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Abstract

Dopamine transporter (DAT) blockers like cocaine and many other abused and therapeutic 

drugs bind and stabilize an inactive form of the transporter inhibiting reuptake of extracellular 

dopamine (DA). The resulting increases in DA lead to the ability of these drugs to induce 

psychomotor alterations and addiction, but paradoxical findings in animal models indicate that 

not all DAT antagonists induce cocaine-like behavioral outcomes. How this occurs is not known, 

but one possibility is that uptake inhibitors may bind at multiple locations or in different poses 

to stabilize distinct conformational transporter states associated with differential neurochemical 

endpoints. Understanding the molecular mechanisms governing the pharmacological inhibition of 

DAT is therefore key for understanding the requisite interactions for behavioral modulation and 

addiction. Previously, we leveraged complementary computational docking, mutagenesis, peptide 

mapping, and substituted cysteine accessibility strategies to identify the specific adduction site 

and binding pose for the crosslinkable, photoactive cocaine analog, RTI 82, which contains a 

photoactive azide attached at the 2β position of the tropane pharmacophore. Here, we utilize 

similar methodology with a different cocaine analog N-[4-(4-azido-3-I-iodophenyl)- butyl]-2­
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carbomethoxy-3- (4-chlorophenyl) tropane, MFZ 2–24, where the photoactive azide is attached 

to the tropane nitrogen. In contrast to RTI 82, which crosslinked into residue Phe319 of 

transmembrane domain (TM) 6, our findings show that MFZ 2–24 adducts to Leu80 in TM1 

with modeling and biochemical data indicating that MFZ 2–24, like RTI 82, occupies the central 

S1 binding pocket with the (+)-charged tropane ring nitrogen coordinating with the (−)-charged 

carboxyl side chain of Asp79. The superimposition of the tropane ring in the three-dimensional 

binding poses of these two distinct ligands provides strong experimental evidence for cocaine 

binding to DAT in the S1 site and the importance of the tropane moiety in competitive mechanisms 

of DA uptake inhibition. These findings set a structure-function baseline for comparison of typical 

and atypical DAT inhibitors and how their interactions with DAT could lead to the loss of 

cocaine-like behaviors.
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1. Introduction

The dopamine transporter (DAT) is a member of the Na+/Cl−-dependent SLC6A family 

of solute carriers and functions to maintain dopamine (DA) homeostasis through 

reuptake of transmitter from the neuronal synapse [1–3]. Altered DAT function through 

dysregulation or mutations can impact extracellular DA levels and has been linked 

to several neurological diseases and disorders including attention deficit hyperactivity 

disorder, addiction, depression, autism spectrum disorder, bipolar disorder, Parkinson 

disease, schizophrenia, Tourette syndrome, and hereditary DAT deficiency syndrome [1,4–

8]. DAT activity can be modulated endogenously by various interacting proteins and post­

translational modifications, including phosphorylation and palmitoylation [9]. Recently, 

DAT movement on and off the plasma membrane was demonstrated to be rapidly responsive 

to changes in membrane potential [10] and there is long-standing evidence that DAT 

function at the membrane can be impacted by exogenous drugs of abuse like cocaine 

and amphetamines, which block or reverse the transport of DA by DAT and lead to 

large increases in extracellular DA levels [11–15]. Enigmatically, some DAT inhibitors 

including bupropion, methylphenidate, and the benztropines bind and block DA reuptake 

but fail to induce the euphoric and addictive behavioral effects seen with cocaine [16–18]. 

Notably, methylphenidate can exhibit addictive cocaine-like effects upon abuse at excessive 

doses and administered intranasally or intravenously [19]. Understanding the underlying 

molecular and physiological mechanisms that dictate whether or not a DAT blocker will 

Krout et al. Page 2

Biochem Pharmacol. Author manuscript; available in PMC 2021 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



induce psychotropic and addictive behaviors might greatly advance the development of 

pharmacotherapeutics that could be used to treat drug abuse and addiction as well as 

attention deficit and mood disorders.

Major structural insights into DAT and the other monoamine transporters for serotonin 

and norepinephrine (SERT and NET) have resulted from the crystal structures of substrate 

and inhibitor bound complexes from both prokaryotic and eukaryotic SLC6 transporters 

[20–24]. These proteins share a common structure of 12 transmembrane (TM) domains 

connected by intracellular and extracellular loops, with cytoplasmic N- and C-termini. The 

topology reveals an architecture of two 5-helix bundles arranged antiparallel to one another 

in the membrane [25–27]. Comparative modeling utilizing the leucine transporter (LeuT) 

and Drosophila DAT (dDAT) templates assisted in understanding the three-dimensional 

structural architecture of mammalian monoamine transporters as well [28,29].

Examination of the substrate and inhibitor binding pockets in the crystal structures of LeuT, 

dDAT, and human SERT (hSERT) demonstrated that antagonists and substrates occupy a 

high affinity central substrate binding pocket (S1), generated by TM domains 1, 3, 6, and 8 

[20,30], as well as a secondary low-affinity binding site (S2) located in the external vestibule 

[21,31] that may accommodate a second molecule of substrate or antagonist. Antagonist 

occupancy of the S1 site would inhibit transport competitively whereas occupancy of the S2 

site is thought to allosterically modulate the S1-bound inhibitor effects through reduction or 

enhancement of ligand dissociation from S1 [32–35].

Findings from biochemical experiments, cocaine QSAR studies, and dDAT/cocaine co­

crystal structures suggest cocaine occupancy of the S1 substrate binding pocket in DAT 

[30,36–41]. Site-directed mutagenesis studies showing strong negative impacts of S1 residue 

mutations on cocaine or cocaine analog binding. However, cocaine binding is also affected, 

though normally weaker, by numerous other mutants in non-S1 regions that span from 

the cytosolic termini to extracellular loops [27,41–44]. Whether these changes are induced 

indirectly by long-range conformational impacts on S1 or represent possible non-S1 cocaine 

interaction sites on DAT remains unknown [45–49]. The biogenic amine transporters have 

been shown to possess allosteric antagonist binding sites that may function in regulation 

of various properties [50–56], however, to our knowledge cocaine-mediated allosteric 

properties have not been demonstrated for these transporters [35].

Here, we utilized the irreversible cocaine analog [125I]N-[4-(4′-azido-3′-iodophenyl)- 

butyl]-2-β-carbomethoxy-3β-(4-chlorophenyl) ([125I]MFZ 2–24) (Fig. 1) [57,58] in 

combination with comparative modeling, small molecule docking, molecular dynamics, 

peptide mapping, and substituted cysteine accessibility method (SCAM) [59] protection 

analyses to identify the adduction site corresponding to high affinity binding of 

the photoactivatable ligand to DAT. MFZ 2–24, cocaine, and the cocaine analog 

(−)-2β-carbomethoxy-3β-(4-fluorophenyl)tropane (CFT) share a common pharmacophore 

consisting of the tropane ring and 3β-phenyl group that results in high affinity binding 

[60,61]. All of these compounds bind noncovalently to DAT, but [125I]MFZ 2–24 contains a 

photoactivatable phenyl azido moiety that upon ultraviolet activation forms a highly reactive 

singlet nitrene that reacts with proximal C–H or N–H groups forming a covalent bond 
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with the protein [62,63]. Using irreversible labeling as a strategy for determining the site 

of ligand-protein interaction, we previously demonstrated that [125I]MFZ 2–24 cross-links 

to human (h) DAT between Asp68 and Leu80, a domain corresponding to the central and 

extracellularly directed regions of TM1 in DAT [64]. In this report, our computational 

approaches predicted MFZ 2–24 adduction at Leu-80 on TM1 in DAT and this finding 

was validated by mutagenesis and peptide mapping of the adduction site. Furthermore, 

our docking models predicted a S1 placement of the tropane core of MFZ 2–24, verified 

by SCAM analysis, a placement that overlaps with the binding site and orientation of 

the tropane core of another cocaine analog, RTI 82 [65]. These findings provide the 

second-known example of a direct interaction of the core tropane pharmacophore of MFZ 

2–24 with the central, S1 binding site, providing support for a competitive mechanism of 

action of cocaine for blocking DA transport and further advance the idea that the tropane 

pharmacophore is primarily responsible in defining affinity and position in the binding site.

2. Materials and methods

2.1 Comparative DAT homology model construction

The outward-occluded and open-to-out rDAT homology models used in this study were 

generated previously [65] using Rosetta3.1 [66]. The top 10 scoring models (Rosetta Etotal 

score) for each template were compared visually to the starting structure to verify overall 

structural integrity before moving forward with docking studies.

2.2 Molecular dynamics analysis of DAT in complex with MFZ 2–24

The top scoring MFZ 2–24 poses, in complex with DAT, from RosettaLigand [67] and 

Induced Fit Docking (IFD) [68] were then subjected to molecular dynamic analysis for 

almost 200 ns using GROMACS [65].

2.3 Synthesis and radiolabeling of MFZ 2–24

Synthesis and radiolabeling of MFZ 2–24 was carried out as previously described [57,58].

2.4 Chemicals and materials

[3H]CFT (76 Ci/mmol) was obtained from Perkin-Elmer (Waltham, MA, USA). [3H]DA 

(45 Ci/mmol), Protein A Sepharose, and Hyperfilm MP were from GE Healthcare Life 

Sciences (Piscataway, NJ). Site directed mutagenesis QuikChange® kit was from Stratagene 

(La Jolla, CA). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO) or 

Fisher Scientific (Pittsburgh, PA).

2.5 Cell culture and site-directed mutagenesis

Mutant constructs used for peptide mapping were stably expressed in Lewis Lung 

Carcinoma-Porcine Kidney (LLC-PK1) cells (ATCC) (Passages 5–15) and were 

characterized previously (M111L/M116L, L80M/M111L/M116L) [64] or were generated 

in the M111L/M116L rDAT cDNA background using the Stratagene QuikChange® kit and 

verified by sequencing (Northwoods DNA, Solway, MN). For ease of discussion, mutants 

V73M, A77M, D79M, and L80M generated in the M111L/M116L background are referred 
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by the TM1 mutation only. For stable expression of new constructs, LLC-PK1 cells were 

transfected using FuGENE transfection reagent and selected with 800 μg/mL of G418. Cells 

were maintained in a humidified chamber with 5% CO2 at 37°C in α-minimum essential 

medium (AMEM with 5% fetal bovine serum, 2 mM L-glutamine, 200 μg/mL G418, and 

100 μg/mL penicillin/streptomycin). Mutants for SCAM analysis were generated in the 

E2C background (C90A and C305A) of pcDNA3-rDAT using the Stratagene QuikChange® 

kit and verified by sequencing (Eurofins MWG Operon, Huntsville, AL). WT and mutant 

cDNAs were expressed transiently in HEK-GripTite cells (licensed from ThermoFisher) 

using TransIT®-LT1 (Mirus) (1 μl per 200 ng of DNA). Cells were maintained in a 

humidified chamber with 5% CO2 at 37 °C in Dulbecco’s modified Eagle’s medium 

(DMEM: 10% FBS, 600 μg/ml G418).

2.6 Photoaffinity labeling and CNBr peptide mapping

These procedures were performed as described previously [65]. Briefly, cells expressing 

WT or mutant DATs were washed twice with ice-cold Krebs-Ringers-HEPES (KRH) buffer 

(25 mM HEPES, 125 mM NaCl, 4.8 mM KCl, 1.2 mM KH2PO4, 1.3 mM CaCl2, 1.2 mM 

MgSO4, 5.6 mM glucose, pH 7.4) and incubated with 5 nM [125I]MFZ 2–24 in KRH for 

2 h on ice in the presence or absence of 30 μM (−)-cocaine. Cells were irradiated with 

ultraviolet light (254 nm) for 5 min to covalently attach the ligand to DAT, washed twice 

with cold KRH, and lysed with radioimmunoprecipitation assay RIPA buffer (150 mM 

NaCl, 125 mM NaH2PO4, 2 mM EDTA, 1% Triton X-100, 0.1% SDS, pH 7.4) containing 

protease inhibitor (Pierce Protease Inhibitor minitablets, ThermoFisher) for 30 min on ice 

with shaking. The lysates were centrifuged at 20,000 × g for 12 min at 4°C and supernatants 

were subjected to SDS-PAGE and autoradiography on 8% Tris-glycine polyacrylamide 

gels. Photolabeled DAT bands were excised from the gel and protein was electroeluted 

and dialyzed against purified H2O. Aliquots were counted in a scintillation counter and 

equal amounts of radioactivity from each sample were subjected to peptide mapping. For 

CNBr proteolysis, samples were lyophilized to dryness, and resuspended in 70 μL of 70% 

formic acid with or without addition of 1 M CNBr and incubated for 24 h at 22°C in the 

dark. Reactions were quenched with 1 mL of purified water and samples were lyophilized 

to dryness, followed by removal of CNBr with four additional rounds of resuspension 

with water and lyophilization. The final samples were suspended in immunoprecipitation 

buffer and divided into aliquots. Part of the sample (25–50%) was subjected directly to SDS­

PAGE/autoradiography to visualize the total CNBr digestion pattern and the remainder was 

immunoprecipitated with monoclonal Ab 16 (mAb 16) prior to SDS-PAGE/autoradiography. 

For each experiment, 2–3 mutants were photoaffinity labeled and analyzed with WT and 

L80M DAT exactly in parallel and all results were replicated at least 3 times. CNBr peptide 

masses were calculated using PeptideCutter via ExPASy.

2.7 [3H]CFT binding

LLC-PK1 cells (Passage 5–15) stably expressing WT and mutant rDATs were grown to 

~80% confluency and washed with Hank’s balanced salt solution (HBSS). Cells were 

incubated with 10 nM [3H]CFT in KRH buffer for 2 h at 4°C. Binding was performed in 

triplicate with nonspecific binding determined in the presence of 10 μM mazindol. At the 
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end of the incubation, cells were washed twice with KRH buffer, lysed with 1% Triton 

X-100, and samples assessed for radioactivity by liquid scintillation counting.

2.8 [3H]DA uptake

WT or mutant rDAT-LLCPK1 (Passage 5–15) cells were grown in 24-well plates to ~80% 

confluency in AMEM at 37°C. Cells were rinsed twice with 0.5 mL KRH buffer followed 

by addition of 0.5 mL warmed KRH (37°C). Uptake was performed in triplicate and initiated 

by addition of 10 nM [3H]DA plus 3 μM unlabeled DA, with nonspecific uptake determined 

in the presence of 100 μM (–)-cocaine (Sigma, St Louis, MO). Uptake was allowed to 

proceed for 8 min at 37°C and cells were rapidly washed three times with ice-cold KRH and 

solubilized in 1% Triton X-100. Radioactivity contained in lysates was assessed by liquid 

scintillation counting and protein content was determined using BCA colorimetric reagent.

2.9 SCAM protection analysis of S1- and S2-binding sites

GripTite cells (ThermoFisher Scientific) (Passage 2–15) were plated at a density of 150,000 

cells/cm2 in 24-well culture plates, incubated for 24 h, and transfected with rDAT constructs 

using TransIT®-LT1 (Mirus). Following transfection (48 h), cells were processed as 

described previously [39,65]. Briefly, cells were incubated with 10 or 50 μM MFZ 2–24 

or vehicle for 5 min in PBS/CM (137 mM NaCl, 2.7 mM KCl, 10.1 mM Na2HPO4, 1.8 

mM KH2PO4, 0.1 mM CaCl2, 1.0 mM MgCl2, pH 7.4) followed by addition of 0.1 mM 

MTSEA-biotin (Biotium) for 10 min (Biotium, Fremont, CA). Cell lysates were obtained 

with RIPA solubilization buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 0.1% SDS, 1% Triton 

X-100, 1% sodium deoxycholate) containing Halt™ Protease Inhibitor Single-Use Cocktail 

(ThermoFisher) and incubated with NeutrAvidin-agarose resin (ThermoFisher) to extract 

surface proteins labeled by MTSEA-Biotin. Following a BCA assay (ThermoFisher) to 

determine protein concentration, equal amounts of protein from total samples and equivalent 

volumes of surface protein pools were processed by SDS-PAGE and immunoblotting using 

anti-DAT monoclonal antibody, mAb 16 [69,70]. DAT levels were quantitated from the 

density of immunoblot bands from at least three separate assays using ImageJ (National 

Institutes of Health). Surface values were normalized to total DAT levels and are expressed 

as a percent of untreated samples. Data were analyzed using a paired Student’s t-test (Prism 

4, Graphpad, Inc).

3. Results

3.1 Computational docking of MFZ 2–24 to rDAT homology models

To identify the site of MFZ 2–24 adduction to DAT and inform the biochemical crosslinking 

studies, in silico docking was performed on the open-to-out and outward-occluded rDAT 

comparative models (based on the LeuT crystal structures 2A65 and 3F3A) [20,22] using 

two independent methods, RosettaLigand (RL) and Induced Fit Docking (IFD). A recent 

review details how LeuT remains a useful and valid template for SLC6 modeling [71].

3.2 RosettaLigand docking

RL docking was performed and the top-scoring 5% (based on the interface_delta score, see 

methods) of the 25,000 RL-docked complexes (termed decoys) were filtered using three 
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biochemically-defined molecular distance constraints. These constraints were defined as 5Å 

distance cutoffs between: [1] the MFZ 2–24 azido moiety and any atom in the residues 

Asp-79 and Leu-80, [2] the tropane N of MFZ 2–24 and the side chain of Asp-79 [65], and 

[3] the phenyl chloride of MFZ 2–24 and the side chain of Asn-157 [41,65]. Using both 

filters (1) and (2) resulted in 89 and 5 decoys from the open-to-out and outward-occluded 

models, respectively. The addition of filter (3) reduced the number of decoys fulfilling the 

constraints to 9 and 0 for the open-to-out and outward-occluded models, respectively. The 

top two scoring decoys had poses for MFZ 2–24 that only differed by 1.288 Å RMSD, 

however, evaluation of the distance between the nitrene-forming N atom on the azido group 

of MFZ 2–24 and the nearest C atom on the Leu-80 side chain indicated that the second 

best-scoring decoy (interface_delta score, −12.8) with intramolecular distance of 3.8Å 

(Fig. 2A) was more consistent with the molecular constraints than the top scoring decoy 

(interface_delta score, −15.4) which had an intramolecular distance of 5.8Å. Therefore, 

the second-best scoring pose was chosen and carried forward for molecular dynamic 

simulations.

3.3 IFD docking

MFZ 2–24 was also docked into the open-to-out and outward-occluded models using IFD, 

which allows for the incorporation of the Na+ and Cl– ions along with their energetic 

and density contributions during the docking analysis [20,65,72–75]. IFD docking to the 

open-to-out and outward-occluded models yielded 12 and 2 structures, respectively. Of 

the 12 open-to-out docked structures, only 1 complex fulfilled the nitrene/Leu-80 distance 

constraint (Fig. 3A). The nitrene/Leu-80 distance of the remaining 11 structures was >7.4Å, 

which eliminated them from further consideration. Analysis of the two outward-occluded 

IFD docked complexes revealed the distance between the nitrene group and the Leu-80 side 

chain was 5.3 and 5.4Å, which is just outside of the molecular cutoff. However, to determine 

if refinement would result in a ligand pose that met the filter requirements, the best scoring 

complex was carried forward for MD analysis.

3.4 MD simulation of RL and IFD docked MFZ 2–24 poses

To refine the selected RL and IFD poses the ligand-transporter complexes were placed 

in a POPC lipid bilayer and subjected to more than 150 ns of MD simulation using 

GROMACS [76]. Simulation of the RL f_1217 docked structure resulted in a pivoting 

movement of MFZ 2–24 around the tropane N such that the phenyl Cl group moved down 

and away from Asn-157 to a distance of 8.5Å and the phenyl iodo azido arm moved 

slightly away from TM1 to a distance of 4.1Å (Fig. 2B and 2C). The ∂O atoms of the 

Asp-79 side chain appear to alternate in coordinating the tropane N over the duration 

of the simulation (Fig. 2E), which was also observed in our previous analysis with the 

cocaine analog RTI 82 [65]. However, the intermolecular distance between Asn-157 and 

the phenyl Cl increased substantially (Fig 2E). This constraint was used based on previous 

comparative modeling and mutagenesis work supporting interaction between the phenyl Fl 

of the cocaine analog CFT and Asn-157 on TM3 [41]. Similar to RL, MD analysis of 

the IFD pose resulted in moderate translation of MFZ 2–24 in the binding pocket. The 

Leu-80 and Asp-79 side chains also shifted such that they maintained a <5Å distance to the 

nitrene and tropane N, respectively (Fig. 3B, 3C and 3E). However, in the IFD pose, the 
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intermolecular distance between Asn-157 and the phenyl Cl remained relatively consistent at 

~ 5Å over the simulation (Fig 3E). Alignment of the pre- and post-MD RL and IFD-docked 

structures with the recent co-crystal of cocaine in the dDAT [30] revealed that the MFZ 

2–24 poses from the pre-MD structures are closer to cocaine in the co-crystal structure than 

structures following refinement by MD simulations (Fig. 2D and 3D). After MD analysis, 

the “outward-occluded” MFZ 2–24 structures failed to meet the molecular constraints and 

were therefore eliminated.

3.5 Peptide mapping of photoaffinity labeled site

In previous studies we used Met substitution mutagenesis, CNBr proteolysis, and epitope 

specific immunoprecipitation to demonstrate that [125I]MFZ 2–24 cross-links to DAT in 

TM1 between Ile67 and Leu80 [64]. Here we use these procedures to further narrow the 

adduction site and test the cross-linking predictions obtained from computational modeling. 

For these experiments, endogenous residues between positions 68 and 80 are substituted one 

at a time with Met to generate novel CNBr cleavage sites for peptide mapping. The proteins 

are photolabeled, digested with CNBr, and the fragments subjected to immunoprecipitation 

with mAb 16 which is directed against N-terminal residues 42–59. There are no endogenous 

Mets in DAT between positions 11 and 106, thus if [125I]MFZ 2–24 adduction occurs 

N-terminal to the inserted Met, the labeled fragment will contain the epitope for mAb 16 and 

will immunoprecipitate, whereas if adduction occurs C-terminal to the inserted Met, CNBr 

digestion will separate the ligand from the antibody epitope and the photolabeled fragment 

will not immunoprecipitate (see Figure 4).

Because molecular modeling suggested adduction of [125I]MFZ 2–24 at Asp79 or Leu80, 

we focused our efforts on residues close to these sites, inserting Met in place of Val73, 

Ala77, and Asp79. Mutants were stably expressed in LLC-PK1 cells and analyzed for 

expression, [3H]DA uptake, [3H]CFT binding, and [125I]MFZ 2–24 labeling. V73M and 

A77M DATs were expressed as full-length protein and showed robust cocaine-sensitive 

transport and CFT binding activity. D79M DAT expressed poorly and, as expected, showed 

negligible transport, but the full-length protein displayed a small amount of [125I]MFZ 2–24 

labeling and was analyzed due to molecular modeling findings that indicated Asp79 as a 

possible adduction site.

For peptide mapping studies, the photolabeled proteins were gel purified and subjected 

to treatment with vehicle (formic acid) or CNBr. For all experiments, WT and L80M 

DATs were labeled, digested, immunoprecipitated, and electrophoresed in parallel with the 

new constructs to provide positive controls to validate generation and immunoprecipitation 

of labeled fragments. Digested samples were divided into aliquots that were directly 

subjected to SDS-PAGE/autoradiography to visualize the total spectrum of CNBr fragments 

or were immunoprecipitated with mAb 16 prior to SDS-PAGE/autoradiography. Within 

each experiment, samples from WT and mutant forms were adjusted to contain equal 

amounts of radioactivity to allow for direct comparison of fragment production and 

immunoprecipitation signals.

Figure 4 shows the results of these analyses with the accompanying schematic diagrams 

indicating the origin of the labeled fragments in the primary sequence. Panel A shows the 
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spectrum of total CNBr fragments generated from [125I]MFZ 2–24 labeled WT and mutant 

DATs with left and right panels showing independent analyses of the indicated mutants. In 

vehicle-treated samples, full length DAT migrates at ~90 kDa (odd numbered lanes) with 

no low molecular weight fragments observed. Aggregates seen at ≥180 kDa are most likely 

induced by the formic acid treatment, as they were not seen in samples subjected directly to 

electrophoresis. CNBr treatment of WT rDAT produced a labeled fragment of ~12 kDa (lane 

2; arrow a) that corresponds to the region between Met-1/11 and Met106/111/116 (shaded 

region in diagram a). The presence of doublets in some experiments is likely due to different 

proteolysis combinations, as the calculated mass of fragments extending from Met1 to 

Met116 is 12.7 kDa and the calculated mass of fragments extending from Met11 to Met106 

is 10.5 kDa. CNBr treatment of [125I]MFZ 2–24 labeled L80M DAT produced a fragment of 

~8 kDa, which is consistent with peptides extending from Met1 or Met11 to L80M (shaded 

region in schematic diagram b) with calculated masses of 7.5 and 8.7 kDa, as demonstrated 

previously [64]. All of the new mutants showed similar levels of CNBr fragments in the low 

molecular mass region of the gel indicating that the ligand became adducted to the protein in 

a similar manner and arguing against the possibility that the mutation induced adduction of 

[125I]MFZ 2–24 in a different region of the primary sequence that would generate a different 

fragment pattern. For V73M, A77M, and D79M DATs, a labeled fragment similar to that 

generated from L80M DAT would be produced if the ligand becomes adducted N-terminal 

to the new CNBr site whereas a labeled fragment of ~3 kDa extending from the new Met to 

Met106 (shown in diagram c) would be produced if the ligand adducts C-terminal to the new 

CNBr site. These possible fragments would not be distinguishable by SDS-PAGE and both 

forms are indicated in panel A with arrows b and c. Importantly, the intensity of fragment 

production for mutant DATs was comparable to that of the WT and L80M proteins allowing 

for direct comparison of immunoprecipitation signals.

Panel B shows the mAb 16 immunoprecipitation profiles of the total digests shown in the 

upper panels. As we previously demonstrated [64], mAb 16 immunoprecipitated the 12 

kDa fragment from the WT DAT (lanes 2 and 10, arrow a) and the 8 kDa fragment from 

L80M DAT (lanes 4 and 12, arrow b) indicating that ligand incorporation occurs at or 

N-terminal to Leu80 (diagrams a and b). In striking contrast, even though labeled fragments 

were present at equal intensities in the total digests from V73M, A77M, or D79M DATs, 

these samples showed negligible immunoprecipitation by mAb 16 (lanes 6, 8, and 14). This 

strongly indicates that cleavage of TM1 at Mets 73, 77, and 79 separated epitope 16 from 

the [125I]MFZ 2–24 adduction site and thus that adduction occurred C-terminal to those 

Mets (diagram c). Therefore, because CNBr cleaves the peptide bond on the C-terminal 

side of Met residues, these data provide strong experimental evidence that [125I]MFZ 2–24 

adduction occurs at Leu-80.

3.6 Analysis of MFZ 2–24 protection of S1- and S2-binding pockets from Cys-directed 
biotinylation

Our computational docking and peptide mapping results strongly indicate that binding of 

the MFZ 2–24 tropane pharmacophore occurs within the S1-binding site and positions the 

azido group for adduction to Leu80. In order to confirm binding of MFZ 2–24 to S1, 

we analyzed several residues present in the S1- or S2-binding sites in addition to several 
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that line the transition between S1 and S2 (intermediate residues) in the DAT permeation 

pathway. Mutants were constructed in a methanethiosulfonate (MTS)-insensitive rDAT E2C 

(C90A and C305A) background and assessed for MFZ 2–24-induced protection from the 

SCAM reagent MTSEA-biotin.

Previously [65], we identified that surface rDAT was readily labeled with MTSEA-biotin 

whereas labeling of rDAT E2C is undetectable (Fig. 5A, Control), confirming it as a 

cysteine-reduced, MTS-insensitive background suitable for analysis of inserted Cys residues. 

Utilizing rDAT E2C as a template, we generated Cys mutations of the S1 residues Asp79, 

Ala81, Asn82, Val152, and Ser421, the S2 residues Trp84, Arg85, Ile159, and Asp475, 

and the intermediate residues Phe319, Ala479, and Ile483. MTSEA-biotin protection assays 

were performed using 10 μM MFZ 2–24, except for the mutants D79C and S421C where 

marked losses in potency to inhibit binding were observed, which required a higher 

concentration (50 μM) for protection analyses.

Western Blot analyses revealed that treatment with MFZ 2–24 did not affect recovery of 

biotinylated rDAT surface protein (Fig. 5A, Control) indicating Cys90 and/or Cys305, which 

are located on the extracellular ends of TMs 1 and 6, respectively, remain reactive in the 

presence of the ligand. Recovery of the biotinylated S1 mutants D79C and S421C was 

significantly reduced in the presence of MFZ 2–24 (Fig. 5, S1), demonstrating protection of 

these residues from the MTS reagent. Mutant A81C showed no change in recovery whereas 

N82C and V152C exhibited increased recovery (greater MTS sensitivity), a pattern we 

previously observed with cocaine [65]. This difference in cocaine analog protection likely 

arises from the position of the phenyl azido moiety, as the RTI 82 extension is oriented 

toward the external vestibule whereas on MFZ 2–24 the group is bent inwards. In the S2 

mutants, MFZ 2–24 did not alter recovery from W84C, R85C, I159C, and D475C (Fig. 5, 

S2) indicating a lack of protection of these residues from MTS attack. In combination, these 

data reveal binding of MFZ 2–24 to DAT in the S1, but not S2, site.

The intermediate residues Phe319, Ala479, and Ile483 that lie at the interface between 

the S1- and S2-binding sites provide insight into the conformation of DAT adopted upon 

antagonist binding. MFZ 2–24, like RTI 82 [65], only protected mutant A479C from MTS 

modification (Fig. 5, Intermediate) whereas cocaine protected all intermediate sites. Though 

the azido groups of RTI 82 and MFZ 2–24 adduct to distinct sites on DAT, each analog has 

the addition of a phenyl azido moiety that, through its added bulk, may prevent DAT from 

transitioning to an occluded conformation. Cocaine, however, lacks the phenyl azido group 

that may allow for transition to a more occluded structure thereby providing protection of 

these residues.

4. Discussion

Cocaine impacts on DAT are complex and remain incompletely understood, with binding 

occurring via both high and low affinity states [77,78] and uptake inhibition mediated 

through competitive and noncompetitive mechanisms [79,80]. Efforts to elucidate the 

structural bases of these processes have primarily involved loss-of-function mutagenesis 

approaches and co-crystal structures of bacterial and insect transporters that are 
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thermostabilized by mutations, truncations, or antibody methods, and are often diminished 

in or devoid of transport activity [30,81]. These methods have provided valuable information 

though in some cases the biochemical data and crystallographic data for antagonist binding 

is contradictory [82,83]. In the dDAT crystal structure (PDBID 4PX4) [30] bound cocaine 

was identified in the central S1 binding site where it could directly compete with DA 

[41,44,65]. However, some computational and biochemical studies suggest cocaine could 

bind to the S2 site located in the vestibule on the extracellular side of the outer gate [84–

86]. Binding of cocaine to either of these sites would likely stabilize the transporter in an 

inactive conformation, which would block substrate uptake, but would exert these effects 

by distinct mechanisms that could be subject to differential pharmacological manipulation 

[87]. To address these issues, we developed a series of irreversible binding cocaine 

analogs as a positive-function approach to directly identify their site of incorporation 

in functional mammalian transporters in combination with molecular modeling and 

biochemical validation.

Our findings demonstrate covalent attachment of the cocaine photoaffinity analog MFZ 

2–24 to the TM1 residue Leu80 and, in conjunction with modeling and SCAM analysis, 

determined that the binding of the tropane pharmacophore occurs in the S1 substrate binding 

site. Similar to our previous findings regarding the cocaine photoaffinity analog RTI 82 

[65], our top scoring RL and IFD models maintain a salt-bridge interaction between the 

positively charged tropane nitrogen of MFZ 2–24 and the negatively charged side-chain 

of residue Asp79, a pose recently supported by the dDAT/cocaine co-crystal [30]. These 

models also support an interaction between the phenyl chloride of MFZ 2–24 and Asn157, 

an interaction that parallels previous findings with the phenyl chloride of RTI 82 [65] and 

the phenyl fluoride of CFT [41]. Cocaine possesses a nonhalogenated benzoyl ester that does 

not interact with Asn157 [30], suggesting that interaction of a compound with Asn157 may 

be dependent on the presence of a halogen. Though this interaction was originally thought 

to contribute to the higher affinity binding of CFT, RTI 82, and MFZ 2–24 [88], recent 

crystal structures of the cocaine analogs β-CFT and RTI-55 in complex with DAT suggest 

that Asn157 does not directly participate in binding and that the halogen substituted phenyl 

groups do not markedly affect the architecture of the binding pocket [30]. This observation 

supports why, after MD simulation, the phenyl Cl group of MFZ 2–24 in our RL and IFD 

docked structures moves away from Asn157 to distances greater than 5Å.

Leu80, the adduction site of MFZ 2–24, coordinates substrate binding by forming a 

hydrophobic-aromatic interaction with Tyr156 and there is evidence that mutation of Leu80 

destabilizes Tyr156 interactions resulting in loss of DA uptake though cocaine and CFT 

binding are unaffected [41,64]. Mutation of the homologous site in SERT also resulted in 

decreased substrate transport, suggestive of a conserved role for this position in substrate 

transport [39]. Leu80 is an S1 residue located adjacent to TM1 residue Asp79 which 

interacts with the tropane nitrogen of MFZ 2–24 offering strong support that MFZ 2–24 

inhibits DA uptake through a competitive mechanism either by binding to S1 in an occluded 

or outward-facing conformation. Our models reveal that an outward-facing conformation is 

more likely as our docking methods were unable to identify an MFZ 2–24/DAT complex 

based on an occluded homology model. Furthermore, our SCAM data supports binding of 

MFZ 2–24 in a manner similar to RTI 82. Cocaine, in contrast to MFZ 2–24 and RTI 82, 
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was able to protect intermediate residues from MTS inactivation suggesting cocaine binds to 

an occluded conformation of the transporter which would close off the intermediate residues 

due to interhelical side chain packing whereas the added bulk of the phenyl azido moiety 

on MFZ 2–24 and RTI 82 likely prevents closure of the extracellular gate and, therefore, 

stabilizes an outward-facing conformation leaving the intermediate residues accessible to 

MTS.

Therefore, this study identifies the TM1 S1 residue Leu80 as the single amino acid site of 

attachment for the photoactive cocaine analog MFZ 2–24 providing additional independent 

support that tropane-based, cocaine-like compounds bind to S1 and competitively inhibit 

DA binding. These findings support previous biochemical and crystallographic studies and 

provide further evidence for the importance of the tropane pharmacophore in driving the 

interaction of these cocaine-analogs despite addition of the phenyl-azido crosslinking moiety 

arm to the molecule core.

The parameters of our study do present some limitations. We are restricted by the 

concentration of radiolabeled probe that can be used and therefore only report high­

affinity binding interactions which precludes measurements of binding and adduction at 

the low-affinity S2 site. Clearly, studies elucidating the full role of S2 are essential and 

worth pursuing to understand antagonist interactions with DAT. Additionally, the cocaine 

photoaffinity analogs do have structural differences from cocaine that could result in distinct 

binding poses. However, the agreement we see between RTI 82 and MFZ 2–24 binding as 

well as the dDAT-cocaine crystal structure provides strong support for our findings that the 

tropane core directs the binding of these drugs.

The physiological effects and economic burden imparted by cocaine abuse are several 

factors that highlight the importance of understanding the mechanism of cocaine binding 

and transport inhibition. The advent of the benztropine class of DAT antagonists, 

compounds that do not produce cocaine-like behavioral profiles [89,90], suggests that a 

cocaine-abuse pharmacotherapeutic is possible. GBR12909 for example was a promising 

pharmacotherapeutic as it decreased self-administration of cocaine following pretreatment 

[91–93], but due to prolonged QTc intervals in patients participating in phase II clinical 

trials [94] and the ability to block multiple ion channels [95], it may support treatment of 

abnormal heart rhythms instead [96,97]. Recently, R-modafinil has been reported to bind 

the DAT in a unique fashion [54,98] and has demonstrated efficacy in rodent models of 

nicotine abuse [99]. Moreover, novel analogues of modafinil that exhibit an atypical DAT 

inhibitor profile show promise for development as medications to treat psychostimulant use 

disorders [100–103]. A recent study of the sigma-1 receptor provides even further evidence 

that interactions of DAT with cytosolic protein partners may be dependent on bound 

antagonists and suggests these interactions are important for establishment of cocaine­

associated behaviors [104]. If DAT blockade was solely required for the cocaine-induced 

behavioral responses, we would expect all DAT antagonists to elicit invariable outcomes 

at inhibitory doses. However, this singular mechanism is not supported experimentally and 

points to a more complex explanation. Indeed, structurally distinct DAT inhibitors are likely 

to confer local conformational changes that in some cases could be communicated through 

the protein structure and hide and/or expose regulatory domains involved in protein-protein 
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interactions and/or impact DAT phosphorylation and palmitoylation. Such changes could 

alter downstream signalling events and account for differential physiological and behavioral 

outcomes. Hence, understanding cocaine binding in relation to typical and atypical DAT 

inhibitors and how these compounds can modulate DAT structure and function [87] will 

provide additional and critical insights to identify promising lead molecules that could be 

leveraged or structurally augmented to alter these downstream events and possibly lead to 

the development of cocaine-abuse pharmacotherapeutics.
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Figure 1. Chemical structures of cocaine, CFT, [125I]MFZ 2–24 and [125I]RTI 82.
Structures of (A) cocaine with tropane N and 3-phenyl ester moieties indicated by stars, 

(B) CFT with phenyl fluoride moiety directly appended to the 3β position on the tropane 

pharmacophore (star), (C) [125I]MFZ 2–24 with AIP moiety appended directly to the 

tropane N, and (D) [125I]RTI 82 with AIP group attached to the 2β; methylester.
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Figure 2. MFZ 2–24 and DAT RosettaLigand docking complexes and molecular dynamics 
simulation.
(A) Best RL rDAT/MFZ 2–24-docked complex based on energy and constraint fulfillment. 

Image depicts the LeuT-based rDAT homology model from the crystal structure of the 

open-to-out template 3F3A. (B) Molecular dynamics simulation of the RL rDAT/MFZ 2–

24-docked complex. (C) Superimposition of RL-docked MFZ 2–24 before (grey) and after 

(black) simulation. (D) Superimposition of RL-docked MFZ 2–24 pre-simulation (grey) and 

cocaine (yellow) from Drosophila DAT co-crystal. (E) Time-dependent changes in distances 

following molecular dynamics simulation between the protonated nitrogen of MFZ 2–24 

and the side chain oxygen atom of Asp79 (blue and black traces for ∂O1 and ∂O2) and the 

phenyl chloride of MFZ 2–24 and the amide nitrogen of Asn157 (red traces).
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Figure 3. MFZ 2–24 and DAT Induced Fit Docking complexes and molecular dynamics 
simulation.
(A) Best IFD rDAT/MFZ 2–24-docked complex based on energy and constraint fulfillment. 

Image depicts the LeuT-based rDAT homology model from the crystal structure of the 

open-to-out template 3F3A. (B) Molecular dynamics simulation of the IFD rDAT/MFZ 2–

24-docked complex. (C) Superimposition of IFD-docked MFZ 2–24 before (grey) and after 

(black) simulation. (D) Superimposition of IFD-docked MFZ 2–24 pre-simulation (grey) 

and cocaine (yellow) from Drosophila DAT co-crystal. (E) Time-dependent changes in 

distances following molecular dynamics simulation between the protonated nitrogen of MFZ 

2–24 and the side chain oxygen atom of Asp79 (blue and black traces for ∂O1 and ∂O2) and 

the phenyl chloride of MFZ 2–24 and the amide nitrogen of Asn157 (red traces).
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Figure 4. CNBr mapping of [125I]MFZ 2–24-labeled DAT mutants.
The indicated DAT forms were photolabeled with [125I]MFZ 2–24, gel purified, and 

equal amounts of radioactivity were treated with vehicle (odd numbered lanes) or 

CNBr (even numbered lanes). Aliquots of each sample were analyzed directly by SDS/

PAGE-autoradiography to visualize the total pattern of CNBr fragments (A), or were 

immunoprecipitated with mAb 16 prior to SDS/PAGE-autoradiography (B). Left and right 

panels show independent experiments, and molecular mass markers shown on left gels are 

indicated by tic marks on right gels. Arrow a indicates migration of ~12 kDa CNBr fragment 

that extends from the Met-1/11 to Met106/111/116 and arrows b and c indicate ~3–8 kDa 

fragments produced by cleavage of exogenous TM1 Mets. Schematic diagrams show the 

cytosolic N-terminus, TMs 1 and 2, positions of endogenous and exogenous Met residues 
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(filled circles), epitope for mAb 16 (bold line), adduction site of [125I]MFZ 2–24 (star), and 

origin of photolabeled CNBr fragments in primary sequence (grey shading).

Krout et al. Page 24

Biochem Pharmacol. Author manuscript; available in PMC 2021 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. SCAM protection analysis of S1 and S2 binding pockets.
(A) Immunoblots of the surface pool of DAT Cys mutants in the rDAT E2C background 

purified with MTSEA-biotin in the absence (−) or presence of MFZ 2–24 (+, 10 μM; ++, 50 

μM). (B) Quantification of DAT bands in A and total DAT expression (data not shown) were 

determined using ImageJ (National Institutes of Health). Surface samples were normalized 

to total DAT then expressed as a percent of MFZ 2–24-treated samples (black bars) to the 

respective untreated samples (white bars). These data represent three or more independent 

experiments. Significant differences between treated and untreated samples were determined 

with a paired Student’s t-test *, p < 0.05; **, p < 0.01.
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