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Interaction of GAT1 with Ubiquitin-Specific Protease Usp14 in Synaptic Terminal
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γ-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the central nervous system.
GABA transporters (GATs) control extracellular GABA levels by reuptake of released GABA from the
synaptic cleft. However, how GATs are regulated has not yet been elucidated. Here, we used the
yeast two-hybrid system to identify the specific binding protein(s) that interacts with the carboxyl
(C)-terminal region of GAT1, the major isoform in the brain and find a specific interaction with the
ubiquitin-specific protease 14 (Usp14), a deubiquitinating enzyme. Usp14 protein bound to the tail re-
gion of GAT1 and GAT2 but not to other GAT members in the yeast two-hybrid assay. The C-termi-
nal region of Usp14 is essential for interaction with GAT1. In addition, these proteins showed specific
interactions in the glutathione S-transferase (GST) pull-down assay. An antibody to GAT1 specifically
co-immunoprecipitated Usp14 from mouse brain extracts. These results suggest that Usp14 may regu-
late the number of GAT1 at the cell surface.
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Introduction

Tightly regulated neurotransmitter release by the dynam-

ics of synaptic vesicle and termination of synaptic neuro-

transmission is critical for normal brain function [6,13].

Plasma membrane neurotransmitter transporters are located

in presynaptic terminal regions and glial cells [30]. These

transporters remove neurotransmitter from the synaptic

cleft. γ-aminobutyric acid (GABA) is the major inhibitory

neurotransmitter in the brain [13,24]. The GABA system is

a drug target for various psychiatric disorders and diseases

such as epilepsy, anxiety disorders, schizophrenia and pain

states which are related to the GABA system [11]. The plas-

ma membrane γ-aminobutyric acid transporters (GATs) are

predominantly localized at the presynaptic terminal of

GABAergic neurons and play a major role in γ
-aminobutyric acid (GABA) uptake in the central nervous

system [10,23]. There are four GATs, referred to as GAT1,

GAT2, GAT3 and GAT4, which all belong to the Na+/Cl-

dependent neurotransmitter transporter family [5,8,28,32,39].

In the brain, GAT1 is most widely distributed isoform.

Consistent with its function, GAT1 has been localized to the

axons of hippocampal neurons [3,19,23,35]. From this posi-

tion, GAT1 can limit the diffusion of GABA and serve to

terminate the inhibitory signaling by reimporting GABA into

the axon terminus, where GABA can be recycled into syn-

aptic vesicles [32,35]. In a study, GAT1 has been visualized

in knock-in mice that express a GAT1-green fluorescent pro-

tein fusion (GAT1-GFP) [10]. The fluorescence is observed

in axon terminals of neurons. At the ultrastructural level,

GAT1 is found in inhibitory axon terminals [30], and this

localization is well suited for the function associated with

neurotransmitter uptake [19]. The topologies of GAT1 con-

sist of intracellular amino (N) and carboxyl (C) termini and

12 hydrophobic transmembrane domains that are presumed

to be predominantly α–helical [5,29].

Protein-protein interactions identify a link between the

machinery involved in neurotransmitter release and uptake.

Several studies have reported that GAT1 activity can be

modulated by protein-protein interactions. Protein inter-

action between the N-terminal cytoplasmic tail of GAT1 and

syntaxin 1A causes a 4-fold decrease in substrate transport

rate [4,16]. The subcellular distribution of endogenous GAT1

in hippocampal neurons is under regulation by both protein

kinase C and tyrosine kinase [4,26,34,37].

Identification of many proteins which interact with the

C-terminus of neurotransmitter transporter has furthered

understanding of transporter function and regulation.
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Interaction between glutamate transporter-associated pro-

tein (GTRAP) and the C-termini of glutamate transporter

regulate cell surface expression of transporter [27].

Interaction between the C-terminus of the dopamine trans-

porter (DAT) and PICK, a PKC-associated protein, regulates

transport rate [14,37,44]. In an effort to further understand

GAT1 mediated regulation, we used the yeast two-hybrid

system to screen for proteins that interact with GAT1 and

identified the ubiquitin-specific protease 14 (Usp14), a deubi-

quitinating enzyme [40]. The GAT1-Usp14 interaction sug-

gests that GAT1 may be subject to dynamic regulation by

Usp14 at the presynaptic terminal regions.

Materials and Methods

Plasmid constructs

A previously described mouse GAT1 cDNA [28,32] was

utilized as a template to amplify the region coding for amino

acids 557-599 using the appropriate primers. The amplified

fragment was subcloned into pGEM T-easy vector (Promega

Corp, Madison, WI, USA). The fragment was then EcoRI-re-

stricted and subcloned into the EcoRI site of pLexA

(Clontech, Palo Alto, CA, USA). The correct orientation and

in-frame cloning of cDNA inserts was verified by restriction

enzyme analysis and DNA sequencing. The coding region

of Usp14 was amplified by RT-PCR from mouse brain and

cloned into pGEM T-easy vector. After EcoRI digestion, the

Usp14 fragment was inserted into the EcoRI site of pB42AD

(Clontech, Palo Alto, CA, USA).

Screening of GAT1-binding proteins by yeast

two-hybrid assay

The Matchmaker LexA two-hybrid system was used for

screening according to the manufacturer’s manual

(Clontech). In brief, GAT1 cDNA fragment coding for amino

acids 557-599 was fused to the DNA-BD region of the pLexA

vector and the plasmid DNA was transformed into yeast

strain EGY48 carrying the p8op-lacZ gene. The EGY48 yeast

cells containing the GAT1 bait plasmid were transformed

with the mouse brain cDNA library [42] and grown on syn-

thetic dextrose (SD) plates supplemented with glucose but

with no histidine, tryptophan, or uracil (SD/-His/-Trp/

-Ura). The selection of positive clones was performed on an

SD/-His/-Trp/-Ura/-Leu plate containing galactose, raffi-

nose, X-gal, and BU salts. Library plasmids from positive

colonies were isolated and rescued using Escherichia coli (E.

coli) strain KC8 strain on ampicillin-resistant plates. Library

inserts were analyzed by restriction digestion. Unique in-

serts were sequenced and DNA sequence analysis was per-

formed with the BLAST algorithm at the National Center

for Biotechnology Information (NCBI). Library plasmids

were tested for interactions of the reporter gene in yeast by

the retransformation.

β-Galactosidase activity in liquid cultures of yeast

The strength of the interactions between GAT1 and Usp14

constructs was assessed by measuring the β-galactosidase

activity in liquid cultures or using the two-hybrid system.

Yeast cells were co-transformed with the expression plas-

mids of the positive clones and the plasmids expressing

GAT1 or other GATs. The β-galactosidase activity in liquid

cultures of yeast was assayed as described previously [42].

In brief, mid-log phase transformed yeast cells were col-

lected and permeabilized with 0.1% sodium dodecyl sul-

phate (SDS) and chloroform. An excess amount of chromo-

genic substrate o-nitrophenyl-β-D-galactoside was added to

this lysate, and the mixture was incubated at 30oC, and then

the reaction was stopped by increasing pH to 11 by the addi-

tion of 1 M Na2CO3. The formation of the reaction product,

o-nitrophenol, was determined by measuring absorbance at

420 nm on a spectrophotometer and normalizing for the re-

action time and the cell density.

Co-immunoprecipitation

Mouse brain lysate was prepared as previously described

[38]. Mouse brains were homogenized in ice-cold homoge-

nization buffer (0.32 M sucrose, 4 mM HEPES, pH 7.3) sup-

plemented with protease inhibitors. The mouse brain homo-

genate supernatant was centrifuged again at 12,000× g for

15 min, and the resulting supernatant was saved. For im-

munoprecipitation, the brain lysate was diluted in the same

volume of 2X binding buffer (50 mM HEPES, 240 mM KCl,

2 mg/ml BSA, 0.2% Triton X-100, pH 7.4) and incubated

with anti-GAT1 antibody [35] or with control IgG overnight

at 4oC, followed by precipitation with protein-A Sepharose

(Amersham Pharmacia, Piscataway, NJ, USA). The beads

were collected by brief centrifugation and washed three

times with TBS-T (20 mM Tris-HCl, pH 7.5, 0.15 M NaCl,

0.1% Tween 20). The pellets were resuspended with

Laemmli
,
s loading buffer, the proteins were eluted and dena-

tured by boiling for 2 minutes and then separated by

SDS-PAGE. The gel was transferred to a nitrocellulose mem-

brane and incubated with anti-Usp14 antibody (Abnova,

Taipei, Taiwan).
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Fig. 1. Identification of the proteins interacting with GAT1 by yeast

two-hybrid screening. (A) Putative topology of GAT1. The

entire putative intracellular C-terminus of GAT1 fused to the

binding domain of the ADH1 promoter was used to screen

a mouse brain cDNA library. (B) Minimal GAT1 binding re-

gion in Usp14. Usp14 has ubiquitin-like (UBL) and ubiq-

uitin-specific protease (USP) domains. UBL and USP do-

mains are indicated in gray. a.a, the amino acid residue

number. Clone 2, 4 and 5 were isolated from the yeast

two-hybrid screen. Clone 2, 4 and 5 were overlapped at the

C-terminal region of Usp14. Different truncations of Usp14

were constructed by PCR. Several truncated forms of Usp14

were tested in the yeast two-hybrid assay for interaction with

GAT1. +, interaction with GAT1; -, no interaction with GAT1.

Glutathione S-transferase (GST) pull-down assays

Pull-down assays using GST fusion proteins were per-

formed as follows. cDNAs encoding the C-terminal cytoplas-

mic region of GAT1, 2, 3 and 4 were cloned in pET 41, and

the recombinant GST- GAT1, 2, 3 and 4 fusion proteins were

expressed in bacterial strain BL21 GOLD (Stratagene, La Jolla

CA, USA) after induction with 1 mM isopropyl thio-β

-D-galactopyranoside (Fisher Biotech, South Australia,

Australia). The fusion proteins were purified using gluta-

thione-agarose beads (Sigma-Aldrich, St. Louis, MO, USA)

according to the manufacturer’s protocol. GST alone or GST

fusion proteins were dialyzed for 2 hr in PBS using

Slide-A-Lyzer (Pierce, Rockford, IL, USA). Ten μg of each

of the GST fusion proteins was then coupled to 50 μl of glu-

tathione-agarose beads by incubating at room temperature

for 1 hr, followed by rinsing several times with PBS. The

mouse brain lysate was incubated overnight at 4
o
C with the

GST fusion protein-coupled glutathione beads. The beads

were pelleted by centrifugation, washed three times with the

extraction buffer (1% Triton X-100 in PBS containing 10 μg/

ml each aprotinin, leupeptin, and pepstatin and 1 μM phe-

nylmethanesulfonyl fluoride), and once with PBS. The

bound proteins were eluted from the glutathione beads with

100 μl of Laemmli
,
s loading buffer. The samples were boiled

for 5 min and then processed for SDS-PAGE and immuno-

blot analysis with anti-Usp14 antibody.

Results

Identification of GAT1 interacting proteins by

yeast two-hybrid screening

The topology of GAT1 is composed of intracellular N-ter-

minal and C-terminal regions and 12 transmembrane do-

mains connected by interchanging extracellular and intra-

cellular loops (Fig. 1A) [5]. To examine GAT1-interacting

proteins, we screened a mouse brain cDNA library through

yeast two-hybrid assays using a portion of GAT1 C-terminal

region as bait (Fig. 1A). From 5×10
6

colonies screened, we

obtained eight positive clones. Three clones (clone 2, 4 and

5) of the positive clones were fragments of Usp14 containing

the C-terminal region (Fig. 1B). Complementation experi-

ments with the yeast two-hybrid system showed that C-ter-

minal region of Usp14 supported growth of the yeast on

nutrient-deficient media, indicating that the C-terminal re-

gion mediated this interaction (Fig. 1B).

Usp14 consists of an N-terminal ubiquitin-like (UBL) do-

main, followed by an ubiquitin-specific protease (USP) do-

main covering residues 102-408 [22]. To determine the mini-

mal binding region of Usp14 required for the interaction

with GAT1, we constructed deletion mutants of Usp14 and

analyzed their interactions with GAT1 using the yeast

two-hybrid assay. UBL domain and USP domain did not

bind to GAT1. Only the C-terminus of Usp14 interacted with

GAT1 in the yeast two-hybrid assay, as shown in Fig. 1B,

demonstrating that the binding domain was located in the

C-terminus region of Usp14 corresponding to amino acids

408-494.

In order to confirm whether Usp14 interacts with other

GATs, we performed yeast two-hybrid assay. The C-terminal

cytoplasmic tails of GAT2, GAT3 and GAT4 were tested for

binding with Usp14. GAT2 also binds to Usp14, but there

was no detectable binding between Usp14 and GAT3 or

GAT4 (Fig. 2A). These data indicate that Usp14 specifically

binds to the C-terminal cytoplasmic tails of GAT1 and GAT2.

GAT1 belongs to the Na
+
/Cl

-
dependent SLC6 gene fam-

ily, which also includes serotonin transporter (SERT) and

dopamine transporter (DAT) [20,32]. When the cytoplasmic

regions of SERT and DAT were tested for Usp14-binding
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Fig. 2. Interaction between GATs and Usp14. (A) The

C-terminal cytoplasmic regions of each GAT

protein were fused to the pLexA DNA binding

domain. Usp14 specifically interacted with

GAT1 and GAT2 proteins but not with GAT3

or GAT4. (B) The C-terminal regions of SLC6
gene family were fused to the pLexA DNA

binding domain. Usp14 specifically interacted

with GAT1 but not with SERT or DAT. (+, in-

teraction with Usp14; -, no interaction with

Usp14). (C) The quantitation of β–galactosidase

activity in yeast cells resulting from the inter-

action of GAT1 with Usp14 and syntaxin 1A.

by yeast two-hybrid assays, there was no detectable binding

between Usp14 and the cytoplasmic regions of SERT and

DAT (Fig. 2B). These data indicate that the interaction of

Usp14 with SLC gene family is specific to the cytoplasmic

region of GAT1 isoform.

As shown previously, syntaxin 1A physically interacts

with GAT1 [4,16]. The strength of interaction of GAT1 with

Usp14 and syntaxin 1A was examined quantitatively using

β-galactosidase activity in a yeast two-hybrid reporter assay.

This result indicates that Usp14 and syntaxin 1A had same

level affinity for GAT1 (Fig. 2C). Therefore, the interaction

of GAT1 with Usp14 appeared to be sufficient in vivo.

GAT1 is associated with Usp14 in vitro and in vivo

To confirm the interaction between the cytoplasmic tail

of GAT1 and Usp14 in a different experimental setting, we

incubated GAT1, GAT2, GAT3, GAT4 or SERT cytoplasmic

tails, which were expressed in E. coli with GST tag and im-

mobilized on beads, with whole brain lysates from mice.

Immunoblot analysis showed that Usp14 interacted with

GAT1 and GAT2, but not with GAT3, GAT4 and SERT, con-

sistent with the yeast two-hybrid results (Fig. 3A). This result

further indicates that the GAT1 and GAT2 directly interact

with Usp14.

In order to determine whether the interaction between

GAT1 and Usp14 occurs in vivo, we performed co-im-

munoprecipitation experiments using mouse brain lysates.

Lysates from mouse brain were incubated with a GAT1 or

SERT antibody. Protein G-agarose beads selectively pre-

cipitated the immuno-complexes, which were subsequently

separated by SDS-PAGE and immunoblotted with Usp14

antibody. As shown in Fig. 3B, Usp14 was co-im-

munoprecipitated with GAT1 but not with SERT, which is

A

B

Fig. 3. Association of GAT1 and Usp14 in the GST pull-down

assay and co-immunoprecipitation. (A) Proteins in the

mouse brain lysate were allowed to bind to GST alone,

GST-GAT1, GST-GAT2, GST-GAT3, GST-GAT4 or

GST-SERT fusion proteins. The elution fractions were re-

solved by SDS-PAGE and immunoblot analysis was per-

formed using an antibody to Usp14. (B) Mouse brain

lysate was immunoprecipitated with anti-Usp14 anti-

body, anti-SERT antibody or preimmune serum and

then the precipitates were immunoblotted with an-

ti-Usp14 antibody. Input: 5% of the mouse brain lysates

used for each co-immunoprecipitation assay.

consistent with the yeast two-hybrid and GST pull-down

results. This result indicates that Usp14 is a specific binding

partner of GAT1 in vivo.

Discussion

The redistribution of neurotransmitter transporters and

receptors is subject to regulation [6,13]. Redistribution mod-

ulator proteins including protein kinase C and syntaxin 1A

have been identified. Syntaxin 1A interacts with the N-termi-

nal cytoplasmic region of GAT1 and increases its presynaptic
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terminal expression [14,16]. However, the modulator pro-

teins of the GAT1 C-terminal cytoplasmic tail have not yet

been reported.

In this study we demonstrate for the first time that the

GAT1 directly interacts with Usp14. First, we showed that

Usp14 directly interacts with GAT1 in the yeast two-hybrid

system (Fig. 1B). Secondly, we demonstrated the interaction

of Usp14 with the C-terminal cytoplasmic region of GAT1

in GST pull-down assay and co-immunoprecipitation study

(Fig. 3). Furthermore our result also demonstrated that the

C-terminal domain of Usp14 is required for the interaction

with GAT1 (Fig. 1B).

Protein ubiquitin was discovered as a mark for intra-

cellular proteolysis [1,12,40]. Membrane transporters are

subject to ubiquitination. Ubiquitination plays a prominent

role in supporting endocytosis of cell membrane transporter

[17,31,33,43]. Previous study shows that the ubiquitination

of neurotransmitter transporters can target the transporters

to proteasomal degradation or redirect them on endocytotic

pathway to the lysosome [9,21,36,41,46]. Protein deubiquiti-

nation has been identified as an important regulatory step

in the ubiquitin-dependent pathways [40]. Deubiquitination

is carried out by the deubiquitinating enzymes (DUBs)

[12,40]. DUBs remove ubiquitins from protein substrates and

are essential for regulating protein stability and localization

[40]. Usp14 is one of the DUBs [7]. Usp14 contains an UBL

domain at the N-terminus [22]; the UBL domain interacts

with 26S proteasome. This interaction results in the enhance-

ment of the deubiquitinating activity of Usp14. Homozygous

mutation of mouse USP14 gene develops severe ataxia,

which may result from a 30% loss of monomeric ubiquitin

in brain [15,18,45]. The spontaneous ataxia (axJ) mutant mice,

encoding Usp14, display both increased GABA neuro-

transmitter levels at Purkinje cells surface membranes ac-

companied by enlarged inhibitory postsynaptic current

(IPSC) [25]. The rescue of the ataxia mice by neuro-

nal-specific expression of Usp14 suggest that Usp14 localizes

at the presynapse and alters synaptic activity [45].

Interestingly, mice deficient for the GAT1 develop severe

ataxia due to disturbed GABA re-uptake from synaptic cleft

[11]. It is therefore a possible scenario that the ataxia is

closely linked to the level of Usp14 dependent GAT1 turn-

over within cerebellular circuits.

How does Usp14 regulate the activity of GAT1? One po-

tential regulatory mechanism is the increased level of GAT1

in synaptic terminal membrane. Membrane embedded re-

ceptors and transporters are subject to ubiquitination

[9,17,21,36]. Ubiquitin-mediated mechanism seems to be par-

ticularly for endocytosis of receptors and membrane trans-

porter; many studies focus on the EGF receptor (EGFR), a

tyrosine kinas receptor [2]. In the absence of the EGF ligand,

the EGFR is located at caveolae and noncaveole rafts. Usp14

has evolved a specialized function in membrane transporter

to regulate the ubiquitin side chain length of proteins [12].

Because proteins with short ubiquitin chains are thought to

be poor substrates for the proteasome, Usp14 may be dis-

turbed endocytosis pathway, leading to maintenance of the

transporters at the cell surface. Deubiquitination of GAT1

by Usp14 would thus be expected to reduce the rate of GAT1

degradation and result in an increased steady state level of

GAT1. Although an exact molecular mechanism remains to

be elucidated, Usp14 may be a novel candidate to participate

in regulation of GAT1 turnover at the synaptic terminal

membrane.
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γ-aminobutyric acid (GABA)는 중추신경계에서 억제성으로 작용하는 주요한 신경전달물질이다. GABA 수송

체(GAT)는 연접간격에 존재하는 GABA를 세포 내로 재 흡수하여 GABA의 농도를 조절한다. 그런데 GABA 수송

체가 어떻게 조절되는지는 아직 밝혀지지 않았다. 본 연구에서는 효모 two-hybrid system을 사용하여 뇌의 주요

GABA 수송체인 GAT1의 C-말단과 특이적으로 결합하는 ubiquitin-specific protease 14 (Usp14)를 분리하였다.

Usp14는 GABA 수송체 GAT1및 GAT2와는 결합하지만, 다른 GAT isoform과는 결합하지 않았다. GAT1과의 결

합에는 Usp14의 C-말단부위가 필수적으로 관여함을 확인하였다. 또한 이 단백질간의 결합을 GST pull-down as-

say로 확인하였으며, 생쥐 뇌 균질액의 co-immunoprecipitation을 통하여 in vivo에서도 GAT1과 Usp14가 결합함

을 확인하였다. 이러한 결과들은 Usp14가 GAT1과 결합하여 세포막에 존재하는 GAT1의 수를 조절하는 역할을

할 가능성을 시사한다.
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