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Abstract

Analogues of benztropines (BZTs) are potent inhibitors of the dopamine transporter (DAT) but are
less effective than cocaine as behavioral stimulants. As a result, there have been efforts to evaluate
these compounds as leads for potential medication for cocaine addiction. Here we use
computational modeling together with site-directed mutagenesis to characterize the binding site
for BZTs in DAT. Docking into molecular models based on the structure of the bacterial
homologue LeuT supported a BZT binding site that overlaps with the substrate binding pocket. In
agreement, mutations of residues within the pocket, including Val1523-46* to Ala or lle,
Ser4228:60 to Ala and Asn1573-51 to Cys or Ala, resulted in decreased affinity for BZT and the
analog JHWO007, as assessed in [3H]dopamine uptake inhibition assays and/or [BH]CFT
competition binding assay. A putative polar interaction of one of the phenyl ring fluorine
substituents in JHW007 with Asn1573-51 was used as a criterion for determining likely binding
poses and establish a structural context for the mutagenesis findings. The analysis positioned the
other fluorine substituted phenyl ring of JHWO007 in close proximity to Ala47910-51/A1a48010-52 in
transmembrane segment (TM) 10. The lack of such an interaction for BZT led to a more tilted
orientation, as compared to JHWO007, bringing one of the phenyl rings even closer to Ala47910-51/
Ala48010-52, Mutation of Ala47910-51 and Ala48010-52 to valines supported these predictions with
a larger decrease in the affinity for BZT than for JHWO007. Summarized, our data suggest that

*number in superscript describes residue number according to generic numbering scheme (see Materials and Methods)
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BZTs display a classical competitive binding mode with binding sites overlapping those of
cocaine and dopamine.

Keywords

Neurotransmitter:sodium symporters; monoamine transporters; dopamine transporter; cocaine;
molecular modeling; mutagenesis

1. Introduction

The dopamine transporter (DAT) mediates rapid reuptake of dopamine from the synaptic
cleft and is thereby responsible for termination of dopaminergic signalling (Chen et al.,
2004; Gether et al., 2006; Torres and Amara, 2007). Alteration in dopamine signalling and
DAT function is coupled to neurological and psychiatric diseases including schizophrenia,
bipolar disorder, ADHD (Attention Deficit Hyperactivity Disorder), Tourette’s syndrome
and Parkinson’s’ disease (Gainetdinov and Caron, 2003; Gether et al., 2006; Torres and
Amara, 2007). The transporter belongs to the family of neurotransmitter:sodium symporters
(NSS) (also called the SLC6 [solute carrier 6] family or Na*/CI~ coupled transporters) that
in addition includes the transporters for other neurotransmitters such as the norepinephrine
transporter (NET), the serotonin transporter (SERT), the glycine transporters and the GABA
transporters (Chen et al., 2004; Gether et al., 2006; Torres and Amara, 2007). NSS proteins
utilize the transmembrane Na* gradient as a driving force for transport of substrate and are
characterized by additional co-transport of CI~ (Chen et al., 2004; Gether et al., 2006; Torres
and Amara, 2007; Zomot et al., 2007). Insight into the structural basis of NSS function has
emerged from crystallographic analysis of LeuT, a bacterial NSS homolog from Aquifex
aeolicus (Krishnamurthy et al., 2009; Singh et al., 2008; Singh et al., 2007; Yamashita et al.,
2005).

DAT is the principal target for psychostimulants including cocaine and amphetamines (Chen
et al., 2004; Gether et al., 2006; Torres and Amara, 2007). Because of wide abuse of these
compounds it has been a long pursued goal to develop medication(s) that can aid in the
treatment of this addiction, but success has been elusive. In this pursuit, novel dopamine
uptake inhibitors have been targeted as leads to potential medications for cocaine addiction
(Dutta et al., 2003). Among these compounds are analogues of benztropine (BZT) or
rimcazole that have similar or higher affinity and selectivity for the DAT than cocaine
(Newman and Katz, 2009; Newman and Kulkarni, 2002). The BZTs tested so far readily
cross the blood-brain barrier (Raje et al., 2003; Syed et al., 2008) and produce increases in
extracellular levels of dopamine even for longer durations than cocaine (Raje et al., 2005).
Nonetheless, several of these DAT inhibitors are less effective than cocaine as behavioral
stimulants (Desai et al., 2005; Katz et al., 2004; Katz et al., 2003; Newman et al., 1994).
Furthermore, one BZT analogue, JHWO007, was found to potently antagonize the behavioral
effects of cocaine (Desai et al., 2005; Hiranita et al., 2009).

We have demonstrated recently a remarkable relationship between cocaine-like subjective
effects of uptake inhibitors and the conformational state promoted by these compounds in
the DAT protein (Loland et al., 2008). Our data suggested that the stimulatory effect of an
inhibitor might be predicted directly from its interaction mode with the transporter (Loland
et al., 2008). Whereas cocaine and its analogs induced an outside-open conformation of the
transporter, several BZTs with reduced stimulatory effect, including BZT itself and the
analog JHWO007, promoted a less outward-open configuration of the transport protein
(Loland et al., 2008). Subsequent molecular models of the binding sites in DAT, based on
the LeuT structure and a previously reported sequence alignment (Beuming et al., 2006),
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suggested that the data were consistent with binding sites for both cocaine and the BZTs
being deeply buried in the transporter structure and overlapping with that of dopamine
(Beuming et al., 2008). Moreover, the models suggested that whereas cocaine and the
cocaine analog CFT ((-)-2p-carbomethoxy-3p-(4-fluorophenyl)tropane) stabilized a rather
open conformation of the binding pocket by breaking a stabilizing intramolecular hydrogen
bond between Asp791-45 and Tyr1563-%0, BZT and JHWO007 bound in the model with a more
closed configuration in which the hydrogen bond between the two residues was not broken
(Beuming et al., 2008). In agreement with this binding model, mutational disruption of the
hydrogen bond by mutating Tyr1563-%0 to Phe did not affect binding of cocaine and CFT but
decreased the binding affinity of BZT and JHWO007, indicating an indirect role of the
hydrogen bond in stabilizing the BZT/JHWO007 binding mode (Beuming et al., 2008).

The deeply buried binding site for cocaine and analogues was further validated with detailed
mutational analysis (Beuming et al., 2008). However, a similar detailed analysis validating
the proposed binding site for BZTs was not done, and the characteristics of the binding site
were not thoroughly explored. The specific interest in the mode of binding and the position
of the binding site within the transporter for BZTs was rekindled by the results of a recent
analysis of the binding site for antidepressants and small molecule inhibitors of the closely
related serotonin transporter (SERT). Thus, the crystallographic analysis of low affinity
antidepressant binding to LeuT, together with mutational analysis in SERT, has been
interpreted as evidence for the binding of SERT inhibitors, including tricyclic
antidepressants and selected SSRIs (selective serotonin reuptake inhibitors) in a vestibule
extracellular to this pocket (Singh et al., 2007; Zhou et al., 2007; Zhou et al., 2009) rather
than deep in the transporter structure, in the primary substrate binding pocket. Notably, the
vestibule had been proposed to harbor a secondary substrate-binding site (S2) in LeuT with
a critical role in the translocation mechanism (Shi et al., 2008; Zhao et al., 2010). We
provide here strong evidence that BZT and BZT analogs can bind to the primary substrate
binding pocket and thus that the compounds display a classical competitive binding mode
with binding sites overlapping that of cocaine and dopamine.

2. Materials and Methods

2.1 Molecular biology and cell culture

Synthetic cDNAs encoding the human DAT (synDAT) were subcloned into pcDNA3
(Invitrogen, Carlsbad, CA) (Loland et al., 2004). All mutations were generated by the
QuickChange method (adapted from Stratagene, La Jolla, CA) and confirmed by restriction
enzyme mapping and DNA sequencing. COS7 cells were grown and transiently transfected
as described with indicated constructs using the calcium phosphate precipitation method
(Loland et al., 2004)

2.2. Indexing of residues

A generic numbering scheme for amino acid residues in NSS proteins has been proposed to
facilitate direct comparison of positions between the individual members of the family
(Beuming et al., 2006; Goldberg et al., 2003). According to this scheme, the most conserved
residue in each transmembrane segment has been given the number 50, and each residue is
numbered according to its position relative to this conserved residue. For example, 1.55
indicates a residue in TML1 five residues carboxyl-terminal to the most conserved residue in
this TM (Trp-9). For DAT, the most conserved residues in each transmembrane segment is
as follows (generic number being indicated in superscript): TM1, Trp841-50; TM2,
Pro1122-0; TM3, Tyr1563-°0; TM4, Cys2434-50; TM5, Pro273%-50; TM6, GIn3176-50; TM7,
Ser366/-0; TM8, Phe4128-50; TM9, Phe457%50; TM10, Phe47819-50; TM11, Pro52911-50;
TM12, Pro57312:50, Compared to the generic numbering scheme defined in (Beuming et al.,
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2006), we extend the TM index into the immediate conserved loop regions, specifically
TM1 to N-terminus, TM6 to IL3, and TM8 to IL4.

2.3 DAT Inhibitors

The drugs tested are displayed in Fig. 1. Cocaine HCI (Sigma-Aldrich, St. Louis, MO); CFT
(Sigma-Aldrich); and BZT (Sigma-Aldrich) were obtained from the designated sources.
AHN 1-055 and JHW 007 were synthesized in the Medicinal Chemistry Section (Intramural
Research Program, National Institute on Drug Abuse, Baltimore, MD) according to
published procedures: AHN 1-055 (Agoston et al., 1997; Newman et al., 1994).

2.4. [3H]DA uptake measurement

Uptake assays were performed as described (Loland et al., 2004) using 3,4-[Ring-2,5,6-3H]-
dihydroxyphenylethylamine (30-60 Ci/mmol) (Perkin Elmer, NET67300). Briefly,
transfected COS7 cells were plated in either 24-well dishes (10° cells/well) or 12-well dishes
(3%10° cells/well) coated with poly-ornithine (Sigma) and the uptake assays were carried out
2 days after transfection for 5 min at room temperature in uptake buffer (25 mM HEPES,
130 mM NaCl, 5.4 mM KClI, 1.2 mM CaCl,, 1.2 mM MgSQOy4, 1 mM L-ascorbic acid, 5 mM
D-glucose, and 1 uM of the catechol-O-methyltransferase inhibitor Ro 41-0960 (Sigma), pH
7.4). Indicated non-labeled compounds were added to the cells prior to initiation of uptake
by addition of 40 nM [3H]dopamine. Nonspecific uptake was determined with 100 uM
nomifensine.

2.5. [3H]CFT binding experiments

Binding assays were carried out on intact COS7 cells as described (Loland et al., 1999)
using 2-4 nM [3H]CFT (WIN 35,428 from PerkinElmer) (87 Ci/mmol) as radioligand. The
assay was performed 2 days after transfection in uptake buffer (see above) for 2 hours at 4°C
on cells in either 24-well dishes (10° cells/well) or 12-well dishes (3x10° cells/well).
Nonspecific binding was determined with 100 UM nomifensine.

2.6. Data calculations

Uptake data and binding data were analyzed by nonlinear regression analysis using Prism
5.0 from GraphPad Software, San Diego, CA. The K, and K values were calculated from
the plCsq values determined by non-linear regression analysis of [*H]dopamine uptake and
[3H]CFT binding data as described previously (Loland et al., 2004; Loland et al., 1999). The
S.E. intervals were calculated from pK + S.E. The K; values were calculated from ICgq
values determined by non-linear regression analysis of [*H]dopamine uptake or [3H]CFT
binding data using the equation K;=I1Csq/(1+(L+K)) where L= concentration of
[3H]dopamine or [3H]CFT and K is K, for [*H]dopamine uptake or K4 fo [3H]CFT binding.

2.7. Modeling of DAT/ligand complexes

Ligand-receptor complexes were modeled using a flexible docking approach, using multiple
copies of the transporter, together with a well established induced-fit docking (IFD) protocol
(Sherman et al., 2006). Four distinct DAT models, equilibrated in various configurations,
bound with either substrate or inhibitor, were used as starting points for the IFD procedure.
The four models are: 1) A homology model of DAT constructed and equilibrated in explicit
water and lipid environment as described before (Guptaroy et al., 2009). This occluded state
model of DAT had a dopamine molecule in S1, two Na*, and one CI~; 2) A dual substrate-
occupied DAT model derived from (1), with dopamine in the S1 as well as the S2 site (Shan
et al, submitted); 3) Equilibrated DAT models with either CFT or 4) with JHW007 bound in
the S1 site. All ligands were constructed and prepared for docking using LigPrep
(Schrodinger Inc.). Docking with the IFD method (Sherman et al., 2006) was carried out

Neuropharmacology. Author manuscript; available in PMC 2013 July 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bisgaard et al.

3. Results

Page 5

with default options, using the SP scoring function in the first stage and XP scoring function
in the second stage. Because all ligands (CFT, BZT, JHWO007, and AHN 1-055) contain a
pyramidal nitrogen that may bind preferably with one of the two configurations that exist as
an equilibrium in solution, the docking was sampled for both configurations around this
nitrogen in each ligand.

Docking models for the binding of dopamine, cocaine, and selected inhibitors including
CFT, BZT and the BZT analog JHWO0O07 had been described previously (Beuming et al.,
2008). We based these models on the high-resolution structure of the bacterial NSS member,
LeuT (PDB code 2A65)(YYamashita et al., 2005), and a refined structure-based sequence
alignment of NSSproteins (Beuming et al., 2006). The initial docked complexes were further
refined with molecular dynamics (MD) simulations in explicit water membrane
environments at atomic detail (Beuming et al., 2008). The final docking models positioned
dopamine, cocaine, CFT, BZT and JHWOO07 (Fig. 1) in a shared binding site at the center of
DAT, comprised of residues in TM1, 3, 6, and 8, and located in a position corresponding to
the primary substrate binding cavity in LeuT (S1) (Beuming et al., 2008). The binding
models for dopamine, CFT and cocaine in DAT were validated experimentally by verifying
their predictions of commonalities and differences in the modes of DAT-ligand interactions
(Beuming et al., 2008).

Val152346: Val152346 in TM3 (Fig. 1) was predicted to be a site of interaction shared by
dopamine and cocaine/CFT, as well as BZT and JHWO0O07 (Beuming et al., 2008). Similar to
our previous observations (Beuming et al., 2008) and in agreement with these predictions,
mutation of Val152346 to lle or Ala increased the K, value for [3H]dopamine uptake (Table
1) and decreased the binding affinity of [3H]CFT (Table 2 and Fig. 2). To assess whether
Val152346 represented a site of interaction also for BZT and JHW007, we determined their
binding affinity for V152A and V152l in [3BH]CFT competition binding experiments. For
BZT we observed ~15-fold reduction in apparent affinity in both V152A (Table 2) and
V1521 (Fig. 2 and Table 2). Correspondingly, we observed for JHW007 10-20-fold
reduction in apparent affinity in V152A (Table 2) and V152l (Fig. 2 and Table 2). Although
indirect effects of the mutations cannot be excluded, these data support a role for Val152346
in the interaction with both BZT and JHWO0O7. In parallel, the two compounds exhibited
reduced potency in the inhibition of [*H]dopamine uptake, ~2-fold decrease or JHWO007 in
V152A and ~6-fold in V1521 (Table 1), again consistent with an interaction of the
compound with Val152346_ For BZT we observed a ~3-fold decrease at V152A and no
change at V1521 (Table 1). Curiously, the smaller effect of the two mutations in uptake
inhibition assays as compared to the [3H]CFT binding assay was also seen for CFT and
cocaine (Table 1 and (Beuming et al., 2008))(Beuming et al., 2008). We have no immediate
explanation for the typically smaller effect of the mutations in the uptake assay than in the
binding competition assay; however, one possible difference is that the uptake assay is
performed under non-equilibrium conditions (5 min incubation) whereas the binding assay is
performed under equilibrium conditions (2 hours incubation).

Ser4228-80: This TM8 residue was also predicted to be part of the binding site for CFT/
cocaine and dopamine as well as for BZT/JHWO0O07, while also being involved in
coordination of the second Na* (Beuming et al., 2008; Beuming et al., 2006; Yamashita et
al., 2005). In agreement with our previous observations, mutation of Ser4228-60 to Ala
increased the K, value for [*H]dopamine uptake ~4-fold and decreased, according to uptake
competition assays, the apparent affinity for CFT ~30-fold (Table 1 and (Beuming et al.,
2008)). Consistent with a role of Ser4228:60 also in BZT/JHWO007 binding, the apparent
affinity for BZT decreased ~16-fold and for JHW007 ~30-fold (Table 1). It was not possible
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to perform [3H]CFT binding experiments on S422A, which was not surprising given the
dramatic decrease in apparent affinity as assessed from the uptake competition experiments
(Table 1).

Asn15735%: This TM 3 residue is in the S1 binding cavity and in our docking models forms
a polar interaction with the fluorine substituent of CFT but has no interaction with dopamine
when it is bound in S1 (Beuming et al., 2008). Corresponding to our earlier observations,
mutation of Asn1573-51 to Cys decreased the apparent affinity for CFT 7-8-fold as
determined in [3H]dopamine uptake experiments (Table 1); a similar effect was observed for
the Asn1573-51 to Ala mutant (Fig. 3 and Table 1). In agreement with the marked decrease in
affinity we were unable to perform reliable [BH]CFT binding experiments for these two
mutants. Of note, we did previously report [3H]CFT binding experiments with the N157C
mutant (Beuming et al., 2008), but the actual counts per minute determining the specific
binding were very low. Possibly due to variation in transfection efficiency and expression,
we were not able to obtain reliable data for [3H]CFT binding during the course of the
present study. However, we were able to assess the inhibition potency of JHWO007 and BZT
in [3H]dopamine uptake experiments for both N157C (Table 1) and N157A (Fig. 3 and
Table 1). We observed a marked reduction in apparent affinity of JHWO007 with ~9-fold
increase in the calculated K; value of N157A and ~7-fold in that of N157C (Fig. 3 and Table
1), suggesting that one of the two fluorine substituents may be engaged in polar interaction
with Asn1573-51, Perhaps because it does not contain a fluorine, BZT exhibited only a small
reduction, ~3-fold, in apparent affinity for these two mutants, which suggests a weaker
interaction of this compound with Asn1573-51 (Figs 3, 4 and Table 1).

This putative interaction of JHW007 with Asn1573-51 served in the subsequent exploration
and further refinement of the ligand-transporter interaction models (Fig. 4). Using several
DAT models and an induced fit protocol that allows backbone flexibility (IFD - see
Methods), we filtered the JHWO07 poses that had any of the fluorine substituents within 4 A
of the Asn1573-%1 side chain, and examined the rest of the interactions of the compound in
the binding site, subject to this restraint. It is not entirely surprising that the filtered JHW007
poses overlapped with the cocaine and dopamine binding sites (Beuming et al., 2008) so that
the tropane ring and the N-butyl substituents contact residues from TMs 1, 3, 6, 8, 10 with
the N-butyl substituent inserted between TMs 1 and 6, and the aromatic rings interacting
with residues from TMs 3, 6, and 8 (Fig. 4). The side chain interaction fingerprints (Deng et
al., 2004) of the filtered docking pose clusters are shown in Fig. 4E, specifically illustrating
the differential interaction of CFT and the BZTs with Asn1573-51,

Interestingly, all the filtered poses position the other fluorine substituted aromatic ring in
close proximity to Ala47910-51 and Ala48010-52 jn TM10 (Fig. 4B, C). Using the same
docking protocol and filtering criteria, CFT, which is smaller and has only one fluorine-
substituted aromatic ring, is predicted to not interact with these two residues. We tested this
predicted difference by mutating both residues to valines (A479V-A480V) assuming that the
larger side chain of the valines would sterically impair JHWO0O07 binding, but not that of
CFT. In agreement with this prediction, [*H]CFT binding affinity was only slightly affected
(Kgq ~63 nM in A479V-A480V versus ~18 nM for wild type, Table 2) and the ability of CFT
to inhibit [3H]dopamine uptake was almost unaffected (Fig. 5 and Table 1). In contrast,
JHWO07 displayed ~10-fold decrease in affinity calculated from [3H]CFT competition
binding experiments (Table 2) and ~6-fold decrease in affinity calculated from
[3H]dopamine uptake inhibition experiments (Fig. 5 and Table 1).

Based on the findings for JHWO007 we selected BZT docking poses by taking advantage of
their common moiety (assumed to be a key component of the pharmacophore) (Fig. 4A).
Thus, BZT poses were filtered with the condition that the common pharmacophore element
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be in the same orientation as for JHWO0OQ7 (Fig. 4B), i. e., the RMSD of common
pharmacophore is within 3 A. In these filtered BZT poses, we found that the lack of direct
interaction with Asn15731 resulted in a tilted orientation of the aromatic rings so as to
position one of them even closer to Ala47910-51 and Ala48010-52 than seen for JHW007 (Fig.
4B-D). Consistent with this predicted difference from JHWO0O07, BZT showed at A479V-
A480V ~20-fold decrease in affinity calculated from either [SH]CFT competition binding
experiments (Table 2) or [3H]dopamine uptake inhibition experiments (Fig. 5 and Table 1).

The resulting binding models deduced with the help of structural relations between BZT and
JHWO0O07 were probed with another BZT analog, AHN 1-055, which differs from JHWO007
by having an N-methyl rather than N-butyl substitution and thereby differing from BZT only
by having the para-fluoro-substitutions on the phenyl rings that also are present in JHWO007
(Fig. 1). The protocol described above was used to filter the AHN1-055 docking poses and,
as expected, the selected poses of AHN1-055 had the same binding mode as JHWO0OQ7 except
for the loss of interactions due the N-methyl replacement of the N-butyl in JHWO007.
However, like in JHWO007, when one of the fluorine substituents interacts with Asn1573-51,
the second fluorine—substituted ring is in close proximity to Ala47919-51 and Ala48019-52 in
TM 10 (Fig. 6). AHN 1-055 bound DAT with an affinity close to that of JHWO007 and had a
K; value for inhibition of [*H]dopamine uptake of 26 [18-37] nM, and for inhibition of
[3H]CFT binding of 9 [8-10] nM (means [S.E. interval], n= 3). In full agreement with the
proposed interaction with Asn1573-51, the K; value for inhibition of [3H]dopamine uptake
increased 10-15-fold in both N157A and N157C (N157A, K; = 171 [118-246] nM; N157C,
Kj =206 [151-280] nM, means [S.E. interval], n= 3) (Fig. 6). This binding model was also
supported by the observed increase in the K; value for the A479V-A480V mutant (Fig. 6)
(K = 274 [253-296] nM, mean [S.E. interval], n= 3), by ~10-fold. [3H]CFT binding
experiments confirmed the loss of affinity at A479V-A480V with ~15-fold loss in calculated
affinity for AHN 1-055 (K; = 156 [144-169] nM, mean [S.E. interval]).

4. Discussion

In a recent study we provided evidence that the binding site in DAT for cocaine and cocaine
analogs overlap with the binding site of the substrate dopamine (Beuming et al., 2008).
Thus, we obtained data arguing strongly against an allosteric mechanism of dopamine
binding inhibition for cocaine (Beuming et al., 2008). Our previous dockings also proposed
a binding site for BZT and BZT analogs in the primary substrate binding cavity (S1) of DAT
and, hence, overlapping binding sites with dopamine for these compounds as well (Beuming
et al., 2008). However, the only experimental support for this binding mode for the BZTs
was a decrease in affinity upon mutation of Ty1563-%0 to Phe, which disrupts a stabilizing
hydrogen bond between Asp79145 and Ty1563-°0 (Beuming et al., 2008). In the present
study we sought to validate the conclusion that BZTs bind in S1 and, moreover, to create
detailed models for the binding of BZTs in the S1 pocket.

The binding mode of inhibitors of NSS proteins has been the subject of intense discussion.
Recently, the discussion has been reinforced by crystallization of the bacterial leucine
transporter LeuT in complex with various ligands, including both tricyclic antidepressants
and the SSRIs sertraline and fluoxetine (Singh et al., 2007; Zhou et al., 2007; Zhou et al.,
2009). This crystallization was possible despite a very low affinity of these compounds for
LeuT, as compared to the high affinity they display for SERT and/or NET, which both are
closely related to DAT (lversen, 2006). The LeuT structures revealed a binding site in an
extracellular-facing vestibule, which is situated right above the occluded substrate binding
site (Singh et al., 2007; Zhou et al., 2007; Zhou et al., 2009) and was suggested to represent
a secondary substrate binding site (S2) (Shi et al., 2008). To investigate whether the
structures described a binding mode for antidepressants that could be generalized to the
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mammalian transporters, a series of mutations around the tentative binding site in the
extracellular-facing vestibule were analyzed in SERT (Zhou et al., 2009). Of these, mutation
of e.g. 11e1793-33 caused a dramatic decrease in the uptake inhibition potency of sertraline
and to a lesser extent fluoxetine, consistent with a binding site for these compounds in S2 of
SERT (Zhou et al., 2009). It is nevertheless unlikely that all the inhibitors bind within the S2
pocket. For example, (S)-Citalopram can be docked successfully in the S1 site and this
binding mode has been supported by detailed mutagenesis within the S1 binding pocket
(Andersen et al., 2009a, 2010; Henry et al., 2006; Koldso et al., 2010). Moreover, a series of
mutations targeting the S2 pocket hardly affected high affinity binding of (S)-citalopram,
adding further support that the primary high affinity (S)-citalopram binding site is situated in
S1 (Andersen et al., 2009b). It is also important to note that a recent study presented
structural models supported by mutagenesis data suggesting that tricyclic antidepressants
such as imipramine bind with high affinity in S1 rather than in S2 as indicated by the LeuT
structures (Sinning et al., 2010).

In DAT, mutations at several loci had been shown to generate differential effects on cocaine/
cocaine analogs and dopamine (Chen et al., 2006; Lin and Uhl, 2002; Loland et al., 2004;
Uhl and Lin, 2003; Volz and Schenk, 2005). This was interpreted as support for an allosteric
mechanism of action (see also (Huang et al., 2009)) and led to the suggestion that it might be
possible to develop a cocaine antagonist that blocks cocaine binding without affecting
dopamine transport, for treatment of cocaine addiction (Lin and Uhl, 2002). However, our
computational and experimental data are difficult to reconcile with this kind of allosteric
mechanism, as they offer rather strong support for a competitive binding mode of cocaine in
S1, (Beuming et al., 2008). It should also be noted that several of the mutants previously
found to cause differential effects on cocaine/cocaine analogs and dopamine binding, are
likely causing indirect conformational effects. One example is the highly conserved Tyr335
in the third intracellular loop that plays a key role in the network of interactions responsible
for maintaining the intracellular gate closed (Kniazeff et al., 2008; Loland et al., 2004;
Loland et al., 2002).

In the present study, we compared the details of binding modes for cocaine and BZT analogs
in the S1 site of DAT by refining the detailed binding models in conjunction with mutations
of selected residues in S1. Thus, Val152346 that is predicted to form hydrophobic
interactions with dopamine and cocaine/CFT as well as BZT/JHWO007 was found here to
affect binding of both BZT and JHWO007, just as it was shown earlier to be involved in
dopamine and cocaine/CFT binding (Beuming et al., 2008). Notably, the position
corresponding to Val1523-46 in SERT (11e172346) has also been implicated in inhibitor
binding, i.e. mutation of this residue markedly decreased the affinity for both cocaine and
(S)-citalopram (Chen et al., 1997; Henry et al., 2006).

We also analyzed mutation of Ser422 to alanine. According to our structural models of the
binding sites this residue is located in close proximity to all tested ligands in S1, but is also
predicted to be involved in binding the second sodium (Na2) (Beuming et al., 2008;
Beuming et al., 2006; Yamashita et al., 2005). In S422A, we observed a marked decrease in
the Vmax for [H]dopamine uptake, which might reflect an impairment of Na* binding that
results in lower transport capacity. For the inhibitors, we observed a marked parallel
decrease in apparent affinities. Although these data should be interpreted with care due to
possible interference with Na* binding, the observations are in support of a common binding
mode for all three inhibitors tested.

According to our previous data, Asn1573-°1 was suggested to form a polar interaction with
the para-fluoro-substituted 3B-phenyl ring of CFT and, in agreement, we observed impaired
CFT binding upon mutation of Asn1573-51 to Cys (N157C) (Beuming et al., 2008). In
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addition, in this study we analyzed the mutation of Asn1573-5 to alanine (N157A) that
caused a decrease in the apparent affinity of CFT, similar to that seen for N157C.
Interestingly, we also observed a marked decrease in the apparent affinity of JHWO007 with a
smaller effect on BZT itself. This would be consistent with an interaction of one of the para-
fluoro-substituted phenyl rings in JHWOO7 that contrast the unsubstituted phenyl rings in
BZT (Fig. 1). To explore this possibility further, we used computational analysis that
selected from the docking data those binding poses for JHWO007 in which the interaction
with Asn1573-51 was present, and then identified all BZT binding poses that positioned
common moieties of BZT and JHWOO7 in the same position within the binding site.
According to this analysis, the interaction of one of these pheny! ring fluorine substituents of
JHWO007 with Asn1573-51 positions the other fluorine-substituted ring close to Ala47910-51
and Ala48010-52 jn TM10. In contrast, the BZT oriented according to the rest of JHWO007
moieties is in a tilted orientation, as compared to JHW0O07, and has one of the aromatic rings
even closer to Ala47910-51 and Ala48019-52 (including a direct interaction with Ala47910-51),
The experimental data obtained for the A479V-A480V mutation were fully consistent with
this prediction as they demonstrated the largest effect to be for BZT, a lesser effect on
JHWO0O7, and only a small effect on CFT. The generalization of these inferences to an
additional BZT analog, AHN 1-055, which shares the fluorine substitutions of JHW007, but
lacks the large N-alkyl substituent, provided further support for the proposed orientation of
the BZTs in the S1 pocket.

Summarized, our present data suggest that BZT and its analogs bind with high affinity in the
primary substrate binding pocket with their diphenyl rings positioned between TM3 and
TM10, and thus that they share overlapping but non-identical binding sites with dopamine as
well as with cocaine/cocaine analogs. Nevertheless, the different orientations of the
compounds are most likely to stabilize distinct conformations of DAT and in turn affect the
pharmacological responses of the compounds. Indeed, based on accessibility of a cysteine
inserted in position 159 in TM3 we proposed that cocaine and cocaine analogues stabilize
more outward open configurations than those induced by BZT and BZT analogs (Loland et
al., 2008). We also observed that cocaine and cocaine analogues were more affected by a
mutation shifting the transporter to an inward facing conformation (Y335A) as compared to
most BZT analogs. We even observed a relationship between the decrease in potencies of
inhibitors at this mutant, and cocaine-like responding in rats trained to discriminate cocaine
from saline injections, indicating a possible correlation between binding mode and the /in
vivo behavioral effects (Loland et al., 2008). The present data represent an important
framework for further exploring these complicated actions of DAT inhibitors and might in
this way form an important basis for future discovery of new leads for treatment of
psychostimulant addiction.
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Fig. 1.

DAT diagram and ligands. (A) Two-dimensional schematic representation of the human
dopamine transporter (hDAT). Residues relevant to the present study are shown as enlarged
dark circles with single letter code in white. (B) Structure of dopamine, cocaine, the cocaine
analogue CFT ((-)-2p -carbomethoxy-3p -(4-fluorophenyl)tropane), BZT, AHN 1-055 and
JHWO007.
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Fig. 2.

Evidence for involvement of Val1523-46 in binding of BZT and JHWO007. (A) [3H]CFT/CFT
competition binding on wild type (WT) DAT (black circles) or V1521 (blue square). (B, C)
Inhibition of [3BH]CFT binding by BZT (B) or JHWO007 (C) to wild type DAT (black circles)
or 11521 (blue square). The binding experiments were performed using indicated
concentrations of non-labeled inhibitor on intact COS7 cells transiently expressing WT DAT
or V152I. Data are means = S.E. of 3 to 17 experiments performed in triplicate.
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Evidence for involvement of Asn1573-1 in binding of BZT and JHW007. (A, B, C)
Inhibition of [3H]dopamine uptake by CFT (A), BZT (B) or JHW007 (C). The uptake
experiments were performed using indicated concentrations of inhibitor on COS7 cells
transiently expressing wild type (WT) DAT (black circles) or N157A (blue squares). Data
are means + S.E. of 3 to 17 experiments performed in triplicate.
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Molecular models of DAT/ligand complexes. The aligned structures of JHW007 and BZT in

A illustrate their large common moiety. The docking poses of CFT (green), BZT (red) and
JHWO0O7 (blue) in DAT are superimposed in B based on the S1 binding site residues.
Sodium and chloride ions around the S1 site and residues Asn15731, Ala47910-51 and
Ala48010-52 gre indicated. The representative poses for JHW007 and BZT are depicted
individually in C and D. In JHWO007 (C) docking model, the polar interaction between
Asn157351 and the fluoride substituent is indicated by a dotted line. The absence of this
interaction in the BZT docking model (D) allows the ligand to get closer to Ala47910-51,
Panel E shows the side chain interaction fingerprints (Deng et al., 2004) of the filtered
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docking pose clusters of CFT, BZT, JHWO007, and AHN1-055. The interactions between the
fluoride substituent and Asn1573-1 are highlighted in orange.
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Evidence for involvement of Asn1573-51 Ala47910-51 and Ala48010-52 jn binding of AHN
1-055. (A) Molecular model of DAT/AHN1-055 complex. The filtered binding pose of
AHN1-055 is similar to that of JHWO007 (see Fig. 4). (B) Inhibition of [3H]dopamine uptake
by AHN 1-055 at WT DAT (black circles), N157C (blue triangles) and A479V-A480V (red
squares). The uptake experiments were performed using indicated concentrations of
inhibitor on COS?7 cells transiently expressing indicated constructs. Data are means * S.E. of
3 experiments performed in triplicate.
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Table 2

[3H]CFT binding properties and calculated affinities of indicated compounds assessed in COS7 cells
transiently expressing wild type DAT or mutants

DAT CFT Brmax JHWO007 BZT
construct Kg (M) (fmol/105 cells) Ki (nM) Ki (nM)
[S.E. interval] +S.E. [S.E.interval] [S.E. interval]
WT 18 [14-23] 386 + 89 23 [19-28] 43 [37-49]
V152A 261 [116-593] 380 +99 270[218-336] 655 [484-888]
V1521 145 [55-380] 215 + 58 387 [293-512] 633 [343-1170]
N157A ND ND ND ND
N157C ND ND ND ND
S422A ND ND ND ND
A479VIA480V 63 [49-82] 310+ 44 240 [168-341] 872 [686-1110]
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The K values were calculated from I1C5( value determined by non-linear regression analysis of [3H]CFT binding assays. The K values for

[3H]CFT were used to calculate K| for JHWO0O07, and BZT. Data were obtained from COS7 cells transiently expressing the DAT WT or mutants.
The S.E. interval for each K and Kj value is indicated and was calculated from the pK| + S.E. Data are means * S.E. of 3 to 17 experiments
performed in triplicate. ND = not detectable.
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