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Several ion channels and pumps are regulated by syntaxin 1A, a
component of the synaptic vesicle docking and fusion apparatus.
One such regulated protein is the rat brain �-aminobutyric acid
(GABA) transporter GAT1. The N-terminal cytoplasmic domain of
GAT1 directly interacts with syntaxin 1A; this interaction induces a
decrease in the rate at which GABA and associated ions are
transported. GAT1 function also is regulated by transporter sub-
strates, raising the possibility that substrates mediate at least some
of their effects by regulating the interaction between GAT1 and
syntaxin 1A. In oocytes expressing GAT1 and syntaxin 1A, super-
fusion of transporter substrates increases the GAT1 transport rate.
The substrate-induced rate change (i) is prevented by coapplication
of GAT1 antagonists, (ii) does not occur in oocytes expressing GAT1
alone, and (iii) does not occur in oocytes expressing interaction-
deficient syntaxin 1A mutants. In oocytes, and in hippocampal
neurons that endogenously express both GAT1 and syntaxin 1A,
substrate application results in a decrease in the fraction of
syntaxin 1A that is bound to GAT1 on a time-scale comparable to
the substrate-induced change in transport rates. These data sug-
gest that substrate translocation regulates GAT1–syntaxin 1A in-
teractions and provide a mechanism by which GABA transport can
be increased during times of rising synaptic GABA concentrations.

Syntaxin 1A was originally characterized as a component of
the machinery involved in transmitter release (1, 2), and is a

key player in vesicle trafficking and fusion (3, 4). Syntaxin 1A
directly interacts and functionally regulates several excitability
proteins, including Ca2� channels (5–10), cystic fibrosis Cl�
channels (11, 12), K� channels (13), and epithelial Na� channels
(14, 15). Mechanisms of the effects of syntaxin 1A include
changes in protein trafficking and in channel properties such as
gating. Syntaxin 1A also regulates Na� and Cl�-dependent
neurotransmitter transporters (16–19). For example, glycine
transporter trafficking is altered by syntaxin 1A coexpression
(19). Syntaxin 1A alters not only trafficking of the rat brain
�-aminobutyric acid (GABA) transporter GAT1 but also its rate
of substrate translocation. The GAT1 N-terminal cytoplasmic
tail binds the H3 domain of syntaxin 1A; the interaction causes
a 4-fold decrease in substrate transport rates (18). These data
suggest that protein–protein interactions regulate substrate
translocation and identify a link between the machinery involved
in transmitter release and uptake.

Syntaxin 1A interactions are not the only mechanism by which
GAT1 and other transporters are regulated (20, 21). For exam-
ple, protein kinase C activation correlates with both decreases in
GABA transport and decreases in surface GAT1 expression (17,
22, 23). Tyrosine phosphorylation of GAT1 increases GAT1
surface expression by decreasing the transporter internalization
rate (24). Additionally, as with the transporters for serotonin
(25), dopamine (26), and norepinephrine (27), transporter sub-
strates and antagonists also regulate GAT1. Within minutes,
extracellularly applied GAT1 agonists increase GAT1 function
in hippocampal neurons and in expression systems (28). These
results suggest that cells regulate transporter function in a
manner that correlates with extracellular transmitter levels. If
this is true, then GABA may increase GAT1 function in part by
regulating the association between syntaxin 1A and GAT1.

Materials and Methods
Reagents. Cell culture reagents were obtained from Life Tech-
nologies. Papain was obtained from Worthington. Immunoblot-
ting reagents and [3H]GABA were obtained from Amersham
Pharmacia. Botulinum toxin C1 (BONT�C1) was obtained from
Boehringer Mannheim. GAT1 Ab 346J was obtained from
Nicholas Brecha (Univ. of California, Los Angeles; ref. 29);
isoform-specific polyclonal syntaxin Abs were generated as
described (11). Syntaxin mutants were described previously (18).
All other reagents were obtained from Sigma.

Cell Culture. Primary hippocampal cultures were prepared from
postnatal day 0–3 rats by mincing tissue in � minimal essential
medium (�MEM) supplemented with cysteine, glucose, and 100
units of papain. Tissue was incubated for 20 min at 37°C followed
by gentle trituration, dilution, and plating. To obtain pure
neuronal cultures, mixed cultures were treated for 48 h with 10
�M cytosine arabinonucleoside. Oocyte culture was performed
as described (30).

Electrophysiology. Two-electrode voltage-clamp procedures were
performed as described (16). Drug applications were performed
by using gravity flow; bath exchange was complete in 2 s.
Measurements of GAT1 charge movements were as described
(16, 31). Charge movements were measured during a 500-ms
voltage step from �40 mV to �100 mV. Each oocyte was tested
in the presence and absence of SKF89976A to isolate (by
subtraction) the charge movements associated with the presence
of GAT1 in the plasma membrane. Capacitative transients
generated by these jumps were integrated to yield the amount of
charge movement in and out of the membrane field of the
oocyte. Surface transporter number was calculated from the
equation N � Qmax�qz�, where N is the number of transporters
per oocyte, Qmax is the total charge movement, q is the elemen-
tary charge, and z� is the sum total of the distance that all charges
move within the membrane field. The empirical value of z� for
GAT1 is �1.0 (31). Surface transporter number was divided into
peak steady-state current, measured at saturating GABA con-
centrations, to yield the transport rate. This rate also was
assessed by measuring the time constant (estimated by single
exponential fits) of the transient relaxations of voltage jumps
(from �40 mV to �100 mV) performed in the presence of 100
�M GABA (31). For all experiments requiring GAT1 agonist
pretreatment, the time interval between the end of the agonist
pretreatment and the application of the agonist test pulse was 5 s;
the time interval between the end of the agonist test pulse and
further chronic agonist treatment was also 5 s.

Biotinylation and Immunoprecipitation. Surface biotinylation ex-
periments were performed as described (28). For immunopre-
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cipitations, oocytes were homogenized as described previously
(29). Hippocampal neurons were lysed in buffer (9.1 mM dibasic
sodium phosphate�1.7 mM monobasic sodium phosphate, pH
7.4�150 mM NaCl�0.5% sodium deoxycholate�0.1% SDS�250
�M PMSF�1 �g/ml aprotinin�1.0 mM activated sodium or-
thovanadate�5.0 mM sodium pyrophosphate) for 1 h at 4°C.
Lysates were precleared with 10 �l of protein G-agarose con-
jugate, followed by immunoprecipitation of GAT1 by using
anti-GAT1 Ab and protein G-agarose. The product was washed
in buffer and run on a 10% acrylamide gel. Protein was
transferred to a nitrocellulose membrane and visualized by using
enhanced chemiluminescence reagents.

Results
Application of GABA to oocytes expressing GAT1 and voltage-
clamped at negative potentials induces an inward current that
reflects the movement of one net charge into the oocyte per
transport cycle (31, 32). In oocytes expressing GAT1 and syntaxin
1A, the rise time of the current is slowed, and this slowing is
reversed by acute injection of BONT�C1, which functionally inac-
tivates syntaxin 1A (18). Although the molecular mechanism that
causes the change in transport kinetics in the presence of syntaxin
1A is unknown at present, the phenomenon suggests potential
changes in GAT1 turnover rates (the rate of one substrate trans-
location cycle). To determine whether substrates of the transporter
alter GAT1 transport kinetics, GABA was superfused for various
lengths of time upon oocytes expressing GAT1 and syntaxin 1A
(Fig. 1A). Measurement of the GABA-induced current in the
absence of GABA pretreatment (0 s; right-most trace) revealed a
slowed time-to-peak compared with oocytes expressing GAT1
alone (left-most trace). (For ease of comparison, all currents were
scaled to the same peak.) Pretreatment of the same oocyte coex-
pressing GAT1 and syntaxin 1A with GABA for 60 s or 120 s caused
a progressive decrease in the time-to-peak of the subsequently
measured GABA-induced current. This decrease did not occur in
oocytes expressing GAT1 alone that were then subjected to GABA
pretreatment (data not shown).

The rise-time data suggested that GABA pretreatment was
altering the GAT1 turnover rate of oocytes expressing GAT1
and syntaxin 1A. Turnover rate was calculated (18) by measuring
the total number of charges translocated per second (calculated
from GABA-induced peak currents) and dividing by the number
of functional transporters (calculated from GAT1-specific
charge movements) in the same oocyte (Fig. 1B). In oocytes
expressing GAT1 alone, the turnover rate was �7 at 22°C and
saturating GABA concentrations, similar to previous estimates
(31). GABA pretreatment had no effect on this rate. In oocytes
expressing GAT1 and syntaxin 1A, the turnover rate was reduced
to �2, as described (18). However, pretreatment with GABA
caused a progressive increase in transporter turnover rate,
approaching the levels of GAT1 alone-injected oocytes after �2
min. With GABA wash-out, the turnover rates returned to initial
levels with a similar time course (Fig. 1C).

Additional experiments were performed to rule out alternative
explanations. First, the method above of using charge movements
to assess transporter number assumes that the charge movement
measurements are not affected by syntaxin 1A coexpression. For
example, if syntaxin 1A alters the distance within the membrane
field that charges bind, estimates of transporter number based on
these charge movements will be in error. To see whether such
measurements were altered because of syntaxin 1A, estimates of
changes in transporter number were compared with results from
surface biotinylation experiments in the same oocytes (Fig. 1D).
The coexpression of GAT1 and syntaxin 1A caused an �2-fold
increase in the amount of GAT1 on the surface when assessed
biochemically, as previously shown (33). Estimates of transporter
number based on charge movements showed a similar 2-fold
increase, suggesting that charge movements per se are not affected

by syntaxin 1A coexpression. Second, the change in expression
levels in the presence of syntaxin 1A raised the additional concern
that charge movement measurements were skewed by expression
levels. To test this hypothesis, transporter number estimates were
plotted, in the same oocyte, as a function of peak GABA-induced
currents at saturating GABA concentrations (Fig. 1E). Over a
20-fold range of currents, transporter number estimates were highly
correlated, suggesting that expression levels were not altering
charge movements per se. A third concern was that the interpreted
change in turnover rate was actually an alteration in the charge-flux
ratio, i.e., because currents and not GABA uptake was being
monitored, substrates may be changing not the rate of GABA
turnover, but rather the stoichiometry of 2 Na� to 1 GABA in each
cycle (34). To examine this possibility, the charge-flux ratio was
examined in oocytes coexpressing GAT1 and syntaxin 1A by
simultaneous measurement of [3H]GABA uptake (10 �M for 5
min) and [3H]GABA-induced currents. For five oocytes not pre-
treated with GABA, the charge flux ratio was 1.8 � 0.5; for five
oocytes pretreated with GABA for 5 min, the charge flux ratio was
2.1 � 0.4. Fourth, turnover rates were recomputed by using
voltage-jump relaxations in the presence of substrate; the relaxation
rate is interpreted as being the time course of a single transporter
cycle (31, 35, 36). This procedure, which is independent of charge
movement measurements, yielded results that were almost identical
to that obtained by using charge movements (Fig. 1F).

The ability of extracellular GABA to regulate turnover rates of
oocytes expressing GAT1 and syntaxin 1A suggested that this effect
might be due to direct action of GABA on the transporter. Three
experiments were performed to evaluate this possibility. First, the
concentration of GABA necessary to induce the change in turnover
rates was compared with the concentration of GABA to induce
transport-mediated currents (Fig. 2A). In oocytes expressing GAT1
and syntaxin 1A, measurement of GABA-induced peak currents
across various GABA concentrations revealed a half-maximal
effective GABA concentration of �5 �M, similar to previous
estimates (31). Next, turnover rates were calculated before and after
5-min treatment with GABA at various concentrations. The half-
maximal effective concentration for eliciting changes in GAT1
turnover rates was similar to the values for transporter activation.
Second, pretreatment with a saturating concentration of the GAT1
substrate nipecotic acid resulted in an increase in turnover rates that
was very similar to the effect of GABA (Fig. 2B). The half-maximal
effective nipecotic acid concentration for eliciting changes in GAT1
turnover rates was 28 �M (data not shown), which is comparable
to values for transport (15 �M; ref. 37). However, pretreatment
with the nontransportable GAT1 antagonist SKF89976A failed to
alter turnover rates, suggesting that substrates of GAT1 mediate
this regulation. Pretreatment of oocytes expressing GAT1 alone
with either nipecotic acid or SKF89976A had no effect on turnover
rates (data not shown). Third, injection of a high concentration of
GABA into the oocyte and its effects on turnover rates were
examined (Fig. 2C). Intracellular GABA caused an increase in
turnover rates, suggesting either efflux or intracellular GABA itself
was responsible for this effect. Application of SKF89976A, which
blocks efflux, prevented the turnover rate change, suggesting that
efflux of GABA and not intracellular GABA per se was required.
These data support the idea that GABA regulates transporter rates
through its activity on the transporter.

The above data showing that substrates of the transporter can
up-regulate GAT1 turnover rates, but only in oocytes expressing
GAT1 and syntaxin 1A, suggested that these substrates might be
mediating their regulatory effects by affecting the ability of
syntaxin 1A to negatively regulate GAT1 turnover rates. To test
this hypothesis further, turnover rates were measured in oocytes
in which the syntaxin 1A interaction with GAT1 was altered.
First, oocytes were acutely injected with BONT�C1 before
GABA pretreatment (Fig. 3A). BONT�C1 injection caused an
increase in GAT1 turnover rates; in the presence of GABA, this
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Fig. 1. GABA up-regulates GAT1 turnover rates in oocytes expressing GAT1 and syntaxin 1A. (A) Raw traces of GABA-induced currents in one oocyte injected
with 10 ng of GAT1 cRNA alone (left-most trace) or one oocyte injected with 10 ng of GAT1 cRNA and 20 ng of syntaxin 1A cRNA (three right-most traces). The
oocyte coexpressing GAT1 and syntaxin 1A was pretreated with 100 �M GABA for the time period indicated (either 0, 60, or 120 s) before the recording of the
GABA-induced current. The GAT1-alone trace was recorded without any previous GABA superfusion. The traces are scaled to the same peak current for
comparison of the kinetics of the response. Range of measured currents was between 153 and 221 nA. (B) Changes in transporter turnover rate after GABA
superfusion. Oocytes were injected with GAT1 cRNA alone (E) or with syntaxin 1A cRNA (F). Turnover number was calculated as peak whole-cell current elicited
by 100 �M GABA divided by the number of functional transporters (see Materials and Methods). Values along the abscissa indicate the amount of time the oocyte
was superfused with 100 �M GABA before measurement. Data are from 33–47 oocytes per data point, measured from five oocyte batches. SEMs are within the
symbol size. (C) Time course of changes in GAT1 turnover rates after GABA wash-out. Oocytes expressing GAT1 alone (E) or with syntaxin 1A (F) were voltage
clamped and superfused with 100 �M GABA for 5 min. Turnover rates were then measured as in B after GABA wash-out for various times as indicated on the
abscissa. Data are from 9–14 oocytes per data point, measured from three oocyte batches. (D) Syntaxin 1A increases the surface expression of GABA transporters.
Oocytes expressing GAT1 alone (filled bars) or with syntaxin 1A (open bars) were examined for surface GAT1 expression by biotinylation (Left) or by charge
movement measurements (Right). The immunoblot shows surface fraction immunoreactivity when a GAT1 Ab for oocytes expressing GAT1 alone (left lane) or
with syntaxin 1A (right lane) is used. Data are from two experiments, six oocytes per experiment, measured individually by electrophysiology and then processed
as a batch for biotinylation. (E) Correlation of GABA uptake and transporter number. Individual oocytes expressing GAT1 alone were voltage clamped at �80
mV and assayed for currents by using 100 �M GABA. Transporter number was estimated in the same oocyte. Data are plotted relative to the oocyte expressing
the largest currents (390 nA) and largest transporter number estimate (3.3 � 1011). The correlation coefficient was 0.94. (F) Same as B, except transporter turnover
rates were calculated based on the inverse of the time constant (�) of voltage-jump relaxations (see Materials and Methods).
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turnover rate increased slightly, suggesting that uncleaved syn-
taxin 1A is necessary for the GABA-induced regulation. The
slight increase in turnover rates seen in BONT�C1-treated
oocytes after GABA pretreatment is consistent with the idea
that some uncleaved syntaxin 1A is present to mediate its
inhibitory effects on GAT1 function. Second, oocytes were
injected with GAT1 and either of two syntaxin 1A mutants, one
(Syn1AH3-TMD) that contains the H3 domain and functionally
interacts with GAT1 and one (Syn1A�H3-TMD) that lacks the
H3 domain and does not functionally interact with GAT1 (18).
With respect to substrate-mediated regulation of turnover rates,
oocytes expressing the interacting syntaxin isoform resembled
oocytes expressing full-length syntaxin 1A; oocytes expressing
the noninteracting syntaxin 1A resembled oocytes expressing
wild-type GAT1 alone (Fig. 3B).

One explanation for the increase in GAT1 turnover rates by
substrate pretreatment is that substrate dissociates the interac-
tion between GAT1 and syntaxin 1A. To test this hypothesis, and
to examine endogenous regulation by transporter substrates, the
GAT1–syntaxin 1A interaction was examined biochemically in
both oocytes and dissociated hippocampal neurons (Fig. 4).

Fig. 2. Up-regulation of GAT1 turnover number is related to substrate
translocation. (A) Half-maximal effective GABA concentrations necessary to
elicit peak currents and alter turnover rates are similar. Oocytes were express-
ing both GAT1 and syntaxin 1A. Peak GABA-induced currents (F) were calcu-
lated at the GABA concentration shown along the abscissa (12 oocytes).
Turnover rate (E) was calculated before and immediately after 5-min incuba-
tion with the GABA concentration shown along the abscissa (at least 13
oocytes per data point). Peak current data are plotted as the percentage of
peak current measured at 100 �M GABA; turnover rate data are plotted as the
percent of the change in turnover rate induced by 5-min superfusion of 100
�M GABA. (B) Effects of GAT1 substrates and antagonists on GAT1 turnover
rates. Turnover rates were measured by using 300 �M nipecotic acid (F) or 10
�M SKF89976A (E). Data are from 14–18 oocytes per data point, measured
from four oocyte batches. (C) Turnover rates are changed by GABA efflux but
not by intracellular GABA. Thirty seconds before measurement, oocytes ex-
pressing GAT1 and syntaxin 1A were injected with 10 mM GABA. Turnover
rates were then measured for oocytes superfused in the absence (F) or
presence (E) of 10 �M SKF89976A. Data are from 6–9 oocytes per data point,
measured from two oocyte batches.

Fig. 3. Regulation of GAT1 turnover rates depends on GAT1 interactions
with syntaxin 1A. (A) BONT�C1 alters syntaxin 1A’s regulation of GAT1 turn-
over rates. Oocytes were injected with GAT1 cRNA alone (E) or with full-
length syntaxin 1A cRNA (Syn1A-TMD; F). Some oocytes were injected 20 min
before assay with 1 ng of BONT�C1 (�). Data are from 12–14 oocytes per data
point from the same oocyte batch. (B) A syntaxin 1A mutant that does not
interact with GAT1 is not regulated by GABA. Oocytes were injected with
wild-type GAT1 cRNA in combination with full-length syntaxin 1A cRNA
(Syn1A-TMD; F; data replotted from A), a syntaxin 1A mutant containing the
H3 and transmembrane domains (Syn1AH3-TMD; �), and a syntaxin 1A mu-
tant encoding all but the H3 domain (Syn1A�H3-TMD; E). Data are from 8–14
oocytes per data point from three oocyte batches.
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Oocytes were treated with nipecotic acid for various times and
subjected to rapid freezing and homogenization. Nipecotic acid
pretreatment did not alter the amount of GAT1 immunopre-
cipitated from these lysates (Fig. 4A Upper). However, the
amount of syntaxin 1A that precipitated with GAT1 decreased
as the nipecotic acid pretreatment time increased (Fig. 4A
Lower). After 2 min, the amount of syntaxin 1A present in the
GAT1 precipitates was negligible (Fig. 4B); these data are
consistent with the almost complete recovery of turnover rates
to GAT1-alone levels (see Fig. 1B). The dissociation also occurs
when GABA is used (Fig. 4C), with a half-maximal efficacy
similar to that seen for changes in turnover rates (see Fig. 2 A).
A similar result of substrate dissociation is seen in hippocampal
neurons that endogenously express GAT1 and syntaxin 1A (Fig.
4 D and E), although at saturating substrate concentrations,
approximately one-third of the syntaxin 1A remains in a complex
with GAT1. Whether this represents a functional complex that
is refractory to substrate modification, or a nonfunctional com-
plex (e.g., an intracellular association), is not known.

Discussion
GABA transporters are found on neurons and glia (38) and
function to regulate extracellular GABA concentrations through
cotransport of ions down their electrochemical gradient. GABA
uptake inhibitors affect both GABAA and GABAB receptor-
mediated synaptic transmission (39–41), and depolarization can
induce GABA efflux that activates postsynaptic receptors (42).
These data demonstrate a physiological role for GABA trans-
porters and suggest that regulation of GAT1 function is impor-
tant in neuronal signaling. One regulator of GAT1 function is
syntaxin 1A, which acts in part by decreasing transporter turn-
over rates through interactions with the N-terminal tail of GAT1
(18). The present data showing that transporter substrates
increase GAT1 turnover rates only in the presence of syntaxin
1A constructs that interact with GAT1 and that GAT1 substrates
reduce the amount of syntaxin 1A in complex with GAT1 are
consistent with the hypothesis that transporter substrates nega-
tively regulate protein–protein interactions between syntaxin 1A
and GAT1. Thus, transporter turnover rates will increase in
parallel with increasing extracellular substrate concentrations.

A change in the transporter turnover rate is only one mechanism
by which substrates may regulate transporter participation in neu-
ronal signaling. Transporter function also is regulated by rapid
redistribution of the transporter between intracellular locations and
the plasma membrane; triggers for this form of regulation include
transporter substrates. For example, psychostimulants that are
either substrates or antagonists of the serotonin transporter regu-
late the ability or inability, respectively, of the transporter to be
phosphorylated by protein kinase C, and the level of protein kinase
C phosphorylation positively correlates with net transporter inter-

were then immunoblotted for the presence of GAT1 (Upper) and syntaxin 1A
(Lower). (B) Quantification of experiments performed as in A. GAT1 immu-
noreactivity (E) is plotted as a percentage of that obtained before application
of 300 �M nipecotic acid (time � 0). Syntaxin 1A immunoreactivity (F) is
plotted as a percentage of the ratio of syntaxin 1A to GAT1 immunoreactivity
at a given time point compared with the ratio of syntaxin 1A to GAT1
immunoreactivity at time � 0. Data are from three experiments, six oocytes
per data point. (C) Syntaxin dissociation from GAT1 is dependent on substrate
concentration. Experiments are as in A and B, except that oocytes were
superfused with various GABA concentrations (as shown on the abscissa) for
2 min. The amount of syntaxin immunoreactivity at each GABA concentration
is plotted relative to oocytes superfused with saline alone. Data are from three
experiments, six oocytes per data point. (D) Representative immunoblots of
coimmunoprecipitation experiments from hippocampal neurons. Cultures
were treated as described in A. (E) Quantification of experiments performed
as in D. Data are plotted as described for B. Data are from four separate
experiments.

Fig. 4. GAT1 substrates cause a dissociation of GAT1 and syntaxin 1A in
oocytes and hippocampal neurons. (A) Representative immunoblots of coim-
munoprecipitation experiments from oocytes (six oocytes per lane). Oocytes
expressing GAT1 and syntaxin 1A were treated with 300 �M nipecotic acid for
the time period indicated under each blot. Oocytes were then placed on ice,
homogenized, and subjected to precipitation using GAT1 Ab; the precipitates
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nalization (25). In GAT1, both transporter substrates (28) and
syntaxin 1A (33) have been shown to up-regulate surface GAT1
expression. At present, the extent to which substrate-induced
dissociation of GAT1 and syntaxin 1A influences GAT1 trafficking
is not known. The time course of the effects on turnover rates and
trafficking suggest that these regulatory events may be separate.
Transporter substrates are not the only trigger for the dissociation
of GAT1 from syntaxin 1A. Munc18, a syntaxin 1A-binding partner
and component of the synaptic vesicle cycle (43, 44), regulates this
interaction (17). One would predict that Munc18 would act in a
manner similar to GAT1 substrates in the regulation of GAT1
turnover rates.

The inhibition by syntaxin 1A likely occurs because syntaxin 1A
prevents the N-terminal tail of GAT1 to participate normally in the
translocation process (18). The present data are consistent with the
hypothesis that substrates place the transporter in a conformation
in which the N-terminal tail is less likely to interact with syntaxin 1A,
and therefore can presumably participate normally in substrate
translocation. This state-dependent regulation by cell surface sig-

naling molecules of protein–protein interactions is at least concep-
tually similar to that seen in G protein-coupled receptors, in which
agonist occupation of the receptor regulates its binding to G
proteins, kinases, and arrestins (45, 46). The net result of substrate
occupation of the transporter would be to increase substrate
translocation and thus reduce transmitter signaling. This negative
regulation of signaling is consistent with that seen for the interac-
tion of syntaxin 1A and certain calcium channels, where increased
calcium levels lead to an increase in the affinity of the interaction
(47); this interaction in turn reduces calcium channel function
(6–10). Thus, via syntaxin 1A, both calcium channel and transmitter
transporter substrates directly regulate their own permeation, pro-
viding an efficient mechanism by which to negatively regulate
synaptic signaling.

I thank Randy Blakely for initial suggestions regarding this project. This
work was supported by National Institutes of Health Grants DA10509
and MH61468 to M.W.Q. and HD38985 to the University of Alabama
at Birmingham Mental Retardation Research Center.

1. Bennett, M. K., Garcı́a-Arrarás, J. E., Elferink, L. A., Peterson, K., Fleming,
A. M., Hazuka, C. D. & Scheller, R. H. (1993) Cell 74, 863–873.
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