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The action of neuronally released y-aminobutyric acid (GABA) is terminated by uptake into the neu-
rons by GABA transporters (GATs). The mechanism underlying the stabilization and regulation of
GAT?2 has not yet been elucidated. We used the yeast two-hybrid system to identify proteins that in-
teract with and, thereby, regulate betaine-y-aminobutyric acid transporter 1 (BGT-1/mGAT2). We
found an interaction between BGT-1/mGAT2 and Munc-18-interacting proteins (Mints). The “T-H-L”
motif at the C-terminal end of BGT-1/mGAT2 was essential for the interaction with Mint2 in the yeast
two-hybrid assay. Mint2 bound to the tail region of BGT-1/mGAT?2, but not to other GAT members.
When co-expressed in HEK-293T cells, Mint2 was co-immunoprecipitated with BGT-1/mGAT?2. In ad-
dition, we demonstrated the cellular co-localization of BGT-1/mGAT2 and Mint2 in the cells. These

results suggest that Mint2 contributes to the regulation of BGT-1/mGAT?2.

Key words :

Neurotransmitter transporter, y-aminobutyric acid transporter, betaine-y-aminobutyric

acid transporter 1 (BGT-1), Munc-18-interacting protein 2 (Mint2), PDZ Domain

Introduction

Plasma membrane neurotransmitter transporters exist
for most of the small molecule neurotransmitter systems
[2]. v-aminobutyric acid (GABA) is the primary inhibitory
neurotransmitter in the brain and has been implicated in
numerous neurogical disorders, including epilepsy, anxi-
ety, and bipolar disorder [10,23,25]. GABA transporters
(GATs) belong to the family of Na"/Cl" dependent trans-
porters that also includes transporters for the neuro-
transmitters such as dopamine, serotonin, norepinephrine
and glycine [12,19]. GATs are found primarily in the pre-
synaptic membrane. This localization suggests that GATs
are involved in regulating synaptic transmission and trans-
mitter recycling [6,21].

Recently, four different subtypes of GATs have been
cloned with diverse regional, cellular and subcellular loca-
tion [19]. These have been termed mGAT1, mGAT2, mGAT3
and mGAT4 when referring to transporters cloned from

mice. Betaine-y-aminobutyric acid transporter (BGT-1) was
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originally cloned from the Madin-Darby canine kidney
(MDCK) cell line [6,12,17,19]. Subsequently, the homologous
transporter mGAT2 was cloned from mouse brain [12,19].
BGT-1/mGAT?2 is a membrane transporter capable of utiliz-
ing both GABA and betaine as substrates [10,13,29]. Betaine
is known as an organic osmolyte involved in osmoregulation
in the kidneys [6]. BGT-1/mGAT2 contains 614 amino acids
and shares 54% identity with GAT1 [7,19]. Previous studies
have reported that GAT1 activity can be modulated by pro-
tein-protein interactions. The interaction between the N-ter-
minal cytoplasmic tail of GAT1 and syntaxin 1A causes a
4-fold decrease in substrate transporter rates [8]. The inter-
action between the C-terminus of GAT1 and Pals1 contain-
ing the PDZ domain contributes to the stability of GATI,
thus promoting the expression level of the transporter pro-
tein [8].

The topologies of BGT-1/mGAT2 consist of 12 hydro-
phobic transmembrane domains and the amino and carboxyl
termini face the cytoplasm [2,17]. The cytosolic C-terminus
contains postsynaptic density-95 (PSD-95)/discs large pro-
tein/ zona occludens 1 (PDZ)-association motif which is recog-
nized by the adaptor protein-binding sites found in mem-

brane-associated proteins [14,27]. PDZ-association motifs are
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characterized by a C-terminal hydrophobic residue and a
free carboxylate group at the -2 position (T/S-X-V/D/L)
[9,11]. PDZ interactions have been found to be involved in
the multi-molecular organization of receptors and signal
transduction pathways [14]. BGT-1/mGAT2 contains a typi-
cal PDZ-association motif (T-X-L) in its cytosolic C-terminal
domain [5].

In order to investigate the BGT-1/mGAT2-mediated regu-
lation of GABAergic neurotransmission, we screened for
proteins that interact with the C-terminus of BGT-1/mGAT2
through the yeast two-hybrid system and identified Mint2
(also called X11-like protein), a PDZ domain-containing pro-
tein [20]. The BGT-1/mGAT2 and Mint2 interaction suggests
that Mint2 contributes to the regulation of BGT-1/mGAT2

in the synaptic membrane.

Materials and Methods

Plasmid constructs

Full-length rat Mint2 in the pRC/CMV vector (a gift from
M. Setou, Hamamatsu University, Hamamatsu, Japan) was
tagged with a myc-epitope and fused with EGFP at the ami-
no-terminus. Truncations of BGT-1/mGAT2 [17] were uti-
lized as a template to amplify the region coding for amino
acids 570-628 using the appropriate primers. The amplified
fragment was subcloned into T-vector. The fragment was
then FcoRl-restricted and subcloned into the EcoRl site of
pLexA. The correct orientation and in-frame cloning of
cDNA inserts was verified by restriction enzyme analysis,
and DNA sequencing. FLAG-tagged BGT-1/mGAT2 con-
struct was used in all experiments that utilized mammalian
cell expression system. General recombinant DNA techni-
ques were performed according to standard protocol [24].

Screening  of  BGT-1/mGAT2-binding
yeast two-hybrid assay

proteins by

The Matchmaker LexA two-hybrid system was used for
screening according to the manufacturer’s manual (Clontech,
Palo Alto, CA, USA). In brief, a part of the BGT-1/mGAT2
gene was fused to the DNA-BD region of the pLexA vector
using the PCR and the plasmid DNA was transformed into
yeast strain EGY48 carrying the p8op-lacZ gene.
Transformed EGY48 yeast cells containing the BGT-1/
mGAT2 bait plasmid were transformed with the mouse
brain ¢cDNA library [15] and grown on synthetic dextrose
(SD) plates supplemented with glucose but with no histi-

dine, tryptophan, or uracil (SD/-His/-Trp/-Ura). The se-
lection of positive clones was performed on an
SD/-His/-Trp/-Ura/-Leu plate containing galactose, raffi-
nose, X-gal, and BU salts. Plasmids from positive clones
were analyzed by restriction digestion. Unique inserts were
sequenced and protein sequence analysis was performed
with the BLAST algorithm at the National Center for
Biotechnology Information (NCBI). Sequence-verified clones
were tested again for interactions with the bait in yeast by

the retransformation.

Cell culture and Transfection

HEK-293T cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum,
L-glutamine, and antibiotics. Transient transfections were

done with the CaPO; precipitation method.

Immunocytochemistry

Cells grown on poly-D-lysine-coated coverslips were
transfected with myc-EGFP-Mint2 and FLAG-BGT-1/
mGAT2 constructs. Twenty-four hours after transfection,
cells were washed with phosphate-buffered saline (PBS),
fixed with 4% paraformaldehyde in PBS for 5 min, and per-
meabilized with 0.2% Triton X-100 in PBS for 10 min. After
blocking with 5% normal goat serum in PBS for 30 min, cells
were incubated with anti-BGT-1 antibody (Alpha Diagnostic
International, San Antonio, TX, USA) diluted 1:500 in PBS
containing 1% bovine serum albumin (BSA) and 0.05%
Tween-20 overnight at 4°C. After washing with PBS 3 times,
cells were incubated with Dylight 594-conjugated goat an-
ti-rabbit IgG antibody (Jackson ImmunoResearch Labs, West
Grove, PA, USA) diluted 1:800 for 40 min. For nuclear stain-
ing, cells were incubated with 1 pg/ml 4, 6-dia-
midino-2-phenylindole (DAPI) (Sigma-Aldrich) in PBS for 5
min. After washing with PBS 3 times, the cells were mount-
ed with Fluoromount (DAKO). Fluorescence images were
acquired on Zeiss LSM510 META confocal laser scanning
microscope (Carl Zeiss, Oberkochem, Germany).

Co-immunoprecipitation

Twenty-four hours after transfection, cells were rinsed
with ice-cold PBS twice and lysed with ice-cold lysis buffer
[PBS containing 0.5% NP-40 and 1x protease inhibitor cock-
tail set V (Calbiochem)] by gentle rotation for 30 min.
Lysates were centrifuged at 16,000x g for 10 min at 4°C. The
supernatant (soluble fraction) was incubated with anti-FLAG



M2 agarose beads (Sigma-Aldrich) for 2 hr at 4°C with con-
stant shaking. The beads were collected by centrifugation
at 2,000x g for 30 sec and washed 5 times with ice-cold lysis
buffer. The immunoprecipitated proteins were analyzed by
Western blotting.

Results

ldentification ~ of  BGT-1/mGAT2
by yeast two—hybrid screening

interacting  proteins

To identify BGT-1/mGAT2-interacting proteins, we
screened a mouse brain cDNA library through the yeast
two-hybrid assays using the C-terminal region of
BGT-1/mGAT2 as bait (Fig. 1C). From 6x10° colonies
screened, we obtained 6 positive clones. Three clones (clone
1, 3 and 5) of the 6 clones were identical and possessed a
C-terminal fragment of Mint2 containing the PDZ domain
(Fig. 1A). Mint2 is composed of several protein-protein inter-
action domains, two PDZ domains and one PTB domain
(Fig. 1A). To determine the binding domain of Mint2 that
is required for the interaction with BGT-1/mGAT2, we con-
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structed a series of deletion mutants of Mint2. Yeast two-hy-
brid assays with BGT-1/mGAT2 showed that the minimal
domain required for binding was critically dependent on the
second PDZ domain of Mint2 (Fig. 1B). Next we investigated
whether the last seven amino acids of BGT-1/mGAT2 con-
tain a functional PDZ-association motif that mediates pro-
tein-protein interaction. For this purpose, a series of C-termi-
nal deletion mutants of BGT-1/mGAT2 were constructed
(Fig. 1C), and co-transfected into yeast cells with
pLexA-Mint2. As shown in Fig. 1C, the C-terminal deletion
mutants of BGT-1/mGAT2 did not interact with Mint2.
These result indicated that the interaction between
BGT-1/mGAT2 and Mint2 is mediated through a PDZ-medi-
ated interaction similar to the previously described a class
I PDZ interaction [9,27].

When the C-terminal cytoplasmic regions of mGAT1,
BGT-1/mGAT2, mGAT3 and mGAT4 were tested for
Mint2-binding, there was no detectable binding between
Mint2 and the tail domains of mGAT1, mGAT3 and mGAT4
(Fig. 2A). These data indicate that the interaction of Mint2
with GATs is specific to the cytoplasmic region of
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Fig. 1. Identification of the proteins interacting with BGT-1/mGAT2 by yeast two-hybrid screening. (A) The domain structure of
Mint2 illustrating that clones 1, 3, and 5 possess a fragment of Mint2 containing the PDZ domain. PTB and PDZ domains
are indicated in gray. aa, the amino acid residue number. (B) Minimal BGT-1/mGAT2 binding region in Mint2. Different
truncations of Mint2 were constructed by PCR. Several truncated forms of Mint2 were tested in the yeast two-hybrid assay
for interaction with BGT-1/mGAT2. +, interaction with BGT-1/mGAT2; -, no interaction with BGT-1/mGAT2. aa, the amino
acid residue number. (C) Specific interaction of Mint2 with the C-terminus of BGT-1/mGAT?2. Several deletion mutant forms
of BGT-1/mGAT2 were tested in the yeast two-hybrid assay for interaction with Mint2. +, interaction with Mint2; -, no

interaction with Mint2.



1162 A3 38k %] 2012, Vol. 22. No. 9

A X-Gal plate Interaction with B Interaction with
. Mint2 XGalplate pGT.1/mGAT2
mGAT1 -
Mintl +
BGT-1/mGAT2 + .
Mint2 +
mGAT3 -
mGAT4 —

Fig. 2. Interaction between GATs and Mint proteins. The
C-terminal region of each GAT protein and full
length Mints were fused to the pLexA DNA binding
domain. (A) Mint2 specifically interacted with
BGT-1/mGAT2 but not with mGAT1, mGAT3 or
mGAT4 (+, interaction with Mint2; -, no interaction
with Mint2). (B) BGT-1/mGAT2 interacted with
Mintl and Mint2 (+, interaction with BGT-1/mGAT?2;
-, no interaction with BGT-1/mGAT2).

BGT-1/mGAT?2 isoform. Interaction was also detected be-
tween BGT-1/mGAT2 and other Mint family member, Mint1
(Fig. 2B).

BGT-1/mGAT2 is associated with Mint2 in cells

To assess the interaction of BGT-1/mGAT2 and Mint2 in
mammalian cells, HEK-293T cells were co-transfected with
constructs  expressing myc-EGFP-Mint2
FLAG-BGT-1/mGAT2 (Fig. 3). Cell

immunoprecipitated with a monoclonal antibody directed

along  with

lysates  were

against the FLAG epitope followed by Western blot analysis
with anti-BGT-1 antibody. Fig. 3 shows that BGT-1/mGAT2
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Fig. 3. BGT-1/mGAT?2 and Mint2 were co-immunoprecipitated
from mammalian cells. HEK-293Tcells were transiently
transfected with Myc-EGFP-Mint2 plasmid and either
control vector or FLAG-BGT-1/mGAT2 plasmid as
indicated. Cell lysates were incubated with monoclonal
anti-FLAG antibody to immunoprecipitate BGT-1/
mGAT2. Western blots were subsequently probed with
anti-myc antibody and anti-FLAG antibodies. Mint2 was
specifically ~ co-immunoprecipitated ~ with  BGT-1/
mGAT2.

co-precipitated Mint2. As expected from our yeast two-hy-
brid results, BGT-1/mGAT2 specifically interacts with
Mint2.

For a potential interaction between BGT-1/mGAT2 and
Mint2 to be physiologically relevant, two proteins must
co-localize at the same subcellular region in cells. To de-
termine whether BGT-1/mGAT2 and Mint2 co-localize, we
generated the N-terminal EGFP-fused Mint2 construct.
BGT-1/mGAT2 was co-transfected with EGFP-Mint2 into
HEK-293T cells. BGT-1/mGAT2 and Mint2 co-localized at
the same subcellular region in cells (Fig. 4A). Co-transfected

BGT-1/mGAT2 and Mint2 revealed a largely plasma mem-

Merge

Fig. 4. Co-localization of BGT-1/mGAT2 and Mint2 at the plasma membrane. Twenty-four hours after transfection, cells were immu-
nostained using anti-BGT-lantibody. (A) BGT-1/mGAT2 and EGFP-Mint2 are seen at the same subcellular region in cells.
(B) Immunofluorescence staining of BGT-1/GAT2 and EGFP-Mint2 shows that both proteins co-localize largely in plasma

membrane (arrow).



brane expression in a subset cells, forming clusters at the
cell surface (Fig. 4B). This result indicates that Mint2 is a
specific binding partner of BGT-1/mGAT?2 in cell level.

Discussion

In this study, we have shown that the neuronal plasma
membrane BGT-1/mGAT2 can associate with Mint2. Using
the intracellular carboxyl tail of BGT-1/mGAT2 as bait, we
identified Mint2 in a yeast two-hybrid screen of a mouse
brain cDNA library. The three C-terminal amino acids con-
taining region of BGT-1/mGAT2 can interact with Mint2.
Furthermore, when full-length BGT-1/mGAT2 and Mint2
are expressed in mammalian cells, they co-im-
munopresipitate and co-localize in cells. This is the first
demonstration of an interaction at the C-terminus of
BGT-1/mGAT?2 and joins Mint2 as a BGT-1/mGAT2-inter-
acting protein.

Interestingly, Mint2 has two PDZ domains that mediate
interaction with the other protein [20]. This study demon-
strated through domain analysis by yeast two-hybrid assay
that the interaction is dependent upon the second PDZ do-
main of Mint2 and the C-terminal amino acids of
BGT-1/mGAT2. The C-terminal three amino acids (T-H-L)
represent a class I PDZ domain ligand [9]. PDZ-domain pro-
teins play important roles in establishing and maintaining
an asymmetry of membrane proteins in neurons [14].
Proteins containing PDZ domains usually possess multiple
protein-protein interaction domains, allowing them to form
multimeric complexes [11]. PDZ domains contain a con-
served peptide-binding groove that associates with the ex-
treme C-terminus of ligands [9]. Although we did not show
whether BGT-1/mGAT?2 can bind with other PDZ domain
containing proteins, our results suggest that the interaction
between BGT-1/mGAT2 and Mint2 is mediated through a
PDZ interaction.

Mint2 is a multidomain protein composed of PTB and
PDZ domains [20]. The N-terminal domain of Mint2 binds
to cell-surface receptors [4] and Muncl8-1, a protein essential
for synaptic vesicle exocytosis [28]. The central phosphotyr-
osine binding (PTB) domain binds to the cytoplasmic tail
of amyloid-B-protein precursor (APP) [3]. PDZ domains
bind to presenilins [16], cell surface receptors, Ca* channels
[18], and kinesin KIF17 [26]. Thus Mint2 resembles adaptor
proteins that connect the N-terminal, PTB domain, and PDZ

domain interactions. Protein-protein interactions not only
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determine the specific membrane surface expression, but can
also affect the membrane surface expression level by altering
endocytic rates. In cultured neuron, co-expression of PSD-95
and NMDA receptor NR2B results in decreased endocytosis
of NR2B, while deletion of the PDZ-association motif yields
an increase in the percentage of receptor that is internalized
[22]. Interestingly, the C-terminal PDZ-association motif of
BGT-1/mGAT2 is responsible for proper targeting and
maintenance at basolateral membrane surface of MDCK cells
[1,5].

How might an interaction with Mint2 modulate
BGT-1/mGAT?2 surface expression? One potential model is
the association with Mint2 to prevent internalization from
surface membrane. Recent evidence for many different trans-
porter systems suggests that direct interacting proteins of
the transporter serves as a tag that identifies transporters
to be internalized [22]. This might occur because the tag is
indicative of a transporter in an appropriate conformational
state for internalization. Thus, like PSD-95, it may be that
the interaction between BGT-1/mGAT2 and Mint2 induces
conformational ~state that confers a slowing of
BGT-1/mGAT2 internalization from membrane surface.
Further functional studies on this and other BGT-1/mGAT2
interacting proteins may help to shed light on the regulating
BGT-1/mGAT2 activity.
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