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Abstract

Dopamine transporter mediates the neurotransmitter dopamine homeostasis in a sodium-dependent 

manner. The transport process involves an alternating access of a substrate to the extracellular and 

intracellular spaces, which is associated with different conformational states of the transporter. 

However, the underlying mechanism of modulation of the state transition remains elusive. Here 

we present a computational simulation study of human dopamine transporter to explore its 

two end states (outward-facing open and inward-facing open) that have not been determined 

experimentally. We show that the full-length transporter may tend to adopt the inward-facing open 

state in its free state. The binding of an amphetamine may not trap the transporter in the outward-

facing open state with increasing length of the N-terminal. Furthermore, we identify distinct 

patterns in the interaction networks between the N-terminal and the intracellular region that could 

stabilize the state of the transporter, independent of substrate binding and phosphorylation. Our 

results reveal the essential role of the N-terminal dynamics in modulating the functional states 

of the dopamine transporter, providing molecular insights into the coupling of conformational 

transition and substrate passage in neurotransmitter transporters.
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1. Introduction

The human dopamine (DA) transporter (hDAT), serotonin transporter (hSERT), and leucine 

transporter (LeuT) are membranes of the family of neurotransmitter:sodium symporters 

(NSSs), which utilize the transmembrane sodium gradient as the driving force to reuptake 

the corresponding neurotransmitter (DA, serotonin, or leucine) across the cell membrane 

[1-3]. The malfunction of NSSs is associated with various neurological diseases including 
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depression, anxiety, attention deficit hyperactivity disorder (ADHD), and Parkinson’s 

disease [4]. Moreover, the NSSs are also targets for psychostimulant drugs such as cocaine 

(COC) and amphetamine (AMPH) [5]. The competitive binding of COC and AMPH to DAT 

can inhibit the uptake of the neuronal DA, increase extracellular DA level, and consequently 

lead to the rewarding and addictive effects [6, 7].

Although no crystal structures of hDAT are available to date, the structure of hDAT is 

believed to adopt a similar topology with those crystal structures of Drosophila melanogaster 
DAT (dDAT), bacterial homolog LeuT, and hSERT, which contain 12 transmembrane helices 

and intracellular N- and C-termini [2, 8]. The NSS transporters have been suggested to 

work through an alternating access mechanism [9, 10], that is, they undergo conformational 

transitions between an outward-open facing (or outward-open) and an inward-open facing 

(or inward-open) state alternatively to enable the substrate to access the extracellular and 

intracellular side of the membrane. The crystal structures of dDAT in complex with various 

substrates have been solved in the outward-open conformation [8]. In addition to the 

outward-open state, the inward-open conformation of bacterial homolog LeuT and hSERT 

have also been reported [11, 12]. However, the conformational dynamics, especially the 

inward-open conformation of hDAT in substrate-free state remain largely elusive.

Sequence alignment shows that hDAT shares ~52%, ~48%, and ~20% sequence identity 

with dDAT, hSERT, and LeuT, respectively, indicating that the structure of dDAT could 

be the best template to model the structure of hDAT (Fig. S1). One major difference 

between the sequences of hDAT and dDAT is that hDAT contains a longer N-terminal 

region. In the crystal structure of dDAT in complex with AMPH (PDB ID: 4XP9) [8], the 

N-terminal region containing residues 1–24 was not determined, which corresponds to the 

residues 1–57 in the N-terminal of hDAT. Although the mobile N-terminus in the crystal 

structures of dDAT is absent, it is relevant to the function of DAT, especially the N-terminal 

phosphorylated DAT [13]. In contrast to the normal DA uptake, the phosphorylation of 

five N-terminal serine residues (2, 4, 7, 12, and 13) have been demonstrated to facilitate 

DAT-mediated DA efflux without affecting other aspects of DAT physiology [14, 15]. One 

of underlying mechanisms that regulate AMPH-induced DA efflux implied that N-terminal 

phosphorylation increases the availability of inward-open states of DAT [14]. Interactions of 

N-terminus of hDAT with phosphatidylinositol 4,5-biphosphate (PIP2) lipids have also been 

indicated to trigger the conformational transition from the outward-open to the inward-open 

state [16, 17]. In addition to hDAT, previous studies suggested that the N-terminal of LeuT 

could not enter the intracellular vestibule but may affect the intracellular sodium affinity 

to the inward-open states [18]. However, it remains largely unknown how the dynamics 

of intracellular N-terminus could impact the conformational states of hDAT defined by the 

transmembrane domains.

To elucidate the role of the N-terminal in the conformational transition of hDAT and 

regulation of AMPH-induced DA efflux, we investigated how the dynamics of the N-

terminal and the binding of AMPH modulate the conformational states of hDAT in different 

forms by performing extensive molecular dynamics (MD) simulations. Our results indicate 

that in the absence of a substrate, hDAT favors an inward-open conformation. The outward-

open state could be stabilized by AMPH binding, but more dependent on the N-terminal 
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dynamics. The interactions between the N-terminal and intracellular region modulate the 

conformational transitions of hDAT. Moreover, N-terminal phosphorylation promotes the 

inward-open states of hDAT, and may thus mediate the AMPH-induced DA efflux. Our work 

demonstrates the feasibility of exploring functionally relevant states of hDAT by engineering 

its N-terminal.

2. Methods

2.1 Modeling of hDAT and hDAT in complex with AMPH

The X-ray crystal structure of dDAT in complex with AMPH (PDB ID: 4XP9) was used 

to construct the wild-type structure of dDAT [8]. The detailed protocol can be found in 

our previous studies of dDAT in complex with DA, COC, and METH [19, 20]. Briefly, 

the flexible loop region containing residues Ser162–Val202, which is missing in the crystal 

structure, was modelled and optimized using MODELLER program (version 9.23) [21]. 

The mutated residues in the crystal structure were reverted to the wild-type amino acids. 

The two sodium ions (Na+), one chloride (Cl−) ion, and water molecules found in the 

crystal structure were kept in the final modeled structure. This wild-type dDAT structure 

containing residues (25–599) was then used as the template to construct the homology 

models of the hDAT structure containing residues (1–604). In particular, the N-terminal was 

modeled using the automatic loop refinement approach implemented in MODELLER. In an 

early computational study, the N-terminal was found to be able to adopt specific secondary 

structures although it is highly dynamic. However, it should be noted that the N-terminal 

was simulated in the absence of the other part of DAT, and the effect of the transmembrane 

domain on the N-terminal remains unclear [22]. Therefore, in this work, the N-terminal was 

initially modeled as a loop and our results show that it could display secondary structures 

including α-helix and β–strand during current simulations (see Results). In the modeled 

hDAT structure, one Na+ ion (Na1) is coordinated by residues Ala77, Asn82, S321, and 

Asn353; and the other Na+ ion (Na2) is coordinated by residues Gly75, Val78, Leu418, 

Asp421, and Ser422. In addition, the Cl− ion is coordinated by residues Tyr102, Gln317, 

Ser321, and Ser357. These ions are positioned equivalently to those in the crystal structure 

of dDAT structure (Fig. S2). Moreover, a disulfide bond between residues Cys180 and 

Cys189 was introduced in the structure of hDAT, corresponding to the disulfide bond 

between residues Cys148 and Cys157 in the crystal structure of dDAT (PDB ID: 4XP9) [8].

Because the initial position of the long N-terminal relative to the transmembrane region may 

establish different interactions, to enhance sampling, two structural models of hDAT with 

different N-terminal positions were constructed (Fig. 1). In both models, the N-terminal 

region remains in the cytosol. However, in Model1, the N-terminal region spans the 

intracellular side of the transmembrane core. In contrast, in Model2, the N-terminal region 

was initially positioned on the right side of the transmembrane helices. To construct the 

phosphorylated hDAT (p-hDAT), five serine residues (2, 4, 7, 12, and 13) in the N-terminal 

were phosphorylated simultaneously. For comparison, two N-terminal truncated hDAT 

forms, hDAT(25-604) and hDAT(59-604) with the first 24 and 58 residues being deleted, 

were also constructed and simulated.
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To model the structure of hDAT in complex with AMPH, AutoDock Vina program [23] 

was applied to dock one AMPH molecule into the central binding site of hDAT. The hDAT 

structure was represented with the CHARMM36m force field parameters [24], and the 

AMPH structure was represented with the CHARMM General Force Field (CGenFF) [25] 

along with the RESP partial charges [26] (Fig. S3). Note that the structure of AMPH is 

positively charged in the quaternary ammonium motif. In the docking process, the protein 

structure was modeled as rigid while the AMPH structure was modeled as flexible. The 

optimal binding pose with the lowest binding energy was obtained and compared with the 

interacting residues in the binding site of the crystal structure. AMPH was found to interact 

with hDAT in a similar manner as to bind to the central binding site of dDAT (Fig. S4).

2.2 MD simulations of hDAT, p-hDAT, AMPH-bound hDAT, and AMPH-bound p-hDAT

The hDAT structure was embedded into a POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine) lipid bilayer, and the orientation of the hDAT structure relative to the 

membrane was defined by aligning to the dDAT structure in the orientation of protein in 

membrane database (PDB ID: 4M48) [27]. The complex was then solvated by adding a 25 

Å thick water layer (TIP3P water molecules) below and above the lipid bilayer. The salt 

concentration (NaCl) in each system was 0.15 M. The protein and lipid structures were 

represented with the CHARMM36m and CHARMM36 force field parameters, respectively 

[24, 28]. The CGenFF was used to generate the topology and force field parameters for the 

structure of AMPH [25], with the partial charges replaced with the calculated RESP charges 

[26] (Fig. S3). The CHARMM-GUI web server was used to generate the starting structures 

and configuration files for MD simulations [29, 30]. The resulting system contains ~240 

POPC lipids and a total of ~135,000–140,000 atoms.

MD simulations were carried out using GROMACS simulation package (version 2019.4) 

[31-33]. Each system was first energy minimized for 10,000 steps, followed by six stages 

of equilibration with the harmonic constraints exerted on lipid, hDAT, and AMPH heavy 

atoms. The force constants for lipid head group was decreased from 1000 kJ/(mol·nm2) 

to 400 kJ/(mol·nm2), 200 kJ/(mol·nm2), 40 kJ/(mol·nm2), and 0 kJ/(mol·nm2), whereas the 

force constants for protein backbone and sidechain (denoted as backbone/sidechain) were 

gradually decreased from 4000/2000 kJ/(mol·nm2) to 2000/1000 kJ/(mol·nm2), 1000/500 

kJ/(mol·nm2), 500/200 kJ/(mol·nm2), 200/50 kJ/(mol·nm2), and 50/0 kJ/(mol·nm2) during 

the equilibration procedures. The temperature was kept constant at 310 K using the 

Berendsen thermostat with a coupling parameter of 0.1 ps [34], and the pressure was 

controlled at 1.0 bar using the Berendsen barostat with a time constant 5.0 ps for the 

last four stages of equilibration [34]. The semiisotropic pressure coupling was applied for 

membrane simulations. A cutoff of 12 Å was applied for the van der Waals interactions 

and the long-range electrostatic interactions were treated using the particle mesh Ewald 

method [35]. The integration time step was 2 fs and trajectory was saved every 10 ps. 

The production dynamics were performed at the constant temperature (310 K) controlled 

by the Nosé-Hoover thermostat [36, 37] and constant pressure (1.0 bar) controlled by the 

Parrinello-Rahman [38, 39] barostat without any restraints. The production simulations were 

carried out for at least 1 microsecond (μs) for each system. The simulated systems were 
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listed in Table 1. Note that the initial conformations of the transmembrane bundles are the 

same in all systems and in the same outward-open state.

2.3 Analysis methods

The convergence of simulation was assessed by the fraction of native contacts Q, which was 

calculated using the formula [40]:

Q(X) = 1
N ∑

(i, j)
1

1 + exp [β(rij(X) − λrij
0 )]

where heavy atoms i and j in residues θi and θj (∣θi −θj∣>3) are in contact if the distance 

between them is less than 5.0 Å. rij (X) is the distance between i and j in conformation X; 

r0
ij (X) is the distance in the native state (starting conformation). β is a smoothing parameter 

taken to be 5 Å−1 and the factor λ accounts for fluctuations when the contact is formed, 

taken to be 1.8 for the all-atom model.

The number of conformational states of hDAT was characterized by normal-mode 

frequencies, a method proposed by Benjamin and co-authors [41]. The distribution of the 

eigenvalues for the first eigenvector was obtained by applying a Gaussian network model 

(GNM) on the last 500-ns trajectory generated from MD simulations. The MDAnalysis 

package was used to perform the calculations [42, 43].

3. Results

3.1 Characteristic structural features for the outward-open and inward-open states of 
hDAT

The crystal structures of LeuT and hSERT have been captured in both outward-open and 

inward-open states [11, 12]. To distinguish the two states, two residue-based distances 

were first defined, i.e., the distance between residues Phe76 and Ser422 and the distance 

between Phe76 and Ser429. The residue numbering is based on the sequence of hDAT, and 

for the equivalent residues in other transporters, see Fig. 2 and Fig. S1. Residue Phe76 

corresponds to Phe43 in the TM1a of dDAT, which is a key interacting residue in the 

central binding site of dDAT. Residue Ser422 is equivalent to Ser421 in the TM8 of dDAT, 

which interacts with AMPH (Fig. S4) and also coordinates with Na2 (Fig. S2) in the crystal 

structure of dDAT in complex with AMPH. No interactions between Ala428 (Ser429 in 

hDAT) and AMPH were observed from the crystal structures of dDAT in the outward-open 

conformations. As shown in Fig. 2, the outward-open conformations of transporters display 

two characteristic distances, the distance between Phe76 and Ser422, which varies from 3.9 

to 4.4 Å, and the distance between Phe76 and Ser429, which is between 10.9 and 12.7 

Å. In contrast, in the inward-open conformations of LeuT and hSERT, these two distances 

increase to 9.0–11.0 Å and 14.6–20.0 Å, respectively. The above results demonstrate that we 

may be able to distinguish the conformations of hDAT by defining the distances between 

those three residues. However, the distances in the outward-open occluded and inward-open 

occluded states closely resemble the outward-open conformations, indicating that they are 

less sensitive to those intermediate states. Thus, we focus on the two end states, i.e., 

Xu and Chen Page 5

Biophys Chem. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the outward-open and inward-open states (for other states, see Discussion). In addition to 

the distance criteria, we also performed molecular docking to check the difference in the 

outward-open and inward-open conformations. We found that substrate (DA or AMPH) 

occupied distinct binding sites in the outward-open and inward-open conformations, a 

similar result was also found for the binding of ibogaine to hSERT (see Results and 

Discussion below, e.g. Fig. S29).

3.2 N-terminal could shift the conformational states of free hDAT

Fig. 3 shows results obtained from simulations of hDAT(1–604) that started from the 

outward-open conformation. The fraction of native contacts Q shown in Figs. 3A and 

3B suggest that each hDAT model reached equilibrium as no significant change in 

intramolecular contacts were observed after 200-ns simulations. Figs. 3C and 3D show 

results of the distribution of the eigenvalues for the first eigenvector. A single peak centered 

at 0.05 and 0.06 appear for the two hDAT models with different initial N-terminal positions, 

respectively, indicating that there is only one state for both models of hDAT. Figs. 3E-H 

shows the time change of the distance between Phe76 and S422 (Figs. 3E and 3F) and 

between Phe76 and Ser429 (Figs. 3G and 3H). For Model1 of hDAT, the distribution of the 

distance of Phe76-Ser422 has a peak centered at 9 Å and the distance of Phe76-Ser429 has 

a peak centered at 14 Å, implying the inward-open state. In contrast, for Model2 of hDAT, 

the distances of Phe76-Ser422 and Phe76-Ser429 have peaks at 4 Å and 12 Å, respectively, 

suggesting that this model remained in the initial outward-open state. Thus, in the presence 

of N-terminal, our simulations could capture both outward- and inward-open states of free 

hDAT(1–604).

To further examine the effects of N-terminal dynamics on the conformational transition 

of hDAT, different truncated forms of hDAT(1–604) were simulated and results were 

summarized in Table 1. Note that all simulations yielded single state according to the 

GNM method (more discussion on this method can be found in Fig. S9). Elimination 

of the N-terminal residues 1–58 of hDAT, i.e., hDAT(59–604), resulted in the inward-

open state. Similarly, the inward-open states were also observed for simulations of two 

models of hDAT(25–604) in which the first 24 residues were removed. Moreover, upon 

phosphorylation of the N-terminal serine residues (2, 4, 7, 12, and 13), the Model1 of p-

hDAT(1–604) shifted to the inward-open state as observed in its wild-type. The finding that 

the Model2 of p-hDAT(1–604) also shifted to the inward-open state, in contrast to its wild-

type that remained in the outward-open state, suggested that the N-terminal phosphorylation 

could promote the conformational transition. Taken together, the above results imply that 

the N-terminal, especially residues 1–24, could either maintain the initial outward-open state 

of hDAT(1–604) or shift it to the inward-open state, and the N-terminal phosphorylated 

hDAT(1–604) tends to populate the inward-open conformations.

3.3 N-terminal could alter the conformational states of AMPH-bound hDAT

It is well recognized that the conformational dynamics of neurotransmitter transporters 

are coupled with the binding of substrates [10]. To characterize the substrate-dependent 

conformational states of hDAT, we simulated various forms of hDAT(1–604) in complex 

with AMPH, and observed different scenarios compared to free states of hDAT(1–604) 
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(Table 1). Specifically, the structural model AMPH-bound hDAT(59–604) remained in the 

outward-open state, consistent with previous simulations of AMPH-bound hDAT(58–598) 

in a POPC membrane [44]. Such results seemed also consistent with the outward-open 

state observed in the crystal structure of dDAT(25–602) in complex with AMPH [8]. 

However, the binding of AMPH may not always trap hDAT in the outward-open state. 

For AMPH-bound hDAT(25–604), the Model1 was maintained in the outward-open state 

whereas the Model2 shifted to the inward-open state, indicating that increasing the length 

of the N-terminal (excluding residues 1–24) could alter the conformational states of AMPH-

bound hDAT(25–604). Further inclusion of residues 1–24 resulted in the inward-open states 

of AMPH-bound hDAT(1–604) in both models, highlighting the critical regulation role of 

N-terminal region. Of interest, similar to AMPH-bound hDAT(25–604), both outward-open 

(Model1) and inward-open (Model2) states were observed in AMPH-bound p-hDAT(1–

604). Note that the N-terminal contains 11 charged residues including 5 lysines (3, 5, 19, 27, 

and 35), 1 arginine (Arg51), and 5 glutamic acids (20, 28, 30, 35, and 56). Phosphorylation 

of the 5 serine residues (2, 4, 7, 12, and 13) resulted in a highly negatively charged 

N-terminal, which was found to promote the inward-open states of free p-hDAT(1–604), 

but lead to different states of AMPH-bound p-hDAT(1–604). The above results intrigued us 

to examine if the regulation mechanism of the N-terminal is dependent on the binding of 

AMPH or phosphorylation or both.

3.4 N-terminal alters the conformational states of hDAT by forming distinct interaction 
networks

When the N-terminal was truncated, hDAT(59–604) and AMPH-bound hDAT(59–604) were 

observed in the inward-open and outward-open conformation, respectively. The latter is 

associated with the reduced conformational flexibility of hDAT due to the binding of 

AMPH. The conformational transition involved movements of transmembrane helices (TMs) 

1 and 6 in which there are hinge regions between TM1a and TM1b and between TM6a 

and TM6b. To identify the difference in the movement of TM1a and TM6a, the angles 

between TM1a/TM6a with respect to z-axis were calculated and summarized in Table S1. 

Indeed, the binding of AMPH induced TM1a to move closer to the TM scaffold as the 

angle of TM1a relative to z-axis decreased by 10°. Meanwhile, a tilting of 3° away from the 

central binding site was observed for TM6a compared to the free hDAT(59–604). However, 

with the increasing length in the N-terminal, no direct link between the TM angles and 

specific conformational states could be established due to the fluctuations of these angles 

induced by either the dynamics of the N-terminal or the binding of AMPH or both. Figs. 

2B and 2C show the difference in the TM angels between the two states in hDAT(1–604) 

and AMPH-bound p-hDAT(1–604) after superposition of the TM core (TM3, 4, 8, and 9). 

Compared to the outward-open conformation, both TM1a and 6a shifted away from the 

central site in the inward-open conformations, which could affect the binding affinity of 

APMH and consequently enable AMPH to alternatively access to the intracellular side.

The conformational transition from the initial outward-open to the inward-open state 

was observed in the free hDAT(1–604), AMPH-bound hDAT(25–604), and AMPH-bound 

p-hDAT(1–604) (Table 1). To gain insight into the molecular determinant for specific 

conformational states, the contact maps, especially the electrostatic interaction networks, 
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between the N-terminal and the intracellular region were calculated. Since the N-terminal in 

the cytosol, only interactions with those residues in the intracellular end were established. 

Fig. 4 shows the contact maps calculated for hDAT(1–604) and AMPH-bound p-hDAT(1–

604) in either an outward-open or an inward-open state. For other systems, results were 

shown in Figs. S21-S26, and Tables S2-S9. Fig. 5 shows the interaction networks calculated 

for hDAT(1–604) and AMPH-bound p-hDAT(1–604) in the same states as shown in Fig. 4. 

It was found that when there are weak or no interactions between the N-terminal and the 

intracellular portion and C-terminal region, hDAT(1–604) would populate the inward-open 

conformation. Otherwise, hDAT would sample the outward-open conformation. Figs. 4D 

and 5D reveal that only one N-terminal residue Glu30 in AMPH-bound p-hDAT(1–604) 

(Model2) interacted with Arg60, and the inward-open state was identified. Of importance, 

despite the significant differences between hDAT(1–604) (Model2) and AMPH-bound p-

hDAT(1–604) (Model1), both systems displayed similar interaction patterns (Figs. 4B and 

4C; and Figs. 5B and 5C), i.e., the N-terminal interacted with TM1a, the C-terminal, and 

most intracellular loops (ILs) simultaneously. Specifically, the N-terminal of hDAT(1–604) 

(Model2) interacted with TM1a, ILs 1–4, and C-terminal; and the N-terminal of AMPH-

bound p-hDAT(1–604) (Model1) interacted with TM1a, IL1, ILs 3–5, and the C-terminal. 

In contrast, the lack of interactions between the N-terminal residues 1–10 and ILs led to 

the inward-open conformation of hDAT(1–604) (Model1) (Figs. 4A and 5A). Consistent 

results were obtained when applying this criterion to other systems. For instance, the 

system AMPH-bound hDAT(25–604) (Model1) adopted the outward-open state (Table 1), 

which could be attributed to the interactions between its N-terminal and ILs (1–5), TM5, 

TM8, and C-terminal (Fig. S20). Similarly, for hDAT(25–604) (Model2) and AMPH-bound 

hDAT(25–604) (Model2), the inward-open conformation would be expected because of 

the collapse in their N-termini (Fig. S22). The formation of relatively stable β-strands in 

the N-terminal of both p- hDAT(1–604) models also contributed to the weak association 

between the N-terminal and the intracellular portion (Figs. S8 and S27). The intracellular 

side views of hDAT(1–604) in the inward-open (Fig. 1E) and outward-open conformations 

(Fig. 1F) demonstrated such difference, indicating that the N-terminal could stabilize the 

outward-open state by attaching to the intracellular end and forming a closed loop.

As mentioned above, the N-terminus includes 11 charged residues (5 lysines, 1 arginine, 

and 5 glutamic acids), and its electrostatic interactions with specific charged resides in 

the intracellular region may be the driving force for the association of N-terminal with 

the intracellular region. The details in the contact frequency > 50% were summarized in 

Table S2-S9. For hDAT(1–604) in the inward-open state (Fig. S25), Glu36, Asp436, and 

Glu437 interact with Lys35, Arg51, and Lys133. Also, Glu56 interacts with Lys66 and 

Lys337. These electrostatic interactions appear to form the core of the interaction network, 

facilitating the formation of other types of interactions involving hydrogen bonding and 

salt-bridges. Fig. S25 also shows the interaction network for hDAT(1–604) in the outward-

open state. In the electrostatic interaction core, Arg51 interacts with Asp507, and Glu56 

interacts with Arg125 and Lys337. Although the involving residues are less than those in 

the inward-open conformation as shown in Fig. S25, their contact frequencies are > 85%, 

higher than those observed in the inward-open conformation (54%–84%) (Table S3). Such 

a stable interaction center could promote the N-terminal to form an interaction network that 
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spans a wider area of the intracellular end, prevent water penetration, and consequently, 

stabilize hDAT(1–604) in the outward-open conformation. Similar findings were also found 

in AMPH-bound p-hDAT(1–604) in which those phosphorylated serines were also involved 

in establishing the electrostatic interaction center (Fig. S26). In contrast, if the N-terminal 

collapsed in the intracellular solution, AMPH-bound p-hDAT(1–604) was found to adopt 

the inward-open state (Fig. 5D). Together, these results suggest that the N-terminal could 

trap hDAT(1–604) in an outward-open conformation through interactions with more residues 

located in the intracellular portion, especially with residues in those intracellular loops and 

C-terminal. On the other hand, an inward-open conformation would be expected when the 

N-terminal collapses or less interactions with those intracellular loops and C-terminal are 

established.

3.5 C-terminal may shift the conformational state of hDAT by altering interactions of 
N-terminal with intracellular side

Since we focus on the role of N-terminal dynamics, the C-terminal residues 605–620, 

which was modeled as disordered using the crystal structure of dDAT, was not included 

in the models of hDAT(1–604). To examine the influence of this C-terminal, we first 

constructed the structural model hDAT(59–620) which displayed the same initial outward-

open conformation as hDAT(59–604) (Table 1). However, different from hDAT(59–604), 

hDAT(59–620) was observed to maintain the outward-open state, indicating that the flexible 

C-terminal tail may stabilize the outward-open conformation of N-terminal truncated hDAT. 

This intrigues us to further investigate the role of the C-terminal in the conformational states 

of hDAT with N-terminal. In the second model including C-terminal, the last snapshot of 

the simulations of hDAT(1–604) in the outward-open state (Model2) was used to construct 

the full-length hDAT structure containing residues 1–620. Results from our MD simulations 

of this model showed a conformational transition from the initial outward-open state to the 

inward-open state. We speculated that the presence of the C-terminal tail may disrupt the 

interaction network required to maintain the outward-open conformation. The calculated 

contact maps shown in Fig. 6 confirmed this assumption. Compared to hDAT(1–604) (Fig. 

4B), in the full-length hDAT (Fig. 6A), the lack of interactions between the N-terminal 

residues 50–60 and ILs 3 and 5 suggests a weak association between the N-terminal and the 

intracellular portion (Fig. 6C). These weakening effects could be ascribed to the transient 

interactions (occupancy <50%, Fig. 6B) between the C-terminal and the N-terminal, which 

may impact the association of the N-terminal with the intracellular region. In this respect, 

the free state of full-length hDAT tends to populate the inward-open conformation. A 

previous experimental data has suggested that DAT C-terminal alone could not affect the 

substrate (DA or AMPH) binding affinity, but influence the binding affinity with N-terminal 

synergistically [45]. Based on our finding, this may be attributed to the inward-open 

conformation induced by the C-terminal, which assists in the substrate transport from the 

central binding site to the intracellular space. Consequently, the substrate binding affinity 

reduces according to our simulations resultsin.

To further assess the effect of the C-terminal residues 605–620 on the outward-open state 

of p-hDAT, in the third structural model, the last snapshot taken from the simulations of 

AMPH-bound p-hDAT(1–604) (Model1) was used to construct the full-length p-hDAT in 
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complex with AMPH by adding the C-terminal residues 605–620. Our simulation results 

demonstrated that this full-length p-hDAT remained in the outward-open state (Table 

1). Compared to p-hDAT(1–604) (Fig. 4C), a similar interaction network between the 

N-terminal and the intracellular portion was observed (Fig. 6D). The interactions of the 

N-terminal residues 16–22 with ILs 2–4 implied more interactions involved, as demonstrated 

in Fig. 6F. In addition, transient interactions between the N- and C- termini were also 

identified in p-hDAT (Fig. 6E), but such interactions appeared to have little effect on the 

interaction network because of the strong electrostatic interactions (including hydrogen 

bonding) established between those phosphorylated serines and the C-terminal (Fig. 6F).

However, what would happen when there are little interactions between the C- and N- 

terminal regions? Could the full-length hDAT behave similarly to the C-terminal truncated 

hDAT? To answer these questions, we took the last snapshot from the simulations of Model 

2 of hDAT(1–604) in the outward-open state, and added residues 605–620. Different from 

the above full-length hDAT, we purposely restrained the position of the C-terminal by 

placing residues Arg615 and Lys619 inside the lipids (Fig. S16). Due to the electrostatic 

interactions between the two residues and lipid head groups, interactions between the C- and 

N- termini were largely blocked over simulations. Fig. 6G shows the calculated interaction 

map between the N-terminal and the intracellular region, which is quite similar to that of 

C-terminal truncated hDAT(1–604) shown in Fig. 4B. As a result, the outward-open state 

was observed (Table 1). Figs. 6H and 6I confirm that the C-terminal interacted weakly with 

IL4, as well as the N-terminal. Although artifact was introduced through the insertion of 

C-terminal tail into membrane, the present results highlighted the critical role of N-terminal 

in determining the conformational states of hDAT. Unlike the N-terminal, the C-terminal 

is much shorter, and could not form stable interactions with the intracellular region as 

the N-terminal does. Taken together, the above results indicated that the full-length hDAT 

might populate the inward-open conformation, and the C-terminal alone may not be able to 

modulate the state transitions.

3.6 Mapping the substrate release path in hDAT

In addition to the residue distances used to define the conformational states of hDAT, we 

further characterized the interactions between AMPH and hDAT in different conformations, 

and results are shown in Fig. S28. Compared to the initial outward-open state, a similar 

binding site was found in AMPH-bound hDAT(59–604) and hDAT(25–604) in the outward-

open conformations. In the outward-open state of p-hDAT, AMPH was found to move 

deeper towards the intracellular side and therefore interact with Phe320, Ser321, and Gly323 

less frequently, but interact with Gly327 and Val328 more frequently. However, for hDAT 

in the inward-open states, no interaction with Gly327 was found, and AMPH moved 

further towards the intracellular end and interacted with Ser429 located in TM8. Thus, this 

interacting residue Ser429 can be used as an indicator to distinguish hDAT is either in the 

outward-open or in the inward-open state, which supports our use of the distance between 

Phe76 (always an interacting residue) and Ser429 to define the conformational states of 

hDAT (Fig. 2).
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Although AMPH was observed to move deeper into the binding site of hDAT in the 

inward-open conformations, further investigations are needed to identify the release path 

of AMPH from the extracellular into the intracellular side. One outward-open conformation 

was selected from the simulations of hDAT(1–604) (Model2), with a typical distance of 4 

Å between Phe76 and Ser422, and 12 Å between Phe76 and Ser429. And one inward-open 

conformation was selected from the simulations of p-hDAT(1–604) (Model2), with a typical 

distance of 9 Å between Phe76 and Ser422, and 14 Å between Phe76 and Ser429. Molecular 

docking was performed with AutoDock Vina [23]. The same search space centered on the 

central binding site was used and a total of 20 binding poses of AMPH was obtained for 

each docking study. Fig. 7A shows the result of docking AMPH to hDAT(1–604) in the 

outward-open conformation. The primary binding site for AMPH is located in the central 

binding site. Fig. 7B shows the result of docking AMPH to p-hDAT(1–604) in the inward-

open conformation. No AMPH binds to the central binding site and the primary binding 

site involves TM1a, TM6b, TM5, and TM8. Taken these results together, Fig. 7C illustrates 

the whole path that connects the central binding site to the intracellular side. A similar 

substrate path could also be mapped for hSERT by docking ibogaine to both outward-open 

and inward-open conformations of hSERT (Fig. S29). Such results suggest that different 

neurotransmitter transporters may share the same substrate release path that involves TM1a, 

TM6b, TM5, and TM8.

The binding of AMPH to hDAT competitively inhibit DA reuptake. AMPH could also 

induce reverse transport of intracellular DA to the extracellular side (DA efflux), and the 

N-terminal phosphorylation of hDAT has been reported to play an essential role [14]. 

To investigate the relevance of such conformations to DA efflux, MD simulations of 

DA-bound p-hDAT(1–604) were also performed. The same inward-open conformation of 

p-hDAT(1–604) that was used for docking AMPH was taken as the initial conformation 

for the simulations. The force field parameters for DA were taken from our previous study 

[19]. The initial binding pose of DA was obtained by molecular docking with AutoDock 

Vina [23]. Fig. 7D shows the trajectory of DA in p-hDAT(1–604); and Fig. 7E shows the 

changes in the distance between DA and Ser429 over simulations. Compared to AMPH, the 

fluctuation of the distance between DA and Ser429 indicated a weaker binding to p-hDAT. 

The distance between the extracellular (Tyr156 and Phe320) gating residues suggested that 

DA may access to the binding site of p-hDAT from the extracellular side, corresponding to 

the normal inward transport of DA. However, the distance between the intracellular (Arg85 

and Asp476) gating residues also suggested that DA may access to the binding site from 

the intracellular side, but because its binding was weaker than AMPH, the presence of 

AMPH may facilitate the release of DA by competitively binding to p-hDAT, corresponding 

to the DAT-mediated AMPH-induced DA efflux [14]. Direct observation of DA transport 

from simulations may require computational time scales far beyond current capabilities. 

Nonetheless, our results imply that AMPH and DA display distinct dynamics in the binding 

pocket of p-hDAT(1–604) captured in the inward-open state, which may have implications 

for the mechanism of AMPH-induced DA efflux.
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3.7 Binding of AMPH stabilizes the bound sodium ion

hDAT is one of sodium-dependent neurotransmitter transporters [46]. The dynamics of the 

initially bound sodium ions Na1 and Na2, especially Na2, are of particular importance (Fig. 

S28). For example, the Na2 was shown to mediate Li− permeation and intracellular gating 

opening in a Cl--dependent manner in mouse DAT [47]. Also, the association of substrate 

transport and Na2 release in a transition state of LeuT has been shown experimentally [48, 

49]. In addition, in hSERT, distinct roles of Na1 and Na2 in transport process has been 

reported [50]. As shown in Table 1, in the absence of AMPH, the release of both Na1 and 

Na2 were found in the N-terminal truncated forms of hDAT, as well as in the inward-open 

state of hDAT(1–604). While in the outward-open state, the Na2 stayed in its initial position 

over simulations. N-terminal phosphorylation resulted in the release of Na1 or Na2. The 

full-length hDAT seems an exception in which both Na1 and Na2 were stable. Further 

investigations are required to establish the connection between the conformational state of 

the substrate-free hDAT and the binding of Na ions, especially Na2. The binding of AMPH 

stabilized the occupation of Na2 in all forms and states of hDAT, and even Na1 when hDAT 

was in the outward-open states but not phosphorylated. Together, the above results indicated 

that the binding of AMPH increases the stability of Na2 in general.

4. Discussion

Based on available crystal structures of dDAT, LeuT, and hSERT, as well as substrate-protein 

interactions, we first applied two distances between Phe76 and Ser422 and between Phe76 

and Ser429 to determine the conformations of these transporters in either the outward-open 

or the inward-open state (Fig. 2 and Table 1). For hSERT and LeuT, the distances between 

extracellular and intracellular gating residues are often used to define the two states of 

transporters. For example, the distances between intracellular (Cα atoms of Trp82 and 

Tyr350, hSERT numbering) gating residues in the crystal structures of hSERT are 5.9 Å 

(PDB ID: 6DZY, outward-open state), and 28.1 Å (PDB ID: 6DZZ, inward-open state) 

[12], respectively. The large difference is because TM1a undergoes a notable movement 

in the inward-open structure. The corresponding gating residue Trp63 of hDAT is also 

located in TM1a but no significant movement of TM1a was observed in all inward-open 

conformations due to the presence of the N-terminal in our simulations (Table S1). In 

fact, TM1a in the outward-open state of hDAT(1–604) displayed an average angle of 19° 

with respect to z-axis, whereas it showed an angle of 13° in the inward-open state of 

p-hDAT(1–604) (Table S1), suggesting that the distance criterion for gating residues may 

not be applicable to discriminate the conformational states of hDAT. The conformational 

states defined by the distance criterion were further confirmed by molecular docking studies. 

AMPH was predicted to bind to the central binding region of hDAT in the outward-open 

state; whereas in the inward-open state of p-hDAT, AMPH prefers to bind to a region below 

the central site (Fig. S28). In addition, the indicative role of Ser429 was also highlighted 

in the analyses of the interacting residues since AMPH was only found to interact with 

Ser429 in the inward-open states of hDAT (Fig. 6). Further structural comparison between 

the representative conformations of hDAT and crystal structures of dDAT and hSERT were 

provided in Figs. S30 and S31.
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Between the outward-open and inward-open states, there may exist two intermediate 

states, outward-occluded and inward-occluded states. The outward-occluded state has been 

captured in the crystal structures of hSERT in complex with ibogaine (PDB ID: 6DZV) 

[12] and substrate-bound LeuT as well as substrate-free LeuT (PDB ID: 2A65, [51] and 

5JAE [52]). The inward-occlude state has been reported in the crystal structure of LeuT in 

complex with L-phenylalanine (PDB ID: 6XWM) [53]. As shown in Fig. 2, the distance 

criterion seems not feasible to distinguish these states. Compared to hSERT in the outward-

open state (PDB ID: 6DZY) where the distances of Phe76-Ser422 and Phe76-Ser429 are 

4.9 Å and 11.7 Å. respectively, the corresponding distances are 4.2 Å and 10.9 Å in hSERT 

in the outward-occluded conformation (PDB ID: 6DZV). Also, it seems not desirable to 

apply the distances between gating residues to distinguish the above two states because 

the difference in the extracellular gating residues is < 0.2 Å and in the intracellular is 1.1 

Å. Thus, other structural features are required because these states may involve various 

moments in TMs and ILs. For example, compared to the outward-open conformation, 

changes in the positions of TM1a, TM6a, and ILs were identified in the outward-occluded 

hSERT [12]. In the inward-occluded conformation of LeuT, a notable tilting of TM5 was 

found [53]. Different from the end states where the distances between residues Phe76, 

Ser422, and S429 are well preserved, these intermediate states were captured with various 

rearrangement in TMs and ILs, reflecting conformational polymorphism. Fig. 3 shows that 

in addition to the predominant conformations of hDAT, other less populated states may also 

exist. Considering the sequence difference between hDAT and other transporters and the 

lack of experimental structure of DAT (either dDAT or hDAT) in these intermediate states, it 

remains challenging to characterize their structural properties from current MD simulations.

By performing extensive unbiased all-atom MD simulations in POPC membrane, we 

investigated the conformational states of hDAT under different conditions (Table 1). Starting 

from the same outward-open conformation, we observed that in the absence of both N- 

and C-termini, free hDAT(59–604) (Table 1) changed its conformation and populated the 

inward-open state. However, in the presence of C-terminal (hDAT(59–620) in Table 1) or 

AMPH (hDAT(59–604) + AMPH in Table 1), these N-terminal truncated forms of hDAT 

were found to be able to maintain the outward-open states, which could be attributed 

to different reasons. The effect of C-terminal on the conformational stability resembles 

a previous finding that the existence of a fluctuating tail helps to stabilize a vulnerable 

β-hairpin structure by transferring entropy to the surrounding solution [54]. However, the 

binding of AMPH blocks the movements of hinges located in TM1 and TM6, and retains 

hDAT in the outward-open state. Such a result is in agreement with previous studies 

using this truncated form of hDAT to investigate protein-ligand interactions in various 

environments [44, 55-58]. Yet unbiased MD simulations may not reach the time scale 

required to observe the conformational transition along substrate transport. One enhanced-

sampling method, accelerated molecular dynamics, with a biased potential energy added to 

the system, has been successfully applied to explore the conformational states associated 

with DA translocation through hDAT [59].

The effects of N-terminal dynamics on the conformational transition were first demonstrated 

in the truncated form of hDAT (hDAT(25–604) in Table 1). Of interest, two independent 

simulations with different initial N-terminal positions in intracellular side showed that 
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hDAT(25–604) preferred the inward-open states. The binding of APMH could retain 

hDAT(25–604) in the outward-open state in one simulations but not in the other one, 

raising the question of whether the conformational transition of hDAT is dominated by 

AMPH binding or the N-terminal dynamics or both. By adding residues 1–24, results 

from two independent simulations show that the free state hDAT(1–604) could populate 

either the outward-open or the inward-open state, demonstrating the regulation role of N-

terminal residues 1–24. In contrast, AMPH-bound hDAT(1–604) underwent conformational 

transitions in both models, suggesting that the binding of AMPH failed to stabilize the 

outward-open conformation with increasing length of the N-terminal. Moreover, N-terminal 

phosphorylation shifted hDAT(1–604) from the initial outward-open state to the inward-

open states in two independent simulations, but still stayed in the outward-open state in 

one of simulations of AMPH-bound p-hDAT(1–604). Together, these results demonstrate 

the regulation role of N-terminal in the conformational transition of hDAT(1–604) from 

the same outward-open state to the inward-open states, which could be further altered by 

phosphorylation.

By examination of interaction networks between the N-terminal and the intracellular 

portion of hDAT (Figs. 4 and 5), a common mechanism of retaining the outward-open 

state emerges from our results. When the N-terminal spanned the intracellular end and 

interacted with several TMs (1a, 5, and 8), most ILs, and C-terminal simultaneously, 

hDAT was observed to populate the outward-open state, and the electrostatic interactions 

between charged residues formed the core of the network. Because similar networks 

were identified in hDAT(1–604), AMPH-bound hDAT(25–604), and AMPH-bound p-

hDAT(1–604), this modulation mechanism seems independent of AMPH binding and 

phosphorylation. In contrast, in the case where interactions network collapses (e.g., N-

terminal dissociates from the intracellular side) or shrinks (e.g., N-terminal encompasses 

less area of the intracellular side), the inward-open state of hDAT would be expected. 

This conclusion was further supported by MD simulations of the full-length hDAT and 

AMPH-bound p-hDAT. Results from the simulations of the full-length hDAT revealed 

that the C-terminal weakened the electrostatic core and thus altered the interaction 

network between the N-terminal and the intracellular portion. Consequently, this full-length 

hDAT changes its states from the outward-open to the inward-open state. In contrast, 

the full-length p-hDAT in complex with AMPH exhibited a similar interaction network 

as found in those outward-open states. Thus, it retained in the outward-open state. 

An early experimental study of hDAT suggested that a cation-π interaction between 

Arg60 and Tyr335 could stabilize a salt bridge between Arg60 and Asp436 in the 

intracellular interaction network, which played an import role in regulating substrate 

transport [60]. However, the underlying molecular mechanism remained to be elucidated. 

So far, few MD simulations were performed to investigate the conformational states of 

hDAT including the N-terminal. In the simulation study of the full-length DA-bound 

hDAT in a mixed membrane containing POPC, POPE(1-palmatoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine), POPS(1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine), PIP2, 

and cholesterol. The regulation role of N-terminal on the conformational transition of 

hDAT was addressed for the first time, which involves interactions between the N-terminal 

and IL4 that are regulated by the highly charged PIP2 [17]. Because the N-terminal 
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interacted primarily with IL4, a shrinking interaction network was anticipated, and as a 

result, the inward-open conformation was observed. This finding is in agreement with the 

present results, providing additional support for the regulation mechanism proposed here. Of 

interest, compared to POPC, POPE lipid increases bilayer’s rigidity and compactness [61], 

and thus may prevent conformational transition of DAT which involves movements of TMs. 

Also, cholesterol has been suggested to be able to maintain the outward-open conformation 

of DAT [58, 62, 63]. In this regard, the observation of the inward-open conformations of 

hDAT in the present and previous studies imply the determinant role of interactions between 

the N-terminal and the intracellular portion in state-to-state transition of hDAT.

Moreover, we show that the inward-open conformations of hDAT defined in this work may 

be functionally relevant. When AMPH bound to hDAT in the inward-open conformation, 

it moved deeper towards the intracellular end (Fig. S28). Molecular docking studies also 

confirmed the difference in the conformational states between the outward-open and inward-

open states, showing that AMPH occupied two distinct sites (Fig. 7). The substrate release 

path in hDAT was then identified, involving TMs 1a, 6b, 5, and 8 (Fig. 7). Since no other 

favorable binding regions in the intracellular side of p-hDAT were found from our docking 

studies, we speculate that reverse transport of DA (i.e., DA efflux) may share the same 

path. Compared to AMPH, DA seemed unable to bind to the inward-open conformation 

of p-hDAT stably (Fig. 7E), and thus likely to be blocked by AMPH after DA enters 

the central site from the intracellular side, which is in line with the exchange mechanism 

of p-hDAT-mediated AMPH-induced DA efflux [15, 64]. In addition, we showed that the 

bound Na2 could remain in its binding site in both states of hDAT, a result that is different 

from previous computational study showing that the transition of DA-bound hDAT to the 

inward-open state was accompanied by the release of Na2 [17, 65]. The difference in the 

substrates DA and AMPH may contribute to the distinct results, as AMPH is a potent 

inhibitor of hDAT and could induce DA efflux [66]. Compared to the dynamics of DA in 

the inward-open state of p-hDAT (Fig. 7E), the stable binding of AMPH and Na2 indicates a 

significantly slow AMPH transport and associated release of Na2.

5. Conclusions

In this study, we presented comprehensive investigation on the mechanism that modulates 

the conformational states of hDAT, which involves the interactions between the N-terminal 

and the intracellular region of hDAT. A general mechanism emerges from our results, which 

suggests that when the N-terminal is open to encompass a large area of the intracellular 

portion mainly by interactions with the intracellular loops and C-terminal, hDAT populates 

the outward-open conformation. Otherwise, when the N-terminal collapses in cytosol or its 

position is restrained, the inward-open conformation of hDAT is expected. Our results also 

provide novel insights into how the N-terminal phosphorylation facilitates DAT-mediated 

AMPH-induced DA efflux. Our results suggest that it seems plausible to capture hDAT in 

a specific conformational state by alteration of its N-terminal or interactions between the 

N-terminal and intracellular region via protein engineering.
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Fig. 1. 
(A and B) Initial conformations of hDAT(1–604) in Model1 and Model2. (C and E) 

Representative conformations of hDAT(1–604) over 1-μs MD simulations from side and 

intracellular views for Model1. (D and F) Representative conformations of hDAT(1–604) 

over 1-μs MD simulations from side and intracellular views for Model2. The 12 TM helices, 

five serine residues, and two truncation points (V24 and Q58) are labeled. The N-terminal 

region is colored in red and the TM1a and TM6a are colored in blue. EC and IC denote 

extracellular and intracellular, respectively. Note that Ser4 is masked in (F).
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Fig. 2. 
(A) Characteristic structural features used to define the outward-facing open (or outward-

open for simplicity) and inward-facing open (or inward-open) states of hDAT. The 

equivalent residues for Phe76, Ser422, and S429 of hDAT in dDAT, LeuT, and hSERT 

are shown in the insect. The distances between Cα atoms of Phe76 and Ser422 and between 

Phe76 and Ser429 are used to denote the corresponding distances in different transporters. 

(B) The relative positions of Phe76, Ser422, and Ser429 in the outward-open (blue) and 

inward-open (red) states of hDAT(1–604). (C) The relative positions of Phe76, Ser422, 

and Ser429 in the outward-facing (blue) and inward-facing (red) states of AMPH-bound 

p-hDAT(1–604). OF, IF, OFo, and, IFo denote outward-facing open, inward-facing open, 

outward-facing occluded, and inward-facing occluded, respectively.
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Fig. 3. 
Comparison of conformational states of hDAT(1–604) in the inward-open (A, C, E, and G) 

and outward-open states (B, D, F, and H). (A and B) The fraction of native contacts Q. (C 

and D) The distribution of the eigenvalue of the first eigenvector. (E and F) The time change 

of the distance between Cα atoms of Phe76 and Ser422 over 1-μs MD simulations. (G and 

H) The time change of the distance between Cα atoms of Phe76 and Ser429 over 1-μs MD 

simulations. The distribution of the distance is shown in the inset of each figure. Model1 and 

Model2 correspond to the structural models shown in Fig. 1.
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Fig. 4. 
Contact maps calculated for hDAT(1–604) (A and B) and AMPH-bound p-hDAT(1–604) 

(C and D) in the outward-facing open (OF) and inward-facing open (IF) states. N-term, 1a, 

3, 5, 8, C-term denote N-terminal, TM1a, TM3, TM5, TM8, and C-terminal, respectively. 

IL denotes intracellular loop. A contact occurs if any atom in the N-terminal region is 

within 3 Å of any atom in the TM domains, and only a contact frequency >0.5 (50%) is 

shown. Contact frequency was calculated using the last 500-ns trajectory of each simulation. 

Model1 and Model2 correspond to the two models shown in Fig. 1.
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Fig. 5. 
Interaction networks calculated for hDAT(1–604) (A and B) and AMPH-bound p-hDAT(1–

604) (C and D) in the outward-facing and inward-facing states. Model1 and Model2 

correspond to the two models shown in Fig. 1. The N-terminal tail (1–58) is shown in red. 

The 12 transmembrane helices (TM), intracellular loops (IL), AMPH, and phosphorylated 

serines (p-S2, p-S4, p-S7, p-S12, and p-S13) are labelled.
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Fig. 6. 
Contact map and interaction network calculated for the full-length hDAT (A–C), AMPH-

bound p-hDAT (D–F), and the artificially designed full-length hDAT (G–I) where the 

C-terminal tail was tapped in membrane. The label coloring schemes are the same as used 

in Figs. 4 and 5. For the details of interacting residues, see Table S7. The N-terminal tail 

(1–58) is shown in red, and the C-terminal tail (605–620) is shown in yellow. The 12 

transmembrane helices (TM), intracellular loops (IL), AMPH, and phosphorylated serines 

(p-S2, p-S4, p-S7, p-S12, and p-S13) are labelled. For the details of interacting residues, 

especially the electrostatic interactions, see Tables S7-S9.
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Fig. 7. 
(A) Docking of AMPH to hDAT(1–604) in the outward-open conformation. (B) Docking 

of AMPH to p-hDAT(1–604) in the inward-open conformation. (C) Illustration of the path 

for AMPH release from the central binding site. (D) Trajectory of the center of mass 

of DA in p-hDAT(1–604) over 1-μs MD simulations. The initial DA binding pose and 

residues Phe76, Ser422, and Ser429 are shown. (E) The minimal distance between DA 

and Ser429, and between extracellular (Tyr156 and Phe320) and intracellular (Arg85 and 

Asp476) gating residues over the 1-μs MD simulations of DA-bound p-hDAT(1–604) in the 

inward-open state. For comparison, the minimal distance between AMPH and Ser429 was 

also calculated based on the simulations of AMPH-bound p-hDAT(1–604) in the inward-

open state (Model2). In (A) and (B), a total of 20 binding poses of AMPH was shown. 

TM12 was not labelled as it was covered by other TMs. For clarity, in (D) and (E), the 

trajectory was saved every 1 ns.
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Table 1.

Summary of the simulated systems and main results.

System Distance (Å) State Na+ Supporting
Information

F76--S422 F76--S429

Free state

hDAT(59–604) 10.7±0.5 16.1±0.5 IF None Fig. S5

hDAT(25–604) (Model1) 8.4±0.5 12.3±0.9 IF None Fig. S5

hDAT(25–604) (Model2) 9.8±0.5 14.7±0.6 IF None Fig. S5

hDAT(1–604) (Model1) 9.5±0.6 14.0±0.5 IF None Fig. 3; Fig. S6

hDAT(1–604) (Model2) 4.3±0.3 11.4±0.3 OF Na2 Fig.3

p-hDAT((1–604)) (Model1) 9.0±0.7 13.9±0.6 IF Na1 Figs. S7-S9

p-hDAT((1–604)) (Model2) 8.9±0.4 14.2±0.5 IF Na2 Figs. S7-S9

In complex with AMPH

hDAT(59–604) 4.4±0.2 11.7±0.3 OF Na1; Na2 Fig. S10; Fig. S11

hDAT(25–604) (Model1) 4.7±0.3 12.3±0.4 OF Na1; Na2 Fig. S10

hDAT(25–604) (Model2) 8.4±0.5 13.4±0.6 IF Na2 Fig. S10

hDAT(1–604) (Model1) 8.6±0.4 14.0±0.7 IF Na2 Fig. S12; Fig. S14

hDAT(1–604) (Model2) 7.7±0.4 12.8±0.6 IF Na2 Fig. S12; Fig. S14

p-hDAT(1–604) (Model1) 4.4±0.3 11.0±0.5 OF Na2 Fig. S13; Fig. S14

p-hDAT(1–604) (Model2) 8.4±0.4 13.9±0.5 IF Na1; Na2 Fig. S13; Fig. S14

With C-terminal/Full-length

hDAT(59–620) (free state) 4.2±0.3 11.4±0.4 OF None Fig. S15

hDAT(1–620) (Model2, free state) 10.1±0.4 15.2±0.5 IF Na1; Na2 Fig. S15

p-hDAT(1–620) + AMPH (Model1) 4.4±0.3 11.0±0.6 OF Na2 Fig. S15

hDAT(1–620) (designed) 4.7±0.4 111.3±0.6 OF Na2 Fig. S16

Notes:

(1)
The distances of F76--S422 and F76--S429 are averaged over the last 500-ns trajectory of each simulation

(2)
Model1 and Mode2 correspond to the initial conformation of hDAT(1–604) shown in Fig. 1.

(3)
Na+ denotes the sodium ions remained in the initial binding sites. The coordination environments of Na1 and Na2 are shown in Fig. S28 and 

Fig. S2. None indicates the release of both Na1 and Na2.

(4)
IF and OF refer to the inward-facing open (or inward-open for simplicity) and outward-facing open (or outward-open for simplicity) 

conformation (or state), respectively.

(5)
For the artificially designed full-length hDAT, the C-terminal tail was initially placed inside the membrane.
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