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ABSTRACT
Changes in protease sensitivity of extracellular loop two (EL2)
of the dopamine transporter (DAT) during inhibitor and sub-
strate binding were examined using trypsin proteolysis and
epitope-specific immunoblotting. In control rat striatal mem-
branes, proteolysis of DAT in a restricted region of EL2 was
produced by 0.001 to 10 �g/ml trypsin. However, in the pres-
ence of the dopamine uptake blockers [2-(diphenylmethoxyl)
ethyl]-4-(3phenylpropyl) piperazine (GBR 12909), mazindol,
2�-carbomethoxy-3�-(4-flourophenyl)tropane (�-CFT), nomi-
fensine, benztropine, or (�)-cocaine, 100- to 1000-fold higher
concentrations of trypsin were required to produce comparable
levels of proteolysis. Protease resistance induced by ligands
was correlated with their affinity for DAT binding, was not
observed with Zn2�, (�)-cocaine, or inhibitors of norepine-
phrine or serotonin transporters, and was not caused by altered
catalytic activity of trypsin. Together, these results support the

hypothesis that the interaction of uptake inhibitors with DAT
induces a protease-resistant conformation in EL2. In contrast,
binding of substrates did not induce protease resistance in EL2,
suggesting that substrates and inhibitors interact with DAT
differently during binding. To assess the effects of EL2 proteo-
lysis on DAT function, the binding and transport properties of
trypsin-digested DAT were assayed with [3H]CFT and [3H]do-
pamine. Digestion decreased the Bmax for binding and the Vmax
for uptake in amounts that were proportional to the extent of
proteolysis, indicating that the structural integrity of EL2 is
required for maintenance of both DAT binding and transport
functions. Together this data provides novel information about
inhibitor and substrate interactions at EL2, possibly relating the
protease resistant DAT conformation to a mechanism of trans-
port inhibition.

The dopamine transporter (DAT) is a Na�/Cl�-dependent
transport protein responsible for clearing synaptic dopamine.
DAT is a site of action for psychostimulant and therapeutic
drugs (Kuhar et al., 1991) and shares significant structural
and functional homology with the norepinephrine (NET),
serotonin (SERT), and �-aminobutyric acid transporters.
DAT is predicted to contain 12 transmembrane domains
(TMs) connected by internal and external loops (ILs and
ELs), the largest of which, EL2, between TMs 3 and 4, con-
tains N-linked carbohydrates and a putative disulfide bond
(Fig. 1). Little is known about the three-dimensional struc-
ture of DAT, spatial orientation of helices, or functions of

connecting loops. It is presumed that closely positioned TM
helices provide a pathway for substrates through the lipid
bilayer and that transport occurs in response to conforma-
tional changes in TMs and loops; how these movements are
accomplished and how uptake blockers such as cocaine inter-
fere with transport remain unknown.

Mutagenesis and chimera studies have identified residues
or domains in TMs 1 to 3 and TMs 5 to 8 that contribute to
inhibitor binding or substrate transport (reviewed in Chen
and Reith, 2000). Our group has shown that structurally
different irreversible DAT uptake blockers become incorpo-
rated into TMs 1 to 2, 4 to 6, or both regions (Vaughan et al.,
1999, 2001; Vaughan and Kuhar, 1996), consistent with
these domains being in close proximity. Together these stud-
ies indicate that residues contributing to active sites on DAT

This work was supported by National Institute on Drug Abuse grants
F31-DA14857 (to J.D.G.) and DA13147 (to R.A.V.).

ABBREVIATIONS: DAT, dopamine transporter; NET, norepinephrine transporter; SERT, serotonin transporter; TM, transmembrane domain; EL,
extracellular loop; IL, intracellular loop; SP, sucrose/sodium phosphate; o.w.w., original wet weight; PVDF, polyvinylidene difluoride; BSA, bovine
serum albumin; PBS, phosphate-buffered saline; IGEPAL-CA-630, (octylphenoxy)polyethoxyethanol; mAb, monoclonal antibody; TAME, p-
toluenesulphonyl-L-arginine methyl ester; GBR 12909, [2-(diphenylmethoxy)ethyl]-4-(3phenylpropyl) piperazine; �-CFT, 2�-carbomethoxy-3�-(4-
flourophenyl)tropane; 125I-RTI82, 125I-3�-(p-chlorophenyl)-tropane-2�-carboxylic acid, 4�-azido-3�-iodophenylethyl ester; DiBAC4(3), bis-(1,3-
dibutylbarbituric acid)trimethine oxonol.

0026-895X/04/6503-692–701$20.00
MOLECULAR PHARMACOLOGY Vol. 65, No. 3
Copyright © 2004 The American Society for Pharmacology and Experimental Therapeutics 2948/1132902
Mol Pharmacol 65:692–701, 2004 Printed in U.S.A.

692



for transport or inhibitor binding are found throughout the
primary sequence in regions that flank EL2 but are juxta-
posed in the native protein.

EL2 is the largest loop in the cocaine-sensitive neurotrans-
mitter transporters, but its function in these proteins has not
been extensively characterized. Chimeras in which EL2 of
SERT was replaced with that of NET displayed dramatically
reduced serotonin transport activity with no pronounced
change in ligand binding pharmacology (Stephan et al., 1997;
Smicun et al., 1999), suggesting that it does not directly
contribute to inhibitor binding but helps to maintain TM
structural relationships necessary for substrate transloca-
tion. A requirement for precise EL2 structure in DAT is also
suggested by studies showing that mutation of tryptophan
and glutamate residues in EL2 led to loss of activity and/or
cell-surface expression (Chen et al., 2001).

In previous studies of photolabeled DATs, we found that
despite its extensive post-translational modifications, EL2
was the most sensitive site on the protein to proteolysis
(Vaughan, 1995; Vaughan and Kuhar, 1996; Vaughan et al.,
2001). Tryptic digestion of rat striatal membrane suspen-
sions generate a 45-kDa fragment of DAT that contains the
N-terminal tail and N-linked carbohydrates, but not EL2
antibody epitope 5 (Fig. 1), and a 32-kDa fragment that is not
glycosylated but contains epitopes for both antibody 5 and
the C-terminal tail (Vaughan, 1995; Vaughan and Kuhar,
1996). Thus, the initial site of tryptic proteolysis in DAT
occurs in EL2 between the consensus glycosylation sites and
the epitope 5, most likely at Arg218, although we cannot rule
out the possibility that Arg227 within epitope 5 is cleaved.
Proteolysis at one or both of these residues separates DAT
into essentially N- and C-terminal halves, and further pro-
teolysis at tryptic sites in IL1 and other loops occurs only
after EL2 cleavage. The initial inaccessibility of these secon-
dary protease sites suggests that DAT possesses a compact
structure that relaxes after EL2 cleavage, leading to in-
creased accessibility of other loops. We also found a pattern of
increasing EL2 protease resistance that correlated with the
extent of photoaffinity label incorporation in the TM 4 to 6
domain, suggesting that binding of ligands induced alterna-

tive conformations in EL2 (Vaughan et al., 2001). However,
the lack of ability to assess proteolysis of nonlabeled DAT in
these studies and the limited number of available irrevers-
ible ligands precluded further characterization of this effect.

We have now extended these observations using an
epitope-specific immunoblot assay to detect EL2 proteolysis
and examine the effects of reversible binding of a wide range
of DAT inhibitors. We have identified a protease resistant
state in EL2 that is promoted by uptake inhibitors but not
substrates, and we showed that DAT binding and transport
are profoundly inhibited by EL2 cleavage. These results pro-
vide novel information about DAT function, potential confor-
mations induced by inhibitors and substrates, and indicate a
crucial role for EL2 in binding and transport activities.

Materials and Methods
Tissue Preparation and Proteolysis. For membrane prepara-

tions, male Sprague-Dawley rats (175–300 g) were decapitated, and
the striata were quickly removed, weighed, and placed in ice-cold
sucrose phosphate (0.32 M sucrose and 10 mM sodium phosphate,
pH 7.4) (SP) buffer. The tissue was homogenized with a Polytron
PT1200 homogenizer (Kinematica, Basel, Switzerland) for 10 to 12 s
and centrifuged at 20,000g for 10 min at 4°C. The resulting pellet
was washed twice and resuspended to 20 mg/ml original wet weight
(o.w.w.) in ice-cold SP buffer. Proteolysis was started by addition of
equal volumes (typically 25 �l each) of membranes and 2� trypsin
stock prepared in SP buffer, and samples were gently mixed and
incubated for 10 min at 22°C. Proteolysis was quenched by addition
of 1 vol of 1 mg/ml trypsin inhibitor prepared in SP buffer, mem-
branes were centrifuged at 15,000g for 8 min at 4°C, and the super-
natant was removed. The resulting pellet was solubilized in sample
buffer (2% SDS, 10% glycerol, 100 mM dithiothreitol, 60 mM Tris-
HCl, pH 6.8) at 20 mg/ml o.w.w. and subjected to electrophoresis and
immunoblotting.

Immunoblot Analysis. Solubilized striatal membrane samples
(25 �l) were loaded onto 10% Tris/glycine polyacrylamide minigels,
and proteins were separated by electrophoresis at 125 V for 1.5 h.
After electrophoresis, proteins were transferred to 0.2-�m PVDF
membranes for 2 h at 100 V in 4°C transfer buffer (10% methanol,
0.01% SDS, 100 mM glycine, and 10 mM Tris base) rinsed with
Milli-Q water, and allowed to air dry. The membranes were hydrated

Fig. 1. Schematic diagram of the rat dopamine trans-
porter showing antibody epitopes and potential EL2 tryp-
sin proteolysis sites. The amino acid sequence and pre-
dicted transmembrane topology of rDAT are shown with
the extracellular face of the protein at the top and cylin-
ders indicating putative positions of transmembrane-
spanning helices. The epitopes for monoclonal Ab 16,
antibody 5, and C-terminal antibody are outlined and
labeled. The potential trypsin proteolysis sites in EL2,
arginines 218 and 227, are circled and numbered. Cys-
teines 180 and 189 are indicated as disulfide bonded, and
consensus N-glycosylation sites are designated with
branched structures.
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with methanol and blocked with 3% bovine serum albumin (BSA) in
10 mM phosphate-buffered saline (PBS) for 1.5 h followed by 5%
nonfat dry milk in PBS for 0.5 h. Membranes were rinsed twice with
wash buffer (PBS with 0.1% IGEPAL-CA-630) and once with PBS. A
mouse monoclonal antibody (mAb) was generated by Cell Essentials
(Boston, MA) against synthetic peptide 16 containing amino acids 42
to 59 of the rat DAT N-terminal tail (mAb 16). A polyclonal goat
antibody raised against amino acids 601 to 620 in the C-terminal tail
of human DAT that cross-reacts with rDAT was purchased from
Research Diagnostic Inc. (Flanders, NJ). Antibodies were diluted
1:1000 (mAb 16) or 1:100 (anti-hDAT) in blocking buffer (3% BSA in
PBS) and incubated with the membrane for 1 h at 22°C, followed by
four rinses with wash buffer and one rinse with PBS. Anti-mouse or
anti-goat IgG antibodies linked to alkaline phosphatase were diluted
1:5000 in blocking buffer and incubated with the membrane for 1 h
at 22°C, followed by four rinses with wash buffer and one rinse with
PBS. The membranes were developed 5 to 10 min using the alkaline
phosphatase substrate, 5-bromo-4-choloro-3-indolyl phosphate/nitro
blue tetrazolium until a strong signal was obtained, then rinsed
twice with water, air dried, scanned, and quantitated.

Specificity of fragment immunostaining was verified by presorb-
ing mAb 16 with 30 �g/ml peptide 16, using peptide 5 (amino acids
225–236) as a negative control. For each experiment, control and
treated samples were prepared, electrophoresed, transferred, and
immunoblotted exactly in parallel so that signal intensities would be
quantitatively comparable. Tissue linearity experiments performed
by diluting solubilized membrane preparations in 60% increments
verified that the signal intensity was linear between 0.1 and 10
mg/ml tissue (not shown).

Deglycosylation Analysis. Rat striatal membranes treated with
or without trypsin followed by trypsin inhibitor, were washed by
centrifugation, resuspended in SP buffer, and incubated with 1.5
units of glycopeptidase-F for 18 h at 22°C. The membranes were
washed twice with SP, solubilized at 20 mg/ml o.w.w. in sample
buffer, and immunoblotted.

Inhibitor Binding. For uptake inhibitor single point assays,
striatal membranes suspended in SP buffer were incubated with
saturating concentrations (2 �M) of DAT uptake inhibitors for 1 h on
ice, followed by addition of 3 ng/ml-3 mg/ml trypsin for 10 min at
22°C. For saturation analysis of dopamine uptake inhibitors, mem-
branes were incubated with 3 pM-30 �M of the indicated dopamine
uptake inhibitors for 1 h on ice, followed by addition of 3 �g/ml
trypsin for 10 min at 22°C. For both procedures, proteolysis was then
quenched by addition of 1 mg/ml trypsin inhibitor, centrifugation at
20,000g, removal of supernatants, and solubilization of membranes
at 20 mg/ml o.w.w. in sample buffer.

Trypsin Activity Assay. The trypsin substrate p-toluenesulpho-
nyl-L-arginine methyl ester (TAME) was used to assay the activity of
1 ng of trypsin in the presence or absence of 5 �M cocaine, GBR
12909, mazindol, �-CFT, or dopamine. Hydrolysis of TAME to p-
toluenesulphonyl-L-arginine was measured by monitoring absor-
bance at 247 nm for 10 min. The increase in absorbance was plotted
as a function of time and the rate of enzymatic activity was calcu-
lated from the slope between t � 1 and t � 8.

Quantitation of Fragments. Immunoblots were scanned at 600
dpi with an Epson Perfection 12000U scanner (Epson America, Long
Beach, CA) and saved as grayscale TIF images. Grayscale values
were converted to Boehringer light units by LumiAnalyst 3.0 soft-
ware. Digestion was quantitated by dividing the immunoreactivity of
the 80-kDa DAT form by the total immunoreactivity (both 45- and
80-kDa fragments) in each lane and expressed as percentage of
control (no trypsin). This method allowed correction for the low
amount of endogenous proteolysis obtained in some experiments,
and served as an internal loading and transfer control.

[3H]CFT Binding. Rat striatal membranes were treated with or
without 1 �g/ml-1 mg/ml trypsin for 10 min at 22°C, followed by
addition of 1 mg/ml trypsin inhibitor, centrifugation, and removal of
supernatant. Pellets were resuspended in ice-cold binding buffer (50

mM Tris-HCl and 50 mM NaCl, pH 7.4) to a concentration of 6 mg/ml
o.w.w. Triplicate samples of membranes were incubated on ice with
2 nM [3H]CFT for 2 h followed by rapid vacuum filtration using a
Brandel tissue harvester over Whatman GF/B glass fiber filters
soaked for 2 h in 0.1% BSA. Nonspecific binding was determined by
addition of 100 �M cocaine to the binding buffer. For saturation
analysis of [3H]CFT binding, membranes treated with or without 10
�g/ml trypsin were prepared as above, followed by incubation with 2
nM [3H]CFT in the presence of 1 to 1000 nM unlabeled CFT. Filtered
radioactivity was counted in a scintillation counter (model 1600;
Beckman Coulter, Fullerton, CA) at 45% efficiency. Aliquots of each
sample were subjected to immunoblotting to determine extent of
digestion.

[3H]Dopamine Uptake. P2 synaptosomal fractions were pre-
pared in SP buffer from freshly dissected rat striatum using stan-
dard procedures (Krueger, 1990), and were resuspended to 6 mg/ml
o.w.w. in ice-cold SP buffer. Aliquots were dispensed into assay tubes
and dopamine uptake assays were performed in triplicate in modi-
fied-Krebs phosphate buffer (126 mM NaCl, 4.8 mM KCl, 16 mM
potassium phosphate, 1.4 mM MgSO4, 10 mM glucose, 1.1 mM
ascorbic acid, and 1.3 mM CaCl2, pH 7.4) as described previously
(Vaughan et al., 1997). [3H]Dopamine was 10 nM and unlabeled
dopamine concentrations varied from 1 to 800 nM. Nonspecific bind-
ing was determined by addition of 100 �M cocaine to the uptake
buffer. Uptake assays were started by addition of 100 �l of synapto-
somes to the reaction tube and incubation for 5 min at 30°C. Uptake
was stopped by addition of 5 ml of ice-cold SP buffer and samples
were immediately vacuum-filtered using a Brandel tissue harvester
over a Whatman GF/B filter soaked for 2 h in 0.1% BSA. Filters were
counted using a Beckman model 1600 liquid scintillation counter
with 45% efficiency. Data were analyzed by nonlinear regression
using Prism 3.0 software (GraphPad Software, San Diego, CA). Ali-
quots of each sample were subjected to immunoblotting to determine
extent digestion.

Membrane Potential Measurements. Rat striatal synapto-
somes were isolated according to (Dodd et al., 1981) and membrane
potential was detected by fluorescence as described by Blaustein and
Goldring (1975). Briefly, rats were decapitated, the striatum dis-
sected, and dispersed with a Teflon-glass homogenizer in ice-cold
0.32 M sucrose. Cellular debris was removed by centrifugation at
5100 rpm in a 70.1 titanium rotor (w2t setting 1.57 � 108 rad2/s). The
resulting supernatant was layered onto 4 ml of 1.2 M sucrose, cen-
trifuged with a 70.1 titanium rotor (50,000 rpm; w2t setting 1.60 �
1010 rad2/s), and the interface was collected and diluted to 7 ml with
0.32 M sucrose. This suspension was layered onto 4 ml of 0.8 M
sucrose and centrifuged under the identical conditions and the pellet
(P2) was collected. The centrifugation steps remove approximately
96% of the mitochondria and 97% of the myelin and microsomes from
the final P2 pellet, which contains approximately 50% synaptosomes
(Dodd et al., 1981). The P2 pellet was resuspended with 1 ml of 0.32
M sucrose and gradually transferred to a physiological buffer (Na �
5K), consisting of 132 mM NaCl, 5 mM KCl, 1.2 mM CaCl2, 1.3 mM
MgCl2, 1.2 mM NaH2PO4, 10 mM glucose, and 20 mM Tris/succinate,
pH 7.4, by adding 5 to 10 volumes over 5 min. The resulting synap-
tosome suspension was centrifuged at 9000g for 5 min and the pellet
resuspended into 1 ml of Na � 5K buffer. Protein content was
determined with a Bradford assay, and the protein concentration
was adjusted to 4 mg/ml.

Fluorescence of bis-(1,3-dibutylbarbituric acid)trimethine oxonol
(DiBAC4(3)) was measured using a Shimadzu RF-540 fluorospectro-
photometer with a DR-3 data recorder. DiBAC4(3) was excited at 493
nm and its emission at 512 nm was measured as a function of time.
Each cuvette contained 3 ml of Na � 5K buffer (37°C), 6 �l of 2 mM
DiBAC4(3), 100 �l of synaptosomes, and 30 �l of buffer or trypsin.
The fluorescence was measured for 8 min followed by depolarization
of synaptosomes with 30 mM KCl. Complete depolarization of syn-
aptosomes was confirmed by adding Gramicidin D (9.3 �g/ml) to each
cuvette 2 min after addition of KCl.
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Materials. N-Tosyl phenylalanine chloromethyl ketone-treated
trypsin and trypsin assay kit were purchased from Worthington
Biochemicals (Freehold, NJ). Bovine serum albumin, Tris base, and
sodium phosphate were from Fisher Scientific (Pittsburgh, PA). GBR
12909, �-CFT, nomifensine, mazindol, benztropine, and (�)-cocaine
were from Sigma/RBI (Natick, MA). DiBAC4(3) was purchased from
Molecular Probes (Eugene, OR). (�)-Cocaine was a generous gift
from Maarten E. A. Reith (New York University School of Medicine,
New York, NY). [3H]CFT was from PerkinElmer Life and Analytical
Sciences (Boston, MA) and [3H]dopamine was from Amersham Bio-
sciences (Piscataway, NJ). All other chemicals were from Sigma (St.
Louis, MO).

Results
Immunoblot Detection of Trypsin Fragments. We

have produced a monoclonal antibody (mAb 16) that recog-
nizes N-terminal epitope 16 of DAT (Fig. 1) and have used
this to detect N-terminal fragments produced by tryptic di-
gestion. To validate the similarity of the fragments visual-
ized with immunoblotting to those observed with photoaffin-
ity labeling, samples were subjected to N- and C-terminal
immunoblotting, peptide blocking, and enzymatic deglycosy-
lation (Fig. 2).

Striatal membranes were treated with or without trypsin and
analyzed by immunoblotting with N- or C- terminal antibodies
(Fig. 2A). In untreated membranes, a single protein of approx-
imately 80 kDa (Fig. 2A, arrow a) is detected with both anti-
bodies. This band is not detected with these antibodies in cer-
ebellar membranes or in cultured cells that do not express DAT
(not shown), verifying that the immunoreactivity represents
DAT. Treatment of membranes with 1 and 10 �g/ml trypsin
results in production of a 45-kDa fragment (Fig. 2A, arrow b)
that is similar to the N-terminal fragment observed previously
from DAT photoaffinity-labeled with the GBR analog, [125I]1-
[2-(diphenylmethoxy)ethyl]-4-[2-(4-azido-3-iodophenyl)ethyl]
piperazine (Vaughan, 1995; Vaughan and Kuhar, 1996). A mi-
nor amount of a 14-kDa fragment that occurs because of prote-
olysis of arginines and lysines in IL1 is produced at higher
trypsin concentrations (Fig. 2A, arrow d). The same prepara-
tions immunoblotted with the C-terminal antibody and shows
production of a single 32-kDa fragment (Fig. 2A, arrow c),
similar to that generated from DATs labeled with the irrevers-
ible cocaine analog [125I]RTI82 (Vaughan, 1995; Vaughan and
Kuhar, 1996). Antiserum 5, generated against residues 225 to
237 in EL2 was not useful for immunoblotting DAT fragments

in the present study but does immunoprecipitate the
[125I]RTI82–labeled 32-kDa fragment, indicating that the
epitope was present on the immunoblotted fragment. The im-
munological specificity of the 45-kDa fragment was verified by
preabsorption of the primary antibody with the immunogenic
peptide (Fig. 2B). Inclusion of peptide 16 with the primary
antibody eliminated the staining of the full-length DAT and the
45-kDa fragment, while incubation with nonantigenic peptide 5
had no effect. In C, trypsin-digested striatal membranes were
treated with or without glycopeptidase-F. The untreated sam-
ple shows the full-length protein and the 45-kDa fragment
(arrows on left). The masses of the full-length DAT protein and
the 45-kDa fragment were reduced by 20 to 25 kDa after gly-
copeptidase-F treatment (arrows on right), indicating that they
had been deglycosylated. This is consistent with our demonstra-
tion of N-linked glycosylation on the [125I]1-[2-(diphenylme-
thoxy)ethyl]-4-[2-(4-azido-3-iodophenyl)ethyl] piperazine-
labeled 45-kDa fragment (Vaughan and Kuhar, 1996) and
shows that proteolysis of EL2 is occurring C-terminal to the
consensus glycosylation sites. The mass of the deglycosylated
tryptic fragment was approximately 25 kDa, also consistent
with proteolysis probably occurring at Arg218 or Arg227, which
are the only tryptic sites in EL2. This proteolytic pattern is the
same as that of the photoaffinity-labeled protein and indicates
that the 45- and 32-kDa fragments represent most or all of the
N- and C-terminal halves of the protein, respectively. Thus, for
most experiments, low concentrations of trypsin were used to
restrict the proteolysis of DAT to this region of EL2.

Uptake Inhibitors Protect DAT from Proteolysis. To
examine the effects of uptake inhibitors on proteolysis of
EL2, rat striatal membranes were incubated with various
transport blockers followed by digestion of DAT with multi-
ple low concentrations of trypsin and analysis of fragments
by immunoblotting with mAb 16. The experiments shown in
Fig. 3 demonstrate that cocaine exerts a pronounced ste-
reospecific effect on the extent of EL2 proteolysis. A shows an
immunoblot of DAT digested with trypsin in the presence
and absence of (�)- or (�)-cocaine. In the absence of cocaine,
production of the 45-kDa fragment was apparent at 0.01
�g/ml trypsin and increased steadily up to the highest pro-
tease concentration used (10 �g/ml). In the presence of 2 �M
(�)-cocaine, however, DAT proteolysis was strongly reduced,
with less than control levels of the fragment obtained at 10
�g/ml trypsin and only minor amounts of the fragment de-

Fig. 2. Detection of N- and C-terminal tryptic fragments by immunoblotting. A, rat striatal membranes were treated with or without 1 or 10 �g/ml
trypsin, separated on a 10% Tris/glycine gel and transferred to PVDF membranes. Membranes were immunoblotted with N-terminal mAb 16 or a
C-terminal antibody as indicated. Full-length DAT migrates at 80 kDa (arrow a), N-terminal proteolytic fragments migrate at approximately 45 and
14 kDa (arrows b and d), and a single C-terminal fragment migrates at 32 kDa (arrow c). B, rat striatal membranes were treated with or without 1
�g/ml trypsin, followed by immunoblotting with mAb 16 in the presence of no addition, 30 �g/ml peptide 16, or 30 �g/ml peptide 5. C, rat striatal
membranes were digested with 1 mg/ml trypsin followed by treatment with glycopeptidase-F and immunoblotting with mAb 16. Arrows on the left
indicate full-length DAT and the 45 kDa fragment; arrows on the right indicate the deglycosylated forms of full-length DAT and the proteolytic
fragment.
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tectable at 0.1 to 1 �g/ml trypsin. Incubation of membranes
with the inactive stereoisomer (�)-cocaine had no effect, in
that the fragment was produced at the lower trypsin doses
effective in the control membranes and at levels comparable
with the control samples. Quantitation of these results in B
shows that 100-fold more trypsin was required to produce
comparable amounts of DAT proteolysis in the presence of
(�)-cocaine, indicating that cocaine binding to DAT results in
protease resistance in EL2.

To verify the specificity of these results for DAT ligands, we
examined DAT proteolysis in the presence of uptake blockers
for NET and SERT (Fig. 4). In the absence of exogenous
ligand, 0.1 �g/ml trypsin produced a 22% greater level of
DAT digestion compared with the untreated sample with
endogenous proteolysis. In the presence of 2 �M imipramine
or desipramine, the same levels of DAT proteolysis EL2 oc-
curred, whereas addition of the cocaine analog �-CFT in-
duced significant protease resistance, consistent with the
effect being induced by ligand binding to DAT.

To determine whether this effect was specific for cocaine or
extended to other uptake blockers, we examined a wide range
of structurally diverse dopamine uptake blockers, including
mazindol, GBR 12909, �-CFT, benztropine, and nomifensine,
for their effects on DAT proteolysis (Fig. 5). Representative
immunoblots of each ligand are shown at the left, and quan-
titation of three or more experiments with each ligand is
shown at the right. Each inhibitor tested induced protease
resistance that was 100- to 1000-fold more resistant to pro-
teolysis than control. The uptake blockers themselves had no
effect on the ability of trypsin to proteolyze the synthetic
substrate TAME (not shown), demonstrating that the re-
duced proteolysis induced by ligands was not caused by de-
creased trypsin catalytic activity. Interestingly, Zn2�, which
also inhibits dopamine uptake (Norregaard et al., 1998), did
not induce protease resistance (Fig. 5), suggesting that Zn2�

and the classic DAT uptake inhibitors prevent transport by
different molecular mechanisms.

To further verify that the change in proteolysis was caused
by ligand binding, we examined the ligand concentration at
which protease resistance was induced at a fixed concentra-
tion of trypsin (1 �g/ml). This concentration was chosen be-
cause it generated the greatest difference in extent of diges-
tion between control and inhibitor-treated preparations.
Membrane suspensions were incubated with 10�12 to 10�3 M
concentrations of each uptake inhibitor followed by digestion
with trypsin (Fig. 6). Fig. 6A shows a representative immu-
noblot obtained using (�)-cocaine as the ligand. In the ab-
sence of ligand, there is robust production of the 45-kDa
fragment, which is defined as 100% digestion. Production of
the fragment is strongly reduced in the presence of 1 mM
(�)-cocaine but increases as the (�)-cocaine concentration is
decreased until control fragment levels are obtained at 1 to
10 nM ligand. Similar results, shown quantitatively in Fig.
6B, were obtained with GBR 12909, mazindol, and �-CFT.
All of the tested compounds induced protease resistance be-
tween 0.01 and 1 �M, roughly correlating with their affinities
for binding to DAT (Heikkila and Manzino, 1984; Reith and
Selmeci, 1992; Wiener and Reith, 1992). A low reproducible
level of protease protection was produced by extreme sub-
nanomolar concentrations of GBR 12909. Because these lev-
els are below the binding affinity for DAT, they may reflect
nonspecific effects of the compound on the membrane or
other uncharacterized properties.

Substrates Do Not Protect DAT against Proteolysis.
We then used the protease assay to examine the effects of
substrate binding to DAT, using experimental conditions
that do not support substrate transport. Membrane potential
necessary for transport was disrupted by shearing the tissue
with a Polytron homogenizer in low-ionic-strength buffer
containing no Cl� (0.32 M sucrose, 18 mM Na�, and 10 mM
PO4, pH 7.4). Membranes were digested with trypsin in the
presence or absence of 10 �M dopamine, amphetamine, or
methamphetamine, followed by immunoblotting with mAb
16 (Fig. 7). Parallel samples were treated with 2 �M GBR
12909 as a positive control for protease protection. Represen-
tative immunoblots are shown in Fig. 7A, and quantitated
averages are shown in Fig. 7B. There was no significant
difference in the extent of EL2 proteolysis in the presence of
any of the substrates tested, whereas aliquots of the same
membranes incubated with GBR 12909 showed substantial
protease resistance.

Fig. 3. Cocaine induces EL2 protease resistance in a stereospecific man-
ner. Rat striatal membranes were digested with the indicated concentra-
tions of trypsin in the presence or absence of 2 �M (�)- or (�)-cocaine.
Full-length DAT and its proteolytic fragments were separated on 10%
tris/glycine gels, transferred to PVDF, and immunoblotted with mAb 16.
A, representative immunoblot of samples with mAb16. B, densitometric
quantitation of the immunoblot shown in A. This experiment has been
replicated three times with similar results.

Fig. 4. NET and SERT specific uptake inhibitors do not induce EL2
protease resistance. A, rat striatal membranes were incubated in the
presence or absence of 2 �M imipramine, desipramine, or �-CFT, then
digested with 0.1 �g/ml trypsin. Full-length DAT and its proteolytic
fragments were separated on 10% tris/glycine gels, transferred to PVDF,
and immunoblotted with mAb 16. B, quantitation of immunoblot data,
shown as mean � S.E. of two independent experiments. *, p � 0.001,
statistically different from control value.
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Binding and Transport Activities of DAT Are Inhib-
ited by EL2 Proteolysis. Because these experiments sug-
gested the presence of a conformational link between EL2
and the binding site for uptake blockers, we then examined
the ability of DAT to function after EL2 proteolysis. The
concentrations of trypsin used in these experiments produced
primarily N- and C-terminal halves of the protein, and it is
possible that the resulting domains would remain associated
and continue to function, as has been found for some trans-
membrane proteins (Bibi and Kaback, 1990; Loo and Clarke,
1994; Juul et al., 1995; Adamo et al., 2000). To address this
question, the binding and uptake properties of the digested
transporter were studied in membranes and synaptosomes,
respectively.

For analysis of binding, striatal membrane suspensions
were treated with or without varying concentrations of tryp-
sin for 10 min, and proteolysis was quenched with trypsin
inhibitor and the trypsin removed by centrifugation. Mem-
branes were resuspended in SP buffer, and aliquots were
subjected to immunoblotting to determine the extent of DAT
proteolysis (Fig. 8A) or were assayed for their ability to bind
[3H]CFT (Fig. 8B). The results show increasing levels of DAT
proteolysis with increasing trypsin, with no obvious produc-
tion of smaller fragments at higher trypsin concentrations.
The same samples displayed [3H]CFT binding activity that
decreased proportionally with the extent of DAT digestion
(Fig. 8B). Saturation analysis of [3H]CFT binding after DAT
digestion at 1 mg/ml trypsin showed a 71% decrease in Bmax

(392 fmol/mg o.w.w. tissue for control, 114 fmol/mg o.w.w.
tissue for treated) with no change in the Kd for CFT binding.
These results are consistent with a loss of binding activity in
the proteolyzed proteins and indicate that the integrity of
EL2 is required for binding to occur.

To assay the effects of EL2 proteolysis on uptake, intact
synaptosomes prepared from rat striatum were digested with
1 to 100 �g/ml trypsin for 10 min and assayed for uptake
using [3H]DA (Fig. 9A). As with binding, there was a strong
dose-dependent reduction in transport activity even at low
trypsin concentrations. To determine the basis for this reduc-
tion in uptake, a dopamine uptake saturation analysis was
performed for synaptosomes treated with or without 1 mg/ml
trypsin (Fig. 9B). The Vmax and Km from the control synap-
tosomes were 0.76 � 0.04 pmol/mg tissue (o.w.w.) and 51.8 �

10.1 nM, and the respective values from trypsin-treated syn-
aptosomes were 0.3 � 0.02 pmol/mg tissue (o.w.w.) and
161.4 � 32.9 nM. Aliquots of the samples removed for immu-
noblotting showed 64% digestion of DAT, with little to no
proteolysis occurring in regions outside EL2 (Fig. 9C), com-
parable with the 61% reduction in dopamine transport Vmax.
These results are therefore consistent with a loss of transport
activity after cleavage of EL2. Whether this occurs at the step
of DA binding to DAT or at a later step in translocation
cannot be determined because of the inability of the digested
transporter to bind [3H]CFT.

Trypsin-Treated Synaptosomes Retain Their Mem-
brane Potential. To verify that the reduced DA transport
activity in these samples was caused by cleavage of DAT and
not by a loss of membrane potential as a result of proteolysis
of ion pumps or channels, we assayed the membrane poten-
tial of control and trypsin-treated synaptosomes using the
anionic lipophilic dye, DiBAC4(3). Under depolarizing condi-
tions, this and related fluorophores display increased fluo-
rescence because of association with plasma membrane and
intracellular proteins (Brauner et al., 1984; Ohkuma et al.,
2001; Zhang et al., 2001) and have been used to monitor the
membrane potential of whole brain synaptosomes (Blaustein
and Goldring, 1975).

Figure 10 shows fluorescence traces of control and trypsin-
treated rat striatal synaptosomes. The DiBAC4(3) alone (ar-
rowhead) fluoresces slightly and addition of synaptosomes to
the cuvette produces baseline “synaptosomal fluorescence”
(Blaustein and Goldring, 1975), which is most probably
caused by light diffraction from particulates in the solution.
Control assays showed that this baseline fluorescence was
achieved within 10 s and was stable over the time course of
these experiments. To determine whether trypsin affected
the synaptosomal membrane integrity, identical aliquots of
tissue were incubated with the dye until the baseline was
established, then treated with either buffer (control) or 100
�g/ml trypsin for 8 min. The samples were stirred after 5 min
to ensure that no synaptosome settling had occurred. In two
independent experiments, there was no difference between
the baseline fluorescence of control and trypsin-treated syn-
aptosomes, indicating that trypsin alone did not lead to a loss
of membrane electrochemical potential. Eight min after the
addition of either buffer or trypsin, 30 mM KCl was added to

Fig. 5. Multiple dopamine uptake inhibitors induce EL2
protease resistance. A, rat striatal membranes were in-
cubated in the presence or absence of 2 �M dopamine
uptake inhibitors or 10 �M ZnCl2, and then were digested
with increasing concentrations of trypsin. Full-length
DAT and its proteolytic fragments were separated on 10%
tris/glycine gels, transferred to PVDF membranes, and
immunoblotted with mAb 16. B, quantitation of immuno-
blot data, shown as mean � S.E. of three independent
experiments.
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the cuvette to depolarize the synaptosomes. Both control and
trypsin-treated samples displayed immediate and equal in-
creases in fluorescence, indicating the same degree of depo-
larization occurred in both samples, and providing further
evidence that synaptosomal membrane potential was not
affected by trypsin. The cationic ionophore, Gramicidin D
produced the same effect as KCl in treated and untreated
synaptosomes (data not shown), and adding Gramicidin D
after KCl produced no further fluorescence changes (Fig.
10A) verifying that the synaptosomes were fully depolarized.
The synaptosomal samples analyzed in A were subjected to
immunoblot analysis (Fig. 10B) to verify the trypsin treat-
ment resulted in DAT proteolysis. These data strongly sup-
port the hypothesis that the loss of DA transport activity in
these synaptosomes is caused by proteolysis of DAT EL2.

Discussion
These results show that proteolysis of DAT by trypsin

probably occurs at Arg218 and/or Arg227 in EL2 and is signif-
icantly reduced when dopamine uptake blockers are bound to
the protein. Multiple potential mechanisms or combinations
thereof would explain these results. One possibility is that
inhibitor binding to DAT induces a conformational change in
EL2 that results in loss of Arg218 and/or Arg227 accessibility
to trypsin. Cocaine binding to hDAT has been shown to
induce changes in the accessibility of Cys90 in EL1, Cys135 in
IL1, and Cys342 in IL3 (Reith et al., 1992; Ferrer and Javitch,
1998); to our knowledge, however, the present results are the
first to implicate ligand-induced conformational changes oc-
curring in EL2. In addition, cocaine binding increased the
accessibility of the extracellular facing cysteines in ELs 1 and
3, whereas our results demonstrate that uptake blockers
reduce EL2 accessibility. A related possibility is that ligand
binding induces a conformational change in a different region
of DAT that reduces trypsin access to Arg218 and/or Arg227.

Alternatively, it is possible that bound uptake inhibitors
prevent proteolysis by direct or indirect steric hindrance of
the protease site. Indirect effects could occur if inhibitors
bind at a site other than EL2 in such a way that they limit
trypsin access to the EL2 site. A direct effect would occur if
Arg218 and/or Arg227 participated in binding so that the li-
gand itself covered the cleavage site. Although the binding
site for DAT ligands is currently unknown, several lines of
evidence are compatible with inhibitor binding occurring in
TM spanning domains (Giros et al., 1994; Buck and Amara,
1995; Vaughan, 1995; Vaughan and Kuhar, 1996; Chen et al.,
1997; Barker et al., 1998; Lee et al., 1998, 2000, 2002; Adkins
et al., 2001). Thus, if EL2 also participates in binding, it may
be close to the TM domains, although proteolysis clearly
shows that in the absence of inhibitors it is also accessible to
the aqueous medium. There have been few studies investi-
gating the involvement of DAT EL2 in inhibitor binding.
Mutation of Glu215 in hDAT (Glu214 in rDAT), which is very
close to the tryptic proteolysis site, resulted in almost total
loss of dopamine uptake and [3H]CFT binding (Chen et al.,
2001). However, whether this is caused by a protein struc-
tural change or by direct involvement with the binding site is
unknown, and in our studies on photoaffinity label binding,
we have never observed incorporation of tropane or other
ligands into EL2 (Vaughan, 1995, 1999, 2001; Vaughan and

Fig. 6. Dose response of uptake inhibitors for induction of EL2 protease
resistance. Rat striatal membranes were incubated for 1 h in the presence
or absence of 10�10 to 10�3 M final concentrations of (�)-cocaine, CFT,
mazindol, or GBR 12909, followed by digestion with 1 �g/ml trypsin,
electrophoresis, and immunoblotting with mAb 16. A, representative
immunoblot result obtained using (�)-cocaine. B, quantitation of immu-
noblot data shown as mean � S.E. of three independent experiments
performed for (�)-cocaine (F), �-CFT (E), and mazindol (�), or a single
experiment replicated with similar results for GBR 12909 (Œ).

Fig. 7. Substrates do not induce EL2 protease resis-
tance. A, rat striatal membranes were incubated with
or without 10 �M substrate or 2 �M GBR 12909 for 1 h
followed by digestion with increasing concentrations of
trypsin. Digested membranes were separated by SDS-
PAGE, transferred to PVDF, and immunoblotted with
mAb 16. B, quantitation of immunoblot data, shown as
mean � S.E. of three independent experiments.
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Kuhar, 1996). Results from SERT EL2 studies (Stephan et
al., 1997) are also not consistent with direct participation of
EL2 in inhibitor binding, lending more support to the hypoth-
esis that ligand-induced protease resistance in EL2 is caused
by protein conformational changes.

EL2 is by far the largest of the TM domain connecting loops
in DAT and the other monoamine transporters. Its size and
extensive glycosylation present the possibility that it may
extend farther from the lipid bilayer than the other loops,
giving it the potential to be the first region of the protein in
contact with extracellular ions or substrates. If EL2 of DAT is
essential for transport, as suggested for SERT (Stephan et
al., 1997; Smicun et al., 1999), then inhibitor-induced reduc-
tion in its accessibility may prevent an early step in substrate
recognition. It is also possible that stabilization of the C-
terminal side of EL2 is propagated into the adjacent TM4
and/or other nearby TM helices, resulting in inhibition of TM
conformational movements necessary for transport. Interest-

ingly Zn2�, which reduces dopamine uptake by coordinating
residues on both sides of Arg218 (His193 in EL2 with His375

and Glu396 in TMs 7 and 8) (Loland et al., 1999), does not
induce EL2 protease resistance, indicating that the mecha-
nism of Zn2� transport inhibition is distinct from that pro-
duced by ligand inhibitors. Zn2� may inhibit transport by
coordinating into a pre-existing binding site in the resting
transporter, leading to prevention of movements required for
transport by stabilization of the resting structure. Con-
versely, our results indicate that ligands may actively induce
a conformation of EL2 that is substantially different from
that of the resting state.

DAT transport activity is inhibited by a wide variety of
structurally diverse abused and therapeutic drugs, and there
is great interest in identifying their binding sites and eluci-
dating their relationships to each other and the active sites

Fig. 8. Proteolysis of EL2 reduces [3H]CFT binding. Rat striatal mem-
branes were treated with or without the indicated concentrations of
trypsin for 10 min at 22°C. Trypsin inhibitor was added and the mem-
branes were washed and trypsin removed by centrifugation. The mem-
branes were resuspended and aliquots were assayed for extent of prote-
olysis or for [3H]CFT binding. A, representative immunoblot with MAb
16. B, quantitation of DAT proteolysis and [3H]CFT binding, means �
S.E. of three separate experiments. Control values for [3H]CFT binding
were approximately 6 fmol/mg (o.w.w.) of tissue.

Fig. 9. Proteolysis of EL2 reduces [3H]dopamine transport. Rat striatal
synaptosomes were treated with or without the indicated concentration of
trypsin for 10 min at 22°C. Trypsin inhibitor was added, samples were
washed twice, and aliquots were assayed for the extent of proteolysis or
for dopamine uptake. A, histogram showing decreased uptake of [3H]DA
after trypsin proteolysis of synaptosomes, means of two experiments
performed in triplicate. B, saturation analysis of dopamine transport
activity from synaptosomes treated with (E) or without (f) trypsin,
shown as means � S.E. of three independent experiments. C, immunoblot
of synaptosomes used for saturation analysis showing the extent of EL2
proteolysis.

Fig. 10. Trypsin treatment does not affect synaptoso-
mal polarity. Rat striatal synaptosomes were prepared
by differential sucrose density centrifugation and as-
sayed for changes in DiBAC4(3) fluorescence. A, fluores-
cence traces of synaptosomes incubated with buffer
(dark line) or trypsin (light line). Arrows indicate the
addition of DiBAC4(3), synaptosomes, buffer or 100
�g/ml trypsin, 30 mM KCl, and 9.3 �g/ml Gramicidin D.
Identical results were obtained in two independent ex-
periments. B, immunoblot of the synaptosomes used in
the fluorescence assay showing the extent of EL2 pro-
teolysis.
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for transport. Current evidence suggests that the binding
properties of many blockers are similar but not identical
(Reith et al., 1992, 2001), compatible with the ligands occu-
pying overlapping binding domains. Our results showing
that reversible binding of several different classes of DAT
uptake blockers induces similar effects in EL2 protease re-
sistance further supports this idea. Many studies have shown
that various residues and sites within the first six TM helices
in DAT and SERT contribute to binding of cocaine, mazindol,
and GBR analogs (Giros et al., 1994; Buck and Amara, 1995;
Vaughan and Kuhar, 1996; Chen et al., 1997; Lee et al., 1998,
2000; Vaughan et al., 1999, 2001; Adkins et al., 2001; Lee et
al., 2002; Pham et al., 2002), and we have shown that a single
GBR-like ligand (Vaughan et al., 2001) and a tropane-based
analog of [125I]RTI82 (Zou et al., 2001) can become irrevers-
ibly incorporated into domains on both sides of EL2 (J. Gaf-
faney, R. Vaughan, M. Zou, A. Newman, unpublished re-
sults). Thus, the TM domains that flank EL2 may contribute
to a shared binding pocket for multiple uptake blockers that
is conformationally linked to the C-terminal side of EL2.

In contrast to the effects of uptake blockers, DAT protease
sensitivity was not changed by dopamine, amphetamine, or
methamphetamine, demonstrating that binding of sub-
strates under conditions in which transport cannot occur
does not induce the same changes in EL2 as inhibitors. Dif-
ferent effects of substrates and inhibitors at DAT have also
been found in cysteine accessibility and mutagenesis studies
(Ferrer and Javitch, 1998; Chen et al., 2000, 2002; Norre-
gaard et al., 2003), although considerable evidence also indi-
cates that substrate binding and translocation sites on mono-
amine transporters overlap or are similar to the sites
occupied by uptake blockers (Buck and Amara, 1994; Barker
et al., 1998, 1999; Lin et al., 2000a,b; Adkins et al., 2001;
Vaughan et al., 2001; Chen et al., 2002). Thus, substrates
may also interact with EL2-flanking TM domains without
inducing EL2 stabilization, again compatible with the hy-
pothesis that EL2 functions to maintain flexible domain re-
lationships necessary for transport (Stephan et al., 1997;
Smicun et al., 1999). Although we did not detect a change in
protease sensitivity associated with substrate binding,
changes in cysteine accessibility have been found in IL3 of
DAT during transport (Ferrer and Javitch, 1998) and in the
GABA and neuronal glutamate transporters using proteoly-
sis (Mabjeesh and Kanner, 1993; Grunewald and Kanner,
1995). These studies suggested that the changes in accessi-
bility and protease sensitivity were a result of conformational
changes occurring during the transport process.

Some transport proteins, including the lactose permease
and P-glycoprotein, are able to maintain proper structure
and function via noncovalent interactions between TM do-
mains after proteolysis or when independent segments are
coexpressed (Bibi and Kaback, 1990; Loo and Clarke, 1994;
Juul et al., 1995; Adamo et al., 2000), but this does not seem
to be the case for DAT proteolyzed at Arg218 or Arg227. When
DAT was proteolyzed specifically in EL2, the Bmax for
[3H]CFT binding and Vmax for [3H]DA uptake showed de-
creases that correlated strongly with the extent of EL2 di-
gestion. Together with our previous results showing substan-
tial loss of photoaffinity label binding after EL2 proteolysis
(Vaughan and Kuhar, 1996), these results indicate that EL2
must be intact for DAT to function in both binding and
transport. If EL2 is directly involved with the binding of

ligands or substrates, then proteolysis may inhibit binding by
destroying a necessary point of ligand-protein interaction. If
EL2 functions indirectly to maintain proper TM domain spa-
tial relationships, then proteolysis may affect binding and
transport active sites by leading to disruption of TM orien-
tations or interactions. Our results showing the irreversible
incorporation of ligands on both sides of EL2 and the peptide
mapping profiles that show cleavage of secondary connecting
loops only after proteolysis of EL2 are compatible with the
latter scenario. A more remote possibility that we cannot
exclude is that DAT activity in these experiments is lost
because of proteolysis of an unidentified accessory protein
required for maintenance of function.

This study provides some of the first evidence pertaining to
the involvement of EL2 in DAT binding and transport activ-
ity, and highlights the importance of this loop domain for
proper transporter function. The results further implicate
the contribution of TM helices near EL2 in the generation of
a binding site for multiple uptake inhibitors and advance our
understanding of molecular events associated with transport
and transport inhibition by demonstrating the differential
effects of substrates and uptake blockers on EL2.
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