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Irreversible tropane analogs have been useful in identifying binding sites of cocaine on
biogenic amine transporters, including transporters for dopamine (DAT), serotonin (SERT)
and norepinephrine (NET). The present study characterizes the properties of the novel
phenylisothiocyanate tropane HD-205, synthesized from the highly potent 2-napthyl tro-
pane analog WF-23. In radioligand binding studies in brain membranes, direct ICs, values of
HD-205 were 4.1, 14 and 280 nM at DAT, SERT and NET, respectively. Wash-resistant binding
was characterized by preincubation of HD-205 with brain membranes, followed by exten-
sive washing before performing transporter radioligand binding. Results for HD-205 showed
wash-resistant ICso values of 191, 230 and 840 nM at DAT, SERT and NET, respectively.
Saturation binding studies with [*?°I]RTI-55 in membranes pretreated with 100 nM HD-205
showed that HD-205 significantly decreased the By,,x but not Kp of DAT and SERT binding. To
further characterize its irreversible binding, an iodinated analog of HD-205, HD-244, was
prepared from a trimethylsilyl precursor. The direct ICsp of HD-244 at DAT was 20 nM.
[**°I|HD-244 was synthesized with chloramine-T, purified on HPLC, reacted with rat striatal
membranes, and proteins were separated by SDS-PAGE. Results showed several non-
specific labeled bands, but only a single specific band of radioactivity co-migrating with
an immunoreactive DAT band at approx. 80 kilodaltons was detected, suggesting that
[*?°I|HD-244 covalently labeled DAT protein in striatal membranes. These results demon-
strate that phenylisothiocyanate analogs of WF-23 can be used as potential ligands to map
distinct binding sites of cocaine analogs at DAT.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction

mately equal affinities, preventing the reuptake of monoamines
into presynaptic neurons. Although SERT and NET play impor-

Cocaine binds to dopamine, serotonin and norepinephrine tant roles in the actions of cocaine, DAT has been the primary
transporters (DAT, SERT and NET, respectively) with approxi- target for development of effective pharmacotherapeutics for
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cocaine abuse. The increased synaptic levels of dopamine,
resulting in prolonged stimulation of dopamine receptors, is
believed to be a primary neurochemical mechanism underlying
the psychostimulant and reinforcing actions of cocaine [1].

The rapid metabolism of cocaine by cholinesterases [2] is
crucial in the pharmacokinetics of cocaine and is a limiting
factor to developing cocaine-related pharmacotherapeutic
agents. As an alternative, many laboratories have developed
metabolically stable compounds based on the structure of
cocaine [3-10]. Development of novel cocaine analogs has two
purposes: first, as potential therapeutic agents to treat
cocaine abuse; second, as ligands to probe the structure of
cocaine binding site on monoamine transporters. Numerous
cocaine analogs have been studied in vivo, and several
compounds are reported to attenuate cocaine’s effects in
animal models of psychomotor stimulant abuse [6,11]. Some
of these have been evaluated preclinically and several are in
clinical trials [12,13]. Radioligands synthesized from these
compounds have been effective in vitroligands for transporter
binding [11,14,15] as well as PET ligands for in vivo imaging
[16-18]. Furthermore, the structure-activity relationships of
cocaine analogs have provided vital information to design
specific molecular tools to characterize the structure and
function of DAT, and to further explore its role in the
pharmacology of cocaine.

The amino acid residues in DAT responsible for cocaine
binding have been identified by techniques such as site-
directed mutagenesis [19-23] which, while important, can be
problematic because a change in a single amino acid can alter
the protein’s conformational structure and affect the inter-
pretation of results. An alternative approach uses irreversible
ligands as probes for cocaine binding sites in DAT. Several
studies have reported the existence of multiple binding sites
for different inhibitors on DAT, and studies with irreversible
ligands may be important in mapping these respective sites
[24-27]. Both photoaffinity ligands [28-30] and alkylating
reagents [31-34], including the tropane analog ['*°I|RTI-82
[35], have been used to identify the ligand binding sites of
cocaine and related tropane analogs on DAT. In addition,
alkylating agents including isothiocyanate and bromoaceta-
mide tagged to cocaine, rimcazole and benztropine analogs
have been successful as irreversible DAT analogs [31,32,36].

In the present study, we report on the properties of a novel
phenylisothiocyanate tropane analog, HD-205, as a potential
irreversible ligand at DAT. This analog was synthesized from
WF-23, a 2-napthyl analog that exhibits some of the most
potent affinities at DAT and SERT of any tropane analog
reported [37]. An iodinated form of HD-205, HD-244, was used
to label DAT in rat striatal membranes. These results
demonstrate that a phenylisothiocyanate 2-napthyl tropane
can be a useful irreversible ligand for labeling biogenic amine
transporters.

2. Materials and methods
2.1. Materials

Frozen male rat brains were obtained from Pel-Freez Biolo-
gicals (Rogers, AR). [***I]RTI-55 (2200 Ci/mmol), [*H]citalopram

(81.2 Ci/mmol), [*H]nisoxetine (70 Ci/mmol), and Na[**’]]
(17.4 Ci/mg) were purchased from Perkin Elmer (Boston,
MA). lodo-beads iodination reagent was obtained from Pierce
Chemicals (Rockford, IL). Monoclonal antibody to rat DAT was
obtained from Abcam (Cambridge, MA) and secondary anti-
body, peroxidase conjugated affinity-purified anti-rat IgG, was
obtained from Rockland (Gilbertsville, PA). Immobilon western
chemiluminescent HRP substrate was obtained from Millipore
Corp. (Billerica, MA). X-ray films were purchased from Phenix
Research (Hayward, CA). Nova-Pak C18 HPLC column was
obtained from Waters Chromatography (Milford, MA). Buffers
and other chemicals were reagent grade chemicals from
Sigma and Fisher.

2.2.  Binding studies

Affinities of analogs at DAT were determined by displacement
of [***I]RTI-55 binding in rat striatal membranes [11]. Frozen
male rat brains were thawed on ice and striata were dissected.
Tissue was homogenized in 10 vol of DAT assay buffer (0.32 M
sucrose, 10 mM sodium phosphate buffer, pH 7.4) with a
Polytron (setting 6, 20s), and centrifuged three times at
48,000 x g for 10 min. Assay tubes contained 0.5 mg (original
wet weight) of membranes, 10 pM [***I]RTI-55, and various
concentrations of unlabeled drugs dissolved in DAT assay
buffer in a final volume of 2 ml. Tubes were incubated for
50min at 25° and the reaction was terminated by rapid
filtration with 3ml x 5ml of cold 50 mM Tris-HCl, pH 7.3
through Whatman GF/B glass fiber filters pre-soaked in Tris
buffer containing 0.1% BSA.

Affinities of analogs at SERT were determined by displace-
ment of [*H]citalopram binding [38]. Frozen whole male rat
brain (minus cerebellum) was thawed on ice and homogenized
in 10 vol of SERT assay buffer (50 mM Tris-HCI, 120 mM Nacl,
5 mM KCl, pH 7.4), and centrifuged two times at 48,000 x g for
10 min. Assay tubes contained 50 mg (original wet weight) of
membranes, 0.4nM [*H]citalopram, and various concentra-
tions of unlabeled drugs dissolved in SERT assay buffer in a
final volume of 2 ml. Tubes were incubated for 60 min at 25°,
and the reaction was terminated by rapid filtration with
3ml x 4ml of cold Tris buffer through Whatman GF/B glass
fiber filters pre-soaked in Tris buffer containing 0.5% poly-
ethyleneimine.

Binding of analogs at NET was determined by displacement
of [*H]nisoxetine binding [39]. Frozen whole male rat brain
(minus cerebellum) was thawed on ice and homogenized in
30vol of NET membrane buffer (120 mM NaCl, 5 mM KCl,
50 mM Tris-HCl, pH 7.4), and centrifuged at 48,000 x g for
10 min. The membranes were resuspended in NET assay
buffer (300 mM NacCl, 5 mM KCl, 50 mM Tris-HCl, pH 7.4) and
centrifuged again before final resuspension in 50 vol of NET
assay buffer. Assay tubes contained 750 ul of brain mem-
branes, [*H]nisoxetine (0.7 nM) together with unlabeled drugs
dissolved in NET assay buffer to a final volume of 1 ml. Tubes
were incubated for 40 min at 25°, and the reaction was
terminated by rapid filtration with 3 ml x 4 ml of cold Tris
buffer through Whatman GF/B glass fiber filters pre-soaked in
Tris buffer containing 0.1% BSA.

In all binding assays, non-specific binding was determined
with 1M WF-23. Radioactivity was determined by liquid
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scintillation spectrophotometry in 5 ml of Ecolite scintillation
fluid (ICN); for [*H] assays (50% efficiency), filters were eluted
overnight. In all assays, protein values were determined by the
method of Bradford [40].

ICso values were calculated from displacement curves
using 7-10 concentrations of unlabeled analogs. All data are
mean values + S.E.M. of at least three separate experiments,
each of which was conducted in triplicate.

2.3.  Wash-resistant binding

Wash-resistant affinities of analogs at transporters were
determined by displacement of radioligand binding in rat
brain membranes after preincubation with analogs and
extensive washing of membranes. Rat brain membranes were
prepared as described above for DAT, SERT and NET assays,
and diluted in 6 one-ml aliquots of 20 mM HEPES, pH 7.0.
Membranes were preincubated for 1 hr at 25° with various
concentrations of analogs and terminated by dilution with
30 ml HEPES. Tubes were washed five times, with each wash
consisting of centrifugation at 48,000 x g for 10 min, incuba-
tion for 20 min at 25°, and centrifugation again. After the final
wash, membranes were resuspended in DAT, SERT and NET
assay buffers and binding was performed as described above.
All data are mean values + S.E.M. of at least three separate
experiments, each of which was conducted in triplicate.

For saturation analyses of wash-resistant binding, mem-
branes were preincubated with 100 nM HD-205 as described
above, using three times the amount of membrane protein
compared to previous studies. After five wash steps, satura-
tion binding was conducted using various concentrations of
[*H]citalopram (SERT) or various concentrations of unlabeled
RTI-55 displacing 10 pM [***I]RTI-55 (DAT) as described for
direct binding assays above. Calculations of Kp and Bpmax
values were performed by non-linear curve fitting (Prism,
Graphpad).

2.4.  Radiolabeling and HPLC purification of irreversible
tropane analog

The iodinated form of HD-205, HD-244, was synthesized from
the trimethylsilyl precursor HD-243. The radioiodination
reaction consisted of 600 wCi Na[*?°I], 100 mM HEPES, two
iodo beads (containing a bound form of chloramine-T) and
8 nmol of HD-243 in a total volume of 120 ul. Tubes were
incubated for 30 min and the reaction was terminated by
removal of iodo beads. Purification of radiolabeled [***I[HD-244
from unreacted HD-243 was done by injecting the reacted
sample on a C-18 reverse phase column (Nova-Pak C-18, 4 um,
3.9mm x 150 mm), with a flow rate of 1 ml/min, using a two
solvent gradient consisting of 20 mM HEPES, pH 7.0 and 100%
acetonitrile. UV absorbance was monitored at 235nm and
radioactivity was determined in 10 pl aliquots from each 1 ml
fraction.

DAT binding assays in rat striatal membranes were
performed on each active fraction from the HPLC. Equal
amounts of [*°I] (60,000 cpm) were added to tubes containing
0.5 mg (original wet weight) of striatal membranes with and
without 1 puM WF-23, and incubated as described above for
[***T|RTI-55 binding. Peak fractions of specific [**’I] bound were

pooled, concentrated in a speed-vac, and used in labeling DAT
protein.

2.5.  Radiolabeling of DAT protein

Rat striatal membranes (200 ng protein) were treated with
equal amounts of [**°IJHD-244 (4 x 10° cpm) in the presence
and absence of 1 uM WF-23. The reaction was terminated with
1 ml sodium phosphate buffer, pH 7.0, and tubes centrifuged at
15,000 x g for 20 min. The supernatant was discarded, the
pellet was resuspended in 1 ml sodium phosphate buffer, and
tubes centrifuged at 15,000 x g for 20 min. The supernatant
was discarded, the pellet was dissolved in a 1:1 ratio of 10%
SDS with loading buffer (0.5 M Tris-HCl, 2% SDS, 20% glycerol,
and 2% 2-mercaptoethanol) and boiled for 2 min. Samples
were run on 10% SDS-PAGE with molecular markers; the gel
was dried, exposed to a phosphorimaging screen, scanned
after 72 h exposure, and analyzed by densitometric analysis.
For photography, the gel was re-exposed to X-ray film for 6
weeks.

2.6.  Western blots of DAT protein

Rat striatal and cerebellar membranes (200 pg protein each)
were dissolved in 1:1 ratio of 10% SDS with loading buffer
(0.5 M Tris-HCl, 2% SDS, 20% glycerol, and 2% 2-mercaptoetha-
nol), and boiled for 2 min. Samples were run on 10% SDS PAGE
with molecular weight markers (Invitrogen; BIO-RAD), then
transferred electrophoretically to PVDF membranes pre-soaked
for 5 minin Bjerrum/Schafer-Nielsen buffer (48 mM Tris, 39 mM
glycine, 20% methanol, pH 9.2). After transfer, membranes were
incubated for 15 hr at 4° with 1:200 dilutions of primary
monoclonal antibody obtained from Abcam (prepared from the
66 amino acids from the amino terminus of rat DAT). The blot
was washed and incubated in peroxidase-conjugated affinity
purified anti Rat-IgG (1:2000). The membrane was then treated
with chemiluminescent HRP substrate (Millipore) for 2-5 min,
then dried and exposed to X-ray film for 30 s - 3 min.

3. Results

3.1 Novel tropane analogs as potential irreversible DAT
ligands

Fig. 1 shows the structures of several relevant tropane analogs
compared to cocaine. To produce a potent irreversible tropane
analog that would potentially react with all three monoamine
transporters (DAT, SERT and NET), analogs were chosen based
on the parent structure of WF-23, a 2-napthyl tropane analog
that binds with high affinity to DAT, NET and SERT [37]. The
result was HD-205, a modified tropane analog in which a
phenylisothiocyanate moiety was attached to the tropane
nitrogen of WF-23 (Fig. 1). In addition, HD-206 was also
developed as a reversible control analog, identical in structure
to HD-205 except lacking its isothiocyanate group. To prepare
a radiolabeled form of HD-205, [**°I] was added in the para
position of the 2-napthyl moiety of HD-205 to prepare HD-244.
A trimethylsilyl derivative, HD-243, was used as a precursor to
prepare HD-244.
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Fig. 1 - Chemical structures of tropane analogs.

3.2.  Wash-resistant binding of HD-205 to biogenic amine
transporters in brain

Irreversible binding of ligands occurs in two steps: a reversible
binding of the ligand to its binding site, followed by covalent
reaction of the active moiety of the ligand with relevant amino
acids. Standard radioligand binding, conducted at equilibrium
for the radioligand, actually measures both steps, while wash-
resistant binding assays focus on the irreversible step. In the
present study, affinities of analogs determined in standard
binding assays will be referred to as direct ICso values, to
distinguish from wash-resistant ICs, values. Direct ICso values
for HD-205 and HD-206 in displacing [**’I|RTI-55 at DAT,
[PH]citalopram at SERT and [°H]nisoxetine at NET are
presented in Table 1, compared to direct ICsy values of the
parent compound WF-23 from previous literature [37]. WF-23
exhibited very high affinities at both DAT (0.20 nM) and SERT
(0.39 nM), with lower affinity at NET (2.9 nM). Addition of the
phenylisothiocyanate to form HD-205 significantly increased
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Fig. 2 - Wash-resistant inhibition of radioligand binding at
DAT, SERT and NET by HD-205 and HD-206. Rat striatal or
whole brain membranes were preincubated for 1 h at 25°
with various concentrations of tropane analogs, then
subjected to five washes before determination of
radioligand binding with [*>*I]RTI-55 (DAT), [*H]citalopram
(SERT) and [*H]nisoxetine (NET) as described in Section 2.
For preincubation with HD-206 (600 nM), results averaged
for all the three transporters are shown. The individual
data for HD-206 at the three transporters (expressed as %
control) are: 84 + 10%, 99 *+ 15% and 102 *+ 11% at DAT,
SERT and NET, respectively.

direct ICso values: 4 nM at DAT, 14 nM at SERT and 280 nM at
NET. However, affinities at both DAT and SERT remained
sufficiently high to proceed with further wash-resistant
studies. The direct ICso value of the control analog HD-206
was similar to HD-205 at DAT (9 nM), but HD-206 was more
potent than HD-205 at both SERT and NET (1.6 nM and 29 nM,
respectively).

Fig. 2 shows the wash-resistant inhibition of radioligand
binding at DAT, SERT and NET following preincubation with
30-600 nM HD-205, or with 600 nM of the reversible analog HD-
206. Unlike HD-206, which produced no wash-resistant
inhibition of binding, HD-205 produced concentration-depen-
dent wash-resistant inhibition of radioligand binding to all
three transporters. The potency of HD-205 varied between the

Table 1 - Direct and wash-resistant ICs, values of tropanes in binding to monoamine transporters in rat brain membranes

Transporter Direct ICso values (nM): Wash-resistant HD-205 ICso (nM) ICsp ratio
WF-23 HD-205 HD-206

DAT 0.20 4.07 +£0.93 8.99 +2.74 252 + 30 62

SERT 0.39 14.1 £ 0.91 1.62 +0.58 207 £ 6.3 15

NET 2.90 284 +92 28.6 + 3.9 991 + 63" 3.4

Direct ICso values of tropane analogs were calculated from displacement curves of [**°I|RTI-55 (DAT) binding in striatal membranes, and
[*H]citalopram (SERT) and [*H]nisoxetine (NET) binding in membranes from whole brain (minus cerebellum). Direct ICs, values for WEF-23 are
cited from Bennett et al. [37]. Wash-resistant ICs, values for HD-205 were determined by preincubating membranes with various
concentrations of HD-205 for 1 h, followed by five washes, before performing radioligand binding as described in Methods. The wash-resistant
ICsp value of HD-205 at NET () was estimated by non-linear curve fitting. The ratio column indicates the ratio between wash-resistant and
direct ICso values of HD-205. All data are mean values + S.E.M. of at least three separate experiments, each of which was conducted in
triplicate.
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three transporters, with wash-resistant ICs, values of 252 nM
at DAT and 207 nM at SERT (Table 1). HD-205 also produced
wash-resistant inhibition of binding at NET, but the exact ICsq
value could not be calculated because the highest concentra-
tion used, 600 nM, produced only 35% inhibition of binding at
NET. Non-linear curve-fitting produced an estimated ICsq
value of 991 nM at NET (Table 1). In all cases, wash-resistant
ICso values were significantly higher than direct ICsy values
(Table 1), with ICsp ratios of 62, 15 and 3 at DAT, SERT and NET,
respectively (Table 1).

If wash-resistant binding of HD-205 represents a covalent
reaction of the drug with monoamine transporters, then it
should produce a reduction in Bp.x, not Kp, of transporter
radioligand binding. Saturation analysis of transporter bind-
ing was performed in brain membranes following preincuba-
tion with 100 nM HD-205 or buffer (control). Fig. 3 shows
representative Scatchard plots of radioligand binding at DAT
and SERT. For both transporters, the wash-resistant effects of
HD-205 produced a significant decrease in Bpax of radioligand
binding with no significant effects on Kp values. Table 2 shows
Kp and By values from saturation binding of [***[]RTI-55 and
[*H|citalopram after preincubation with 100 nM HD-205.
[*H]citalopram binding at SERT was monophasic, and
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w
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Fig. 3 - Wash-resistant effects of HD-205 on Scatchard plots
of DAT binding (top) and SERT binding (bottom).
Membranes were preincubated with 100 nM HD-205 for
1h at 25°, followed by five washes prior to radioligand
binding. Data are typical plots from experiments repeated
atleast three times. Lines represent best-fit parameters for
single-site analysis.

Table 2 - Wash-resistant effects of HD-205 on K, and

Bmax Values of [*2°I]RTI-55 (DAT) and [*H]citalopram
(SERT) binding in rat brain membranes

Transporter Pretreatment:
Control HD-205

DAT

Kp (nM) 6.13 +1.07 5.52+1.14

Bmax (pmol/mg) 5.65 + 0.90 1.50 4 0.38"
SERT

Kp (nM) 1.19+£0.17 0.92 £0.17

Bmax (pmol/mg) 0.77 £0.12 0.096 + 0.01*

Saturation binding studies were conducted after preincubating
striatal membranes (DAT) or forebrain membranes (SERT) with
buffer (control) or 100 nM HD-205 for 1 h, followed by five washes
as described in Methods. Saturation binding at DAT was conducted
with 10 pM [**’I]RTI-55 with varying concentrations (0.1-40 nM) of
unlabeled RTI-55. Saturation binding at SERT was conducted using
varying concentrations (0.03-1.6 nM) of [*H]citalopram. Binding
parameters for both DAT and SERT were calculated by single-site
analysis of non-linear curve fitting (GraphPad Prism) of specific
binding data. All data represent mean values + S.E.M. of at least
three separate experiments, each of which was conducted in
triplicate. ‘p < 0.005 different from control values, Student’s t-test.

preincubation with HD-205 reduced the Bj,.x by 87% with
no significant change in Kp values. The results at DAT were
similar (Table 2): preincubation with 100 nM HD-205 reduced
the Bpayx of [*?’IJRTI-55 binding by 73%, with no significant
change in the Kp values, as calculated by a single site analysis.
These wash-resistant effects on B,,,x values were somewhat
higher than those predicted from the wash-resistant ICsq
values calculated from Fig. 2, but the preincubations with HD-
205 were conducted under different conditions between the
two assays. In particular, the use of significantly larger
quantities of membrane protein for the saturation studies
could increase the apparent wash-resistant effects of HD-205.

3.3.  Radiolabeling of HD-205 and covalent labeling of DAT

To radiolabel HD-205, the trimethylysilyl analog HD-243 (Fig. 1)
was synthesized as a precursor. Non-radioactive iodine was
used to synthesize unlabeled HD-244 (Fig. 1) from HD-243. The
direct ICsq value for HD-244 at DAT was 20 nM, five fold lower
affinity than the parent analog HD-205 (Table 1) but still
relatively potent as a DAT ligand. In contrast, the trimethy-
lysilyl precursor HD-243 was very weak at DAT (176 nM).
Radioiodination of HD-243 was performed with Na[*%*I] and
purification of ["**I|HD-244 was accomplished by reverse
phase HPLC (Fig. 4). The arrow in Fig. 4 shows the elution
position of non-radioactive HD-244 in fraction 10. After
reaction of HD-243 with Na[***I], over 99% of the radioactivity
eluted in the void volume (fractions 2-3). However, small
peaks of [**°I] eluted in fractions 5, 10 and 14. To determine
which of these peaks correspond to authentic [*?°[|HD-244, we
performed DAT binding studies in striatal membranes with
aliquots from HPLC fractions. Equal amounts of [**]]
(60,000 cpm) from fractions 3-11 were incubated with striatal
membranes in the presence and absence of 1 uM WF-23 to
distinguish specific and non-specific binding. Binding in each
fraction is presented in Fig. 4 as total and non-specific binding.
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Fig. 4 - Purification and pharmacological characterization
of radiolabeled [***I]HD-244 by HPLC. After reaction of HD-
243 with 600 p.Ci of Na['**I] with iodo-beads, samples were
eluted on a C18 HPLC column using a linear gradient of
20 mM HEPES, pH 7.0 and acetonitrile. Arrow indicates the
elution position of non-radioactive HD-244. Radioactivity
(closed triangles) was determined in 10 pl aliquots from
each fraction; expressed as cpm x 103, Equal amounts of
[*2°1] (60,000 cpm) from fractions 3-11 were used in DAT
binding assays with rat striatal membranes in the
presence (closed circles) and absence (open circles) of WF-
23 to distinguish total and non-specific binding.

Results showed that the highest amount of specific binding
was detected in fractions 5 and 10, with fraction 10
corresponding to the elution position of unlabeled HD-244.
Rat striatal membranes were incubated with [***I] from both
HPLC fractions 5 and 10 (Fig. 4) in the presence and absence of
1 uM WF-23 to distinguish total and non-specific labeling. After
centrifugation to remove unbound ['*I], membranes were
dissolved in SDS, and samples were run on SDS-PAGE. Results
using [*?°I] from fraction 5 showed no specific labeling of bands
on SDS gels (data not shown). However, specific labeling of one
band at 80 kDa was observed using with [***I] from fraction 10.
Fig.5shows theresulting autoradiogram (left) with lanes of total
(TOT) and non-specific (NSB) binding, along side a Western blot
(right) from unlabeled striatal and cerebellar membranes runin
parallel. The autoradiogram shows numerous bands labeled
with ['?°I]HD-244 in both total and NSB lanes. However, one
labeled band at approximately 80kDa (arrow in Fig. 5) was
present in the TOT lane but not visible in the NSB lane. The
Western blot confirmed that this labeled band at 80 kDa co-
migrated with the immunoreactive DAT band in striatal
membranes that was absent in cerebellar membranes. These
results from SDS-PAGE autoradiography strongly suggest that
[***IJHD-244 covalently labeled DAT protein in rat striatal
membranes. The efficiency of this covalent reaction of DAT
with [*2°[|HD-244 was very low: approximately 1.7% of the total
[**°I]HD-244 added to striatal membranes reacted with the
bands identified on the SDS gel, and less than 0.1% of thereacted
radioactivity was associated with the 80 kDa DAT band.

4, Discussion

In this manuscript we report the synthesis and characteriza-
tion of the novel phenylisothiocyanate-based irreversible

AUTORAD. WESTERN

TOT NSB STR CER

Fig. 5 - Covalent labeling of striatal membrane proteins
with ['?*IJHD-244. Rat striatal membranes were incubated
with [*?°IJHD-244 for 1 h at 25° in the presence and
absence of 1 pM WF-23, solubilized in SDS buffer, and
proteins separated by SDS-PAGE. Left, autoradiography of
SDS-PAGE gel. TOT: total binding (without WF-23); NSB:
non-specific binding (with WF-23). Right, Western blot of
unlabeled membranes from rat striatum (STR) and
cerebellum (CER) indicating the position of
immunoreactive DAT protein in striatal membranes,
using primary antibody directed against rat DAT (Abcam).

ligand HD-205. With a direct ICso value of 4 nM, HD-205 is
one among the most potent potential irreversible analogs for
DAT reported so far. Irreversible ligands bind covalently at the
ligand recognition site of the transporter and have been
designed as valuable molecular probes in identifying specific
amino acid residues involved in ligand binding. Although
other irreversible DAT ligands have been synthesized in
previous studies, it is critical to design ligands with different
structural moieties to probe the cocaine binding pharmaco-
phore. HD-205 is potentially important as an irreversible
ligand because it is derived from the 2-napthyl tropanes,
which have among the highest affinities at DAT of any
tropanes synthesized, and because it utilizes phenylisothio-
cyanate (NCS) for covalent reaction, an approach that has met
with limited success in previous studies.

Irreversible ligands including photoaffinity ligands [28-30]
and alkylating reagents [31-34] have been used for identifica-
tion of binding sites on DAT. Irreversible DAT ligands
including [***I|DEEP, a GBR-based photoaffinity ligand and
[***I]GA-II-34, a benztropine derivative, labeled residues in
TM1 and TM2 of DAT, whereas the cocaine analog [***I|RTI-82
labeled TM6 [28,29,35,41]. [***1)AD-96-129, another GBR analog,
exhibits a two-site pattern on incorporation not previously
observed for DAT [30]. These data suggest the distinctive
pattern of binding exhibited by a wide variety of cocaine
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related compounds and the complexity involved in under-
standing the cocaine pharmacophore.

An isothiocyanato tropane ligand based on RTI-82, with
a direct ICsy of 32 nM at DAT, has been shown to exhibit
wash-resistant binding [32]. On the other hand, isothiocya-
nate benztropine analogs did not retain sufficient affinity at
DAT to be used as potential irreversible ligands [32]. It is
possible that HD-205 would label the same amino acid
residues on DAT that have previously been demonstrated
with other phenylisothiocyanate tropane analogs; however,
the unique presence of the 2-napthyl group on HD-205
may provide alternative binding sites on DAT that would
help to further define the tropane pharmacophore on the
transporter.

In this study the isothiocyanato tropane HD-205, derived
from the 2-napthyl tropane WF-23, was evaluated for its direct
and wash-resistant affinities at DAT, SERT and NET. The
addition of the phenylisothiocyanate to the parent structure
WF-23 significantly reduced affinities at all three transporters.
The reduction in affinity by adding phenylisothiocyanate is
not unusual in structure activity relationship studies [31,32].
Fortunately, the direct ICso values of 4 and 14 nM at DAT and
SERT, respectively, showed that HD-205 retained relatively
high potency at DAT and SERT despite the loss of potency
compared to WF-23. The low potency of HD-205 at NET,
approximately 300 nM, suggests that this ligand may not be
ideal as a probe for norepinephrine transporters. On the other
hand, tropane analogs in general have been shown to be
relatively weak in displacing [*H]nisoxetine binding to NET
[42]. For this reason, HD-205 may actually be more potent in
irreversibly blocking norepinephrine uptake than predicted
from these [*H]nisoxetine binding results.

Wash-resistant binding studies showed that HD-205
produced a concentration-dependent wash-resistant inhibi-
tion of radioligand binding at all three transporters. This
effect was not produced by the control analog HD-206
lacking isothiocyanate, even at the highest concentration of
600 nM. Since in direct binding assays HD-206 was similarly
potent compared to HD-205 at DAT, and about ten times
more potent than HD-205 at SERT, it is unlikely that this
difference in wash-resistant binding is due to highly potent
lipophilic compounds surviving multiple washes. Moreover,
the wash-resistant binding results showed that the direct
potencies of HD-205 at various transporters did not predict
its wash-resistant potencies. For example, the wash-resis-
tant potency of HD-205 was the same for both DAT and
SERT, despite a three-fold difference in potency of HD-205 at
DAT and SERT in direct binding assays. This suggests that
HD-205 is more efficient in covalently labeling SERT than
DAT.

Saturation binding studies at both SERT and DAT after
preincubation of brain membranes with HD-205 further
suggested a covalent interaction of the drug at these
transporters, since pretreatment with HD-205 decreased Bp,ax
with no effect on Kp, values of radioligand binding at both DAT
and SERT. The results of DAT binding were somewhat
complicated. Analyzed with a single-site model, preincuba-
tion of striatal membranes with 100 nM HD-205 reduced the
Bax Of [**°*I]RTI-55 binding by 73%. Although previous studies
[26,27] have shown the existence of both high and low affinity

tropane binding sites at DAT, and two binding sites for DAT
has been reported with RTI-55 [7], the Scatchard plots from our
studies analyzed by two-site models did not yield consistent
results for high and low affinity sites of [***I]RTI-55, with an
average calculated Hill slope of 0.8. It is possible that the
preincubations and extensive washes necessary to define
wash-resistant binding affected high affinity [**°IJRTI-55
binding. Therefore, these results could not conclude whether
HD-205 was reacting with the high or the low affinity site on
DAT.

Although these wash-resistant binding studies suggested
that HD-205 was reacting covalently with DAT and SERT,
wash-resistant effects do not prove that the effects of HD-205
are mediated by covalent reaction with the transporter.
Confirmation of the irreversible effects of HD-205 was
obtained by SDS-PAGE of DAT-containing membranes labeled
with an [**] form of the drug. Radiolabeling of HD-205 to
create ['*°IJHD-244 was accomplished with Na [**’I] and HD-
243 with chloramine-T on iodo-beads, followed by separation
of radiolabeled material by HPLC. The pharmacological
identity of [***I|HD-244 was confirmed when aliquots from
HPLC fractions were tested in binding assays to show that
specific binding of [***IJHD-244 occurred in those fractions that
corresponded to the elution position of authentic HD-244
(Fig. 4). SDS-PAGE of striatal membranes incubated with
[**°I]JHD-244 in presence and absence of 1 uM WF-23 revealed
the presence of numerous bands in both the total and non-
specific binding lanes (Fig. 5). This is not surprising, since
isothiocyanate is highly reactive and will react with primary
amino groups on a variety of proteins. However, only one band
labeled in the total lane was blocked in the non-specific lane,
and the position of this band at approximately 80 kDa co-
migrated with the immunoreactive DAT band from striatal
membranes run in a parallel experiment. These results
strongly suggest that ['?°IJHD-244 covalently reacted with
DAT in striatal membranes, although it reacted non-specifi-
cally with a variety of other proteins as well. This high level of
non-specific binding may complicate the identification of
specific labeling of amino acid residues on DAT; however,
the use of transfected cell lines, as well as the use of
high resolution mass spectroscopic methods coupled with
immunoprecipitation and 2D electrophoresis to isolate DAT
peptides after proteolytic cleavage, suggest that this reagent
may be practical even with this high level of non-specific
binding.

In summary, these results demonstrate that relatively
potent isothiocyanate tropane analogs can be developed from
the 2-napthyl WF-23 structure, and that such compounds can
be used as irreversible probes of biogenic amine transporter
structure. Knowledge of the amino acids on DAT that react
with HD-205, when coupled with knowledge obtained from
previous studies with other tropane and benztropine analogs,
will provide important information about the site of cocaine
action on these transporters.
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