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ABSTRACT

Dopamine clearance in the brain is controlled by the dopamine transporter (DAT), a protein
residing in the plasma membrane, which drives reuptake of extracellular dopamine into
presynaptic neurons. Studies have revealed that the By subunits of heterotrimeric G proteins
modulate DAT function through a physical association with the C-terminal region of the
transporter. Regulation of neurotransmitter transporters by GBy subunits is unprecedented in
the literature, therefore, it is interesting to investigate the structural details of this particular
protein-protein interaction. Here, we refined the crystal structure of the Drosophila
melanogaster DAT (dDAT), modeling de novo the N- and C-terminal domains; subsequently, we
used the full-length dDAT structure to generate a comparative model of human DAT (hDAT). Both
proteins were assembled with GB1ly2 subunits employing protein—protein docking, and
subsequent molecular dynamics simulations were run to identify the specific interactions
governing the formation of the hDAT:GBy and dDAT:GBy complexes. A [L/F]R[Q/E]R sequence
motif containing the residues R588 in hDAT and R587 in dDAT was found as key to bind the GBy
subunits through electrostatic interactions with a cluster of negatively charged residues located
at the top face of the GPB subunit. Alterations of DAT function have been associated with multiple
devastating neuropathological conditions; therefore, this work represents a step toward better
understanding DAT regulation by signaling proteins, allowing us to predict therapeutic target

regions.

INTRODUCTION

The sodium-dependent dopamine transporter (DAT) is a plasma membrane protein that

III

regulates dopamine homeostasis within the brain by driving the energetically “uphill” movement
of extracellular dopamine into presynaptic neurons, which is coupled to pre-existing sodium and
chloride transmembrane gradients®. Dopamine translocation occurs by an alternating-access
mechanism?, in which DAT cycles between outwardly and inwardly facing conformations that
bind and release dopamine on opposite sides of the membrane. DAT is encoded by the SLC6A3

gene, located on the human chromosome 5q15.33, and belongs to the neurotransmitter:sodium



symporter (NSS) family (TCDB: 2.A.22)%. As revealed in the Drosophila melanogaster DAT (dDAT)
crystal structure>®, this protein exhibits an overall LeuT-like fold with 12 transmembrane
segments symmetrically organized in two inverted repeating units (transmembrane helices (TMs)

1-5 and TMs 6—10) with the N- and C-terminal domains exposed to the cytoplasm.

Members of the NSS family are recognized by their critical role in regulating
neurotransmission and are targets for psychostimulants, anti-depressants and other drugs. In
fact, dysfunction of DAT has been associated with multiple neurological and psychiatric disorders,
such as bipolar and attention deficit/hyperactivity disorder, schizophrenia, Parkinson’s disease,
Tourette’s syndrome, Angelman’s syndrome, and drug addiction’. Several psychotherapeutic
agents and drugs of abuse (e.g., cocaine and amphetamines) bind to DAT, either enhancing or
inhibiting its function®. Moreover, DAT function has shown to be regulated by a plethora of
intracellular and extracellular mechanisms including protein—protein interactions. Numerous
efforts have led to the identification of proteins that interact with DAT and modulate either its
catalytic activity or trafficking. These proteins include Syntaxin 1A (SynlA), D, DA receptors,
calcium-calmodulin dependent protein kinase (CaMK), a-synuclein and other scaffolding

proteinsi®,

A functional interaction has been identified between human DAT (hDAT) and
heterotrimeric G proteins. Co-immunoprecipitation assays revealed a physical association
between the transporter and By subunits of G-protein, whereas Immuno-Far Western blotting
demonstrated a direct interaction of these subunits with the carboxy-terminal domain of hDAT??,
Activation of G proteins occurs when guanosine triphosphate (GTP) binds to the a subunit of the
GapPy trimeric complex, resulting in the separation of the By subunits'2. Overexpression or
activation of endogenous GB1y2 proteins (the most common Gy isoforms expressed in brain) in
presence of hDAT exhibited a reduction of the dopamine uptake, demonstrating an inhibitory
effect on DAT activity. Moreover, GBy subunits showed to induce outward dopamine transport
through DAT, in a process referred to as “efflux”3. Key residues involved in this particular

protein—protein interaction were also identified by evaluating peptide fragments of the DAT



carboxy terminus to bind GBy subunits. Residues 582 to 596 in the hDAT were found as the

primary binding site of G proteins.

Taken together, these lines of evidence establish important aspects on DAT regulation by
protein—protein interactions, which has emerged as a promising pharmacological target. GBy
subunits were previously reported to directly modulate several effector macromolecules
including ion channels, enzymes, and intracellular regulators'4'>; however, DAT is the first
neurotransmitter transporter found to be regulated by G proteins. Motivated by these findings,
here we used bioinformatics and computational structural biology approaches to reveal the
structural basis of the protein—protein interaction between human and Drosophila melanogaster
DAT and Gy subunits. Specifically, we modeled the missing N- and C-terminal domains de novo
onto the dDAT crystal structure and built a homology model of hDAT. The full-length structures
of both transporters were then used to generate molecular assemblies with GBy subunits and to
describe the specific interactions at the binding interface of each complex. This work is expected
to be crucial for structure-based drug design as well as for identifying key residues linked to

regulation of the dopamine transporter by external proteins.

METHODS

Modeling of the N- and C-terminal domains of dDAT. An X-ray structure of DAT from Drosophila
melanogaster (dDAT) bound to L-dopamine was recently elucidated (PDB ID 4XP1)°®. This crystal
structure includes residues 25 to 600; therefore, the folded structure of the first 24 amino acids
of the N-terminal domain and last 31 amino acids of the C-terminal domain (residues 601 to 631)
remain unknown. To model the missing residues in the dDAT structure, secondary structure
prediction and fragment-based de novo modeling were carried out. Secondary structure
propensities for the full-length dDAT sequence were estimated using the servers PsiPred v4.0%®
and PSSpred?’. In addition, protein compactness and local secondary structural features were
estimated with the “protein meta-structure” approach implemented by Konrat R*8. Structural
models of the N- and C-terminal domain of dDAT were generated through the standard ROSETTA

ab initio protocol*>?°, In preparation for modeling, 3-mer and 9-mer fragment library files were



created with the ROBETTA server??, identifying protein-fragment structures in the Protein Data
Bank that are compatible with the dDAT sequence. Based on these libraries, 20,000 dDAT models
were built including the missing N- and C-terminal residues and keeping fixed the known
structure of the protein during the conformational searching. To identify distinct folds of the
termini, the models were clustered with the ROSETTA cluster application using a root-mean-
square deviation (RMSD) cutoff value of 7 A. The structures with the lowest ROSETTA score in
each cluster were chosen as representative (Figure S1) and analyzed with the PROCHECK?? and
ProQM?3 scoring functions. The best model was selected as that with the highest score in the
most populated cluster. The final model is of excellent quality according to PROCHECK, with
99.2% of the residues in the favored and additional allowed regions of the Ramachandran plot.
The global ProQM score reached a value of 0.686, where 0.7 is typical for membrane protein
structures solved by X-ray crystallography. To improve the local backbone orientation and to
minimize side-chain steric clashes, the final model was relaxed using the ROSETTA relax

application.

Homology modeling of hDAT. To model hDAT, the full-length dDAT refined structure was used
as a template. The pairwise sequence alignment between dDAT and hDAT was generated using
the AlignMe server v1.1 in PS mode?. A total of 2,000 hDAT models were built using MODELLER
v9.18%. The best model was selected as that with the lowest Molpdf energy value of MODELLER
and the highest PROCHECK?? and global ProQM?3 scores. Due to the differences in size of the N-
and C-terminal domains of hDAT as compared to dDAT, after model the entire hDAT structure a
refinement only of the termini was performed with ROSETTA ab initio*>?°. The same protocol
described previously for modeling the N- and C-terminal domains in dDAT was used, generating
10,000 hDAT conformations and selecting the best model as that with the highest scores. The
final hDAT model agrees with PsiPred v4.0%® secondary structure and TOPCONS v2.0%
transmembrane predictions. dDAT and hDAT were structurally compared using PyMOL v1.8.4
(Schrodinger, LLC). The position of hDAT in the membrane was defined by its superposition onto

dDAT, which was determined with the Orientation of Proteins in Membranes (OPM) server?8,



Protein—protein docking between dDAT/hDAT and GPy subunits. The full-length dDAT and
hDAT models were used to generate molecular assemblies with G-protein By subunits. The crystal
structure of GB1y2 (PDB ID 1XHM)?°, bound to a small SIGK peptide that facilitates the Ga
dissociation, was used for performing molecular docking calculations. The SIGK peptide was
removed to permit dDAT/hDAT interaction with GBy. Based on previous experimental data for
human DAT!!, the C-terminal region of dDAT and hDAT was selected as the contact area to
accommodate free motion of the GBy subunits. In the same way, the surface of the GB subunit
interacting with the SIGK peptide was defined to interact with the transporters. A first docking
approach was performed with HADDOCK v2.239, generating 1,000 docking conformations in each
case. The best dDAT:GBy and hDAT:GBy complexes were selected according to the HADDOCK
scoring function. Subsequently, to perform a more exhaustive search of the conformational space
of the GBy subunits, additional 50,000 docking conformations for each complex were generated
with the Monte Carlo based multi-scale docking algorithm implemented in ROSETTA3L. Analyses
of the ROSETTA docking interface score against the Co RMSD of each conformation relative to the
starting docking complex (the lowest-scoring HADDOCK model) were used to evaluate docking
convergence, and to select the final hDAT:GBy and dDAT:GBy complexes. The binding mode of
the hDAT and dDAT with the GB subunit, with special emphasis at the C-terminal region of the
transporters, was compared with that of the SIGK peptide in the GBy crystal structure using
PyMOL v1.8.4 (Schrodinger, LLC). Electrostatic surface potential analyses were performed with

the PyMOL APBS Tools v2.132,

Molecular dynamics simulation of the dDAT/hDAT:GBy complexes. The lowest scoring
conformation of each complex obtained from docking — namely, dDAT:GBy and hDAT:GBy — was
used as a starting point to perform molecular dynamics (MD) simulations. Each complex was
embedded in a fully hydrated palmitoyl-oleyl-phosphatidyl-choline (POPC) bilayer solvated with
explicit water molecules. A dopamine molecule adjacent to two sodium ions and one chloride ion
were included in each complex as revealed in the dDAT crystal structure®. The dopamine
parameters were obtained from the ParamChem server, using the CGenFF force field.?3 Sodium

and chloride ions (0.15 M NaCl) were added to the aqueous phase to mimic physiological



conditions and to ensure charge neutrality. The protonation states of the titratable residues in
the proteins were checked at neutral pH using the PropKa program3*. The initial configuration of
the systems was optimized by means of a 30,000-step energy minimization, followed by
equilibration and relaxation in a 108 ns MD simulation in the isobaric-isothermal ensemble. Soft
harmonic restraints were applied to the proteins and substrates during the first 8 ns of
simulation, which were gradually decreased from 20 to 0 kcal mol* A2. The distance between
dDAT/hDAT and the GPy subunits was also restrained using the collective variable module
(Colvars)®. At the end of the 108 ns of simulation for each system, three equilibrated
conformations were selected and simulated for additional 100 ns without restraints, totaling 408
ns in each case (three replicas). The masses of hydrogen atoms for the proteins and lipids were
increased by a factor of 3 by transferring the mass of heavy atoms into the bonded hydrogen
atoms3®; accordingly, the time step for all MD simulations was 4 fs. The temperature (300 K) was
maintained using a Langevin thermostat with a damping coefficient of 1 ps™. The pressure (1
atm) was controlled by the Langevin piston method3’. Long-range electrostatic interactions were
computed using the particle-mesh Ewald summation method3?, with a smooth real-space cutoff
applied between 8 and 9 A. All covalent bonds involving hydrogen as well as the intramolecular
geometries of water were constrained using the SETTLE algorithm3°. All MD simulations were
performed using the program NAMD v2.12%° and the CHARMM?*! force field. The root mean-
square deviation (RMSD) of the residues at the binding interface of the protein complexes were
utilized to assess stability and thermodynamic equilibrium (Figure S2). Structural analyses of the
systems were performed using VMD v1.9.3 software®?. Distances between the side chains of
residues located in the binding region of dDAT/hDAT and the GB subunit were evaluated during
the simulations. Contact maps were generated by averaging these distances over the three

replica simulations.

Sequence analysis of DAT homologs. Protein sequences of known members of the
neurotransmitter:sodium symporter family (NSS, transporter classification database [TCDB]
2.A.22) were obtained from the UniprotKB database®. Five protein sequences were compared —

namely, the dopamine transporter (DAT) and serotonin transporter (SERT) from Homo sapiens



and Drosophila melanogaster, and the Homo sapiens norepinephrine transporter (NET). A

multiple-sequence alignment was built with MAFFT v7.31% and analyzed with Jalview v2.10.1%.

RESULTS

Modeling of structurally unresolved residues in the dDAT structure. Based on previous reports
describing the importance of cytoplasmic terminal segments in membrane transporters in acting
as primary targets of protein—protein interactions!#®¢4’, we modeled the missing N- and C-
terminal domains in the dDAT structure bound to L-dopamine (PDB ID 4XP1)®8. Our main challenge
was modeling the association of the full-length dDAT structure with GBy subunits, which has been
demonstrated in experiments'¥3, The missing fragments in the dDAT structure comprise
residues 1 to 24 at the N-terminus and residues 601 to 631 at the C-terminus (Figure 1A). The
most prevalent secondary structure in both regions was estimated through the secondary
structure prediction algorithms implemented in PsiPred!® and PSSpred?’. For the N-terminal
domain, no secondary structural elements were identified, whereas small a-helical portions were
predicted in the C-terminal region (Figure 1B). This latter region is of particular interest in our
study because it has been recognized as the anchoring region of GBy subunits'®'3; therefore,
additional predictions of local compactness and secondary structure were applied using the so-
called protein meta-structure approach®®. Large residue-specific compactness values are
assigned to residues that are buried deep in the interior of a protein structure. As shown in Figure
1C, the overall compactness of the dDAT C-terminal domain is expected to be high. In addition,
secondary structure predictions from the meta-structure method'® (Figure 1D) confirm that
helical elements appear mostly along residues 600 to 606 (Figure 1D), which is represented by
positive values in the secondary structure vs. residue positions plot.

The full-length dDAT structure modeled with the ROSETTA ab initio protocol*®?° is shown
in Figure 1E. Ten different folds of the termini were identified by clustering the first 1,000 lowest
scoring models at a RMSD of 7 A (Figure S1). We selected as representative the structure with
the lowest score from the cluster containing the majority of the conformers. However, we do not
rule out that another model of our set may be equally probable. The N-terminal domain, although

not relevant for interaction with GBy subunits, adopts a random coil structure in agreement with



secondary structure analyses, whereas the C-terminal domain is formed of small a-helical
fragments, which appear to establish intramolecular contacts with the rest of the protein. Our
model provides the first structure-based insights into the tertiary arrangement of the N- and C-
terminal domains in the dopamine transporter considering spatial restraints of surrounding
residues from the transmembrane region. Structures previously reported*®4° correspond to
models of N- and C-terminal fragments in free solution, which certainly not represent the

conformation adopted onto the full-length protein.

Structural model of hDAT based on dDAT. Several comparative models of hDAT have been
previously built>®>2 to explore questions related to the transporting process and mechanisms for
substrate selectivity of this transporter. In the present study, in order to ensure consistency in
the comparisons of sequence and structural similarity between hDAT and dDAT, we built a
homology model of hDAT from our full-length refined dDAT model using our standard modeling
protocol for membrane proteins®®>4. dDAT has 49.36% sequence identity with hDAT, as
estimated over the whole sequences, and reaches a similarity of =64% (Figure 2A). The region
comprising the transmembrane segments of both proteins is highly conserved; however, hDAT
exhibits some differences at the N- and C-termini, and in the loop between the S3 and S4
segments. The overall core of hDAT was modeled based on the refined dDAT structure using
MODELLER?®, whereas the N-terminal and C-terminal domains were refined by ab initio modeling
with ROSETTA20, The final hDAT model (Figure 2B) contains a longer N-terminal domain and a
shorter C-terminal domain as compared to dDAT.

Garcia-Olivares et al.'* demonstrated that residues 582 to 596 situated at the hDAT C-
terminus (581-595 in dDAT) play an important role in the interaction with GBy subunits;
therefore, reproducing the complete structure of the C-terminal domain might be relevant to
describe the association of hDAT with G proteins. Moreover, based on the sequence identity and
secondary structure predictions, here we hypothesize that dDAT is also regulated by Gy
subunits. The hDAT C-terminal domain shows similar structural elements to those found in dDAT

(Figure 2C) — namely, small a-helical fragments and compactness of the residues exposed to the



intracellular medium, which makes us to suggest a conserved structural mechanism to bind By

subunits of G proteins.

Molecular assembly of hDAT/dDAT with GBy subunits. The hDAT and dDAT models with the N-
terminal and C-terminal domains built de novo were used to generate a molecular assembly of
each transporter with the G-protein By subunits using HADDOCK3? and the ROSETTA protein—
protein docking protocol3!. Heterotrimeric G proteins are composed of a, B, and y subunits;
however, after a signaling cascade, the By subunits are separated from the a subunit and exist as
a constitutive functional dimer. Of the two subunits, only the GB subunit makes contact with the
C-terminal domains of hDAT and dDAT in the lowest scoring protein—protein assemblies obtained
by docking (Figure 3A-B). The Gy subunit in both cases is coupled to the GB subunit facing the
intracellular medium. Because dDAT has a longer C-terminal region than hDAT, dDAT exposes a
bigger contact surface for binding the GB subunit (Figure 3B). It should be noted that the validity
of docked structures obtained from ROSETTA3! can be judged by verifying the presence of an
energetic binding funnel, obtained by plotting the interface score of the docking conformers as
a function of the Ca RMSD relative to the starting conformation. Protein—protein docking
evaluating the formation of the hDAT:GBy and dDAT:GBy complexes showed clear energetic
binding funnels, which indicates convergence of the calculations.

As shown in Figure 3C, the region of the GB subunit interacting with hDAT and dDAT is
the same region where the SIGK peptide is bound in the crystal structure of the GBy dimer?°.
Interestingly, this region has been shown to be important for recognition of most GBy-associated
targets'>>>°%, The lysine residue at position 4 of the SIGK peptide participates as an anchoring
point to bind the GB subunit (Figure 3D). An electrostatic potential surface analysis projected
over this subunit showed a negatively charged region serving as the binding site for K4. In the
same way, through a visual inspection of the docked poses of the hDAT/dDAT:GBy complexes,
we found that residues R588 in hDAT and R587 in dDAT make contact with the GB subunit in an
orientation equivalent to that exhibited by K4 of the SIGK peptide. These arginine residues
establish electrostatic interactions with a cluster of negatively charged amino acids comprising

three aspartic acids at positions 186, 228 and 246 of the G subunit.
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Molecular determinants for the binding of hDAT/dDAT to GPy subunits. To identify key
interactions in the binding interface of the two complexes modeled by docking (i.e. hDAT:GBy
and dDAT:GBy), we ran MD simulations applying the CHARMM?#*! force field and mimicking the
physiological environment of the proteins as shown in Figure 4A. Average distances between the
centers of mass of the residue's side chains of hDAT and dDAT and the G-protein B subunit were
calculated during the equilibrated MD trajectories (Figure 4B-C) in order to determine the most
prevalent interactions. Three independent replica simulations were run for each complex, which
exhibited equivalent interfacial interactions between the proteins, indicating reproducibility of
the data (Figure S3). For the hDAT:GBy complex, residues along the positions 585 and 595 of the
transporter showed close contacts (distances of =5 A) with residues between positions 140 to
250 of the GB subunit. This contact region of hDAT is of particular interest because in vitro binding
assays demonstrated that the GBy subunits bind directly to the fragment corresponding to S582
through A596%3; therefore, the predicted interatomic distances in the modeled complex are
consistent with existing experimental data. Moreover, alanine substitutions of residues 587 to
590 (sequence FREK) abolished the binding of GBy subunits, which agrees with a structural
analysis of the C-terminal region of hDAT binding the GBy subunits, where residues F587, R588,
E589 and K590 of hDAT interact with residues W99, Y145, D186, D228, D246 and N230 of G
(Figure 4D). Additional contacts are observed around residues 605 to 610 of hDAT (Figure S4),
however, experimental data not demonstrated a significant contribution of this region to bind
GBy subunits. In the case of dDAT:GPy, even though the contour map of the average distances
shows a greater number of contacts between the proteins, we focused on the region comprising
residues 580 to 590 to evaluate whether dDAT makes contacts similar to those made by hDAT.
As shown in Figure 4E, residues L586, R587, Q588 and R589 of dDAT were closest to the Gp
subunit, interacting with residues K57, Y59, M188, D186, D228, N230, D246 and W322. As was
previously revealed by docking calculations, the interactions of R588 in hDAT and R587 in dDAT
with the residues D186, D228, and D246 were fairly preserved throughout the MD simulations
(Figure S5), demonstrating the importance of these residues. It should be noted that protonated

states of the aspartic residues could be found due to the electrostatic environment at the binding
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interface of the complexes; however, we only analyzed the unprotonated states of these

residues.

Residues predicted to bind GBy subunits in NSS family members. The conservation of key
residues for binding hDAT and dDAT with GBy subunits was evaluated against five members of
the neurotransmitter:sodium symporter family (Figure 4F). Interestingly, we identified
conservation of the FREK and LRQR sequences of hDAT and dDAT, respectively, in the serotonin
transporter (SERT) from human and Drosophila melanogaster, and the human norepinephrine
transporter (NET). In particular, the arginine residues anchoring the GB subunit in hDAT and dDAT
are equivalent to R597 of Drosophila melanogaster SERT and K605 from human SERT. We
hypothesize, therefore, that a [L/F]R[Q/E]R motif is required to bind G-protein By subunits to

neurotransmitter transporters.

DISCUSSION

Penmatsa et al. in 2013 reported the first crystal structure of the dopamine transporter from
Drosophila melanogaster (dDAT) in an inactive state®. Subsequently, in 2015 the same authors
revealed new dDAT structures in a transport-active conformation bound to different substrates:
the natural DAT substrate dopamine, the substrate analogue 3,4-dichlorophenethylamine, the
psychostimulants D-amphetamine and methamphetamine, and cocaine analogues®. None of
these structures, however, represent a full-length sequence protein, limiting our understanding
of the role played by certain residues for the functioning of DAT; particularly, those residues
constituting the N- and C-terminal domains. Previous reports have revealed the importance of
cytoplasmic terminal segments in participating as primary targets in the formation of protein—
protein interactions in membrane transporters . Large N- and C-terminal segments in the
cytoplasmic region have been shown to contain sites for post-translational modifications,
regulatory motifs, and interacting with binding partners’. In the case of DAT, Garcia-Olivares et
al. in 2013 identified a functional interaction of the transporter with heterotrimeric G-proteins
through a physical association of the GBy subunits with the C-terminal domain of human DAT.

Based on that evidence, we modeled the missing residues at the N- and C-terminal domains of

12



the dDAT crystal structure by de novo, and subsequently generated a homology model of hDAT
using the full-length dDAT structure as a template. We used dDAT in our study because is the
closest hDAT homologue with crystal structure available and it has become a recognized target
to study pharmacology and substrate specificity in different neurotransmitter sodium
symporters. De novo and homology-based modeling, despite their limited resolution, allow
prediction of coarse structural features of proteins, which can help to explain existing
experimental data, and also help to describe regulatory and functional mechanismsin a structural
context®. Here we present full-length models of dDAT and hDAT structures based on a consistent
and robust de novo and homology modeling protocol, which represent a significant advance in
comparing both structures and in analyzing their association with effector molecules and other
proteins regulating their function.

DAT and other members of the NSS family have long N- and C-terminal domains that share
certain similarities, consistent with the possible role of these regions in modulating specific
regulation of neurotransmitter transporters through intracellular protein—protein interactions
and post-translational modifications. Binding of G-protein By subunits to the C-terminal domain
of human DAT has been demonstrated to regulate its activity, particularly, inducing a dopamine
effluxt¥13, Alterations on dopamine transporter may have important implications in the
homeostasis of this neurotransmitter generating severe neurological disorders. In this regard,
the binding interface of human DAT with GBy subunits has become an important pharmacological
target. Human DAT shares =50% sequence identity with Drosophila melanogaster DAT and both
proteins are close homologues of noradrenaline transporters (NETs) and serotonin transporters
(SERTs); hence, study of the pharmacology, substrate specificity, and protein—protein
interactions of DAT in different organisms (human and invertebrate) may aid to the general
understanding of the members of the NSS family. In the present study, we hypothesize that dDAT,
like hDAT, is regulated by GBy subunits. Accordingly, we used computational methods to predict
the molecular assembly of both transporters with G-proteins. The proposed models correspond
to the lowest-energy conformation of the complexes obtained by protein-protein docking and
MD simulations, which are likely representative states of one of many possible interaction modes

between the proteins. GBy subunits were predicted to bind to the C-terminal segments of both
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hDAT and dDAT, interacting with a structural domain shared by the two transporters, namely,
the FREK and LRQR sequences, respectively. We found these positively charged domains bound
to the same pocket of negatively charged residues in the G subunit. Interestingly, this pocket
has been found at the binding interface of others GPy-associated targets, including GIRK
channels?®, protein kinases®>, nanobodies>®, and G protein-coupled receptors®®. Moreover, as
previously mentioned, this pocket constitutes the binding site of the SIGK peptide in the GBy
dimeric crystal structure®.

The X-ray structure of the SIGK peptide bound to the GBy subunits?® shows that a cluster
of aspartic acid residues (D186, D228 and D246) located at the top face of GB subunit make
contact with the positively charged residue K4 of the peptide. Similarly, our analyses predict that
this same cluster of aspartic acid residues interact strongly with homologous positive regions of
hDAT and dDAT, having sequences of FREK and LRQR, respectively. In previous experiments?®,
alanine substitution of the FREK sequence in hDAT (only residues 587-590) was sufficient to
abolish DAT down-regulation by protein kinase C. Similar residues have been proposed to bind
the coat protein complex Il (COPIlI) component, Sec24D, in several NSS proteins suggesting a key
role of this region in regulating DAT and other neurotransmitter transporters!®. Our study,
therefore, supports the importance of a conserved positively charged motif at the C-terminal
domain of human and Drosophila melanogaster DAT acting as an anchoring point to bind GBy
subunits. Notably, residue R101 in the CDR3 loop of a llama-derived nanobody was identified as
key for binding G-protein B subunits®®, whereas K663 in the C-terminal loop of G protein-coupled
receptor kinase 2 (GRK2) was also found essential for the formation of the GRK2-GB1y2
complex®®. These analyses indicate a similar mode of interaction among proteins that bind G-
protein By subunits. In fact, our analysis of the conservation of residue R588 in hDAT (R587 in
dDAT) among members of the NSS family revealed homologous residues in the C-terminal
domains of the serotonin and norepinephrine transporters, allowing us to hypothesize that these
residues are also key contributors to binding of G-proteins, extending the significance of our

study beyond the dopamine transporter.

CONCLUSIONS
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Substantial evidence supports that pharmaceuticals and drugs of abuse modifying dopamine
signaling, as well as G-protein By subunits, alter multiple DAT regulatory processes, affecting
substrate tracking and stimulating the efflux of dopamine. The present work represents an
extensive structural characterization for understanding the molecular determinants of DAT
regulation mediated by GBy subunits. Specifically, we generated a molecular model of the
hDAT:GBy complex and validated it against existing experimental data. Moreover, we identified
previously unknown intermolecular interactions between the GBy subunits and the Drosophila
melanogaster DAT. The predicted structural assemblies of both complexes certainly will require
experimental confirmation. However, an improved understanding of the molecular basis of
binding between dopamine transporters and GBy subunits in different organisms should lead to
the study of associated mutations and the identification of target regions for pharmaceutical

compounds that modulate the function of DAT and other neurotransmitters.
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Figure 1: Structural modeling of the N- and C-terminal domains of dDAT. (A) Schematic representation
of the dDAT topology with the missing N- and C-terminal domains highlighted in red and blue, respectively.
(B) Secondary structure prediction of the N- and C-terminal missing residues calculated with PsiPred and
PSSpred. The confidence of the predictions is represented on a scale from 0 to 9. The dDAT sequence is
colored according to the chemical properties of the residues. (C) Compactness (spatial neighborhood of
individual residues) and (D) secondary structure predictions for the dDAT C-terminal domain estimated
with the meta-structure-based approach. The data are shown as a function of residue positions. Large
compactness values indicate residues buried in the interior of the 3D structure. Positive secondary
structure prediction values are indicative of a-helical segments. (E) Cartoon representation of the selected
full-length dDAT model with the N- and C-terminal domains colored according to the topology. The Ca
atoms of the initial and final residues modeled in each case are highlighted as yellow spheres.
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Figure 2: Comparative model of hDAT based on dDAT. (A) Sequence alignment used for hDAT modeling,
colored according to the chemical properties of the residues: light yellow, aliphatic (A, I, L, M, and V);
cyan, polar uncharged (N, Q, S, and T); yellow, aromatic (F, W, and Y); red, acidic (D and E); light blue, basic
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TOPCONS, respectively. The N- and C-terminal domains refined with ROSETTA are indicated in the
alignment. (B) Cartoon representation of the hDAT model with the C-terminal domain highlighted in a
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Figure 3: Association of hDAT and dDAT with GBy Subunits. Cartoon representation of the lowest-scoring
docking conformation of (A) hDAT and (B) dDAT (in gray) in complex with the G-protein By subunits (in
cyan and green, respectively). The C-terminal region of the transporters selected as the contact area for
docking is shown in blue. The insets show the ROSETTA interface score plotted against the Ca RMSD of
the docking conformations relative to starting conformation used for docking. (C) Binding surface of the
SIGK peptide (in yellow) in the Gy crystal structure. (D) Electrostatic surface potential of the GB subunit
exhibiting an electronegative region (in red) that binds the K4 residue of the SIGK peptide (in yellow).
Residues R588 of hDAT and R587 of dDAT interact with the same pocket comprising residues D186, D228
and D246 in the G subunit.
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Figure 4: Key residues in the binding interface of hDAT/dDAT and Gy subunits. (A) Representative all-
atom simulation system for the DAT:GBy complexes. DAT, the C-terminal domain, and the GB and Gy
subunits are shown by gray, blue, cyan and green cartoon representations, respectively. POPC lipids are
displayed in yellow sticks with the head group atoms represented as spheres. TIP3P water molecules are
illustrated by a blue transparent surface. Na* and ClI" ions are shown in dark yellow and white spheres,
while the dopamine molecule bound to DAT is shown in purple spheres. (B) Contact map showing the
average distance between the center of mass of the residue's side chains of hDAT and (C) dDAT and the
G-protein B subunit. X and Y axes indicate the position of the residues for each protein. The color scale of
the distances ranges from 5 to 25 A, with larger distances indicated by white. (D) Residues predicted to
coordinate the hDAT:GPy and (E) dDAT:GPy complexes. The residues are displayed as sticks colored by
atom type - carbon in gray (hDAT and dDAT) or cyan (GB subunit), oxygen in red, nitrogen in blue, and
sulfur in yellow. (F) Multiple sequence alignment between DAT, SERT and NET (of Drosophila
melanogaster (DROME) and human) showing the conservation of the residues identified to bind Gy
subunits to dDAT and hDAT (black rectangle). The alignment shows only the C-terminal domain sequences
of the transporters colored according to the chemical properties of the residues.



