors and the synthetic pathway from the Golgi stack. The
respective rate constants and key for the GABAB receptors are indicated. B, rates of constitutive internalization for R2BBS, R1aBBSR2, R1aBBS-ASA,L889A,L890A,
R1aBBS-ASA, and R1aBBS-ASAR2�CT receptors, taken from Fig. 6B. The curve fits are generated using the model in A with kendo � 0.067 min�1, kin � 0.128 min�1,
kpb � 0.01 min�1, krecyc � 0.04 min�1, kdegrad � 0.0083 min�1 (for R1aR2; blue) with 45% of receptors recycling, and kendo � 0.11 min�1, kin � 0.128 min�1,
kpb � 0.01 min�1, krecyc � 0.04 min�1, kdegrad � 0.0083 min�1 (for R1aBBS-ASA; red) with 30% of receptors recycling.
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The coupling between R1a and R2 is sufficiently tight such
that both subunits are internalized together, dispensing with
the need to dissociate beforehand in the plane of the cell surface
(31). This aspect was unequivocally demonstrated by extending
the versatility of the BBS taggingmethod to enable dual labeling
of the R1a and R2 subunits with BTX conjugated to discrete
fluorophores.
Thus, in conclusion, the new role for R2 subunits in deter-

mining the rate of internalization of R1aR2 denotes R2 as a
major determinant of cell surface GABAB receptor stability.
This will influence the efficacy of slow synaptic inhibition in the
CNS by slowing the removal of receptors from the cell surface.
This is a desirable property for G-protein-coupled receptors
that are generally considered to perform a housekeeping role in
providing background, low efficacy inhibition following GABA
spillover from inhibitory synapses.
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