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1 Introduction

The dopamine and serotonin transporter (DAT and SERT, re-
spectively) are part of the neurotransmitter :sodium sym-
porter (NSS) subfamily. They exert their action by re-uptak-
ing neurotransmitter molecules back into the synaptic cleft
using the electrochemical gradient of sodium ions. Despite
their high structural similarity, SERT and DAT are implicated
in different behavior and mental illnesses: SERT has mostly
been associated with depression,[1] anxiety,[2] and obsessive-
compulsive disorder,[3] while mutations in DAT have been
linked to e.g. attention-deficit hyperactivity disorder.[4,5] Al-
though these transporters are established targets for nu-
merous drugs, the molecular determinants for their ligand
selectivity are not completely understood yet.[6,7,8]

Cathinones are ligands for SERT and DAT and represent
a class of drugs used to treat various medical conditions in-
cluding depression,[9] obesity,[10] and muscle spasms.[11]

However, they are also used as street drugs causing many
health and addiction problems.[12] Understanding the mo-
lecular basis of their activity and selectivity on monoamine
transporters may therefore pave the way for the design of
compounds with less potential for abuse. We previously
showed that SERT-over-DAT selectivity of cathinones is
driven by polarizable or lipophilic para-substituents.[13] In
contrast, the molecular basis for DAT-over-SERT selectivity is
not fully grasped. Our previous efforts on the ‘second gen-
eration’ mephedrone analog 4’-methyl-a-pyrrolidinopropio-
phenone (4-MePPP) have indicated that cathinones com-
prising a bulky N-substituent are DAT selective due to

a lack of space in the B sub pocket, which is part of the
substrate binding site (S1). However, amphetamines lacking
substituents on their aromatic ring tend to be DAT-over-
SERT selective as well, an observation that has not been ex-
plained so far.[8,13]
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In this study, we exploit differences in uptake inhibitory
activity of these small substrates via a combined computa-
tional and experimental approach in order to explore the
basis for their DAT-over-SERT selectivity.

2 Materials and Methods

2.1 Drugs and Reagents

Reagents used in the experiments for uptake assays in cells
were purchased and used according to previous work.[14]

Plasmids encoding human SERT were a generous gift of Dr.
Randy D. Blakely and used in a tagged form.[15]

2.2 Synthesis of 4-IMAP

4-iodomethcathinone (1-[4-iodophenyl]-2-[methylamino]-
propan-1-one; 4-IMAP) was synthesized from 4-bromo-
methcathinone (4-BMAP; synthesized as described in
Ref.[16]) via a two-step stannylation-iodination reaction.
Briefly, a solution of 4-BMAP (1 eq.), hexabutyldistannane
(2 eq.), and tetrakis(triphenylphosphine)palladium (0.05 eq.)
in dry toluene was refluxed for 90 min, after which time the
reaction was essentially complete by TLC (silica gel,
CH2Cl2 : MeOH 4 : 1). The mixture was cooled, filtered, and
concentrated in vacuo, then the product 4-tributylstannyl-
methcathinone (i.e. 2-[methylamino]-1-[4-(tributylstannyl)-
phenyl]propan-1-one) was purified by column chromatog-
raphy (silica gel ; CH2Cl2 : MeOH, 4 : 1). The fractions contain-
ing the desired product were combined and concentrated
in vacuo. 1H-NMR analysis of the resulting brown oil was
consistent with the expected product. Iodination of the pu-
rified tributylstannyl intermediate was performed by incu-
bating the brown oil with NaI and 3 % H2O2 in NaOAc
buffer, pH = 4.2 for 15 min. After quenching the reaction
with 3 M NaHSO3 the mixture was made basic with 5 M
NaOH, extracted with CH2Cl2, and concentrated in vacuo.
The resulting oily free-base 4-IMAP was crystallized from di-
ethyl ether as the hydrochloride salt. The identity of 4-IMAP
was confirmed with 1H-NMR and elemental analysis.

2.3 Ligand Preparation

Two cathinone type ligands from an in-house dataset[13]

were selected to address the DAT/SERT selectivity issue: the
DAT-selective ligand methcathinone (MCAT), which lacks
substituents on the aromatic ring, and the non-selective 4-
iodomethcathinone (4-IMAP), which only differs in the para
substituent at the aromatic moiety. A third ligand, mephe-
drone (MEPH), was used to assess the agreement between
computational and experimental findings (Figure 1).

The ligands were built in Molecular Operating Environ-
ment[17] (MOE) as the (S)-enantiomer in protonated form,
while topolbuild (www.gromacs.org) was used to generate
the GROMACS OPLS topology skeleton. The atom types
were taken from the OPLS-AA/L[18] force field files and the

chiral a-carbon was assigned as a peptidic backbone
carbon atom. The sigma hole of the iodine atom in 4-IMAP
was represented by a virtual site with parameters described
previously.[19] Missing dihedral parameters were taken from
the OPLS2005 force field of Schrodinger,[20] while its trans-
ferability was confirmed by checking the remaining charg-
es, bond lengths, angles and dihedral parameters.

2.4 Protein Preparation and Docking

From a previously published hDAT MD study of the apo
form conducted by Stockner et al[21] , a trajectory snapshot
(taken at 17.6 ns of the production run) with sufficient
space for an aromatic ring between Val152 and Ala423 (B-
site)[8,12,22] was selected for docking the larger 4-IMAP ligand
using GOLD 5.2,[23] following the procedure outlined in
Ref.[12] Two different poses were obtained, which were
placed back in the membrane system of the original trajec-
tory.[21] In addition, 9 overlapping waters were removed.

The S1 site of SERT and DAT consists of at least eleven
amino acids, of which 5 are identical (D79, Y156, F320,
V328 and S422, based on the DAT sequence numbering). To
investigate which residues contribute most to selectivity,
those native to SERT were introduced in silico in the S1 site
of DAT. Thus, three mutants were generated:

1. a V152I mutant, by placing the additional atoms into
a void using MOE,

2. an octuple, SERT-ized mutant (designated as SERT-
8mut), which comprises the F76Y, S149A, V152I, G153A,
A423T, G425A, M427L, and S429G mutations in DAT. The
G425A and S429G mutations are located slightly farther
from the S1 site, but nonetheless were introduced based
on SERT-ized leucine transporter crystal structures.[24] Addi-
tionally, the S429G mutation may prevent the formation of
a hydrogen bond with the Tyr76 side chain in the S1
pocket native to SERT. Two possible starting conformations
of Thr423 (in SERT-8mut) were generated, depending on
the c1 dihedral angle (approx. �80 and 160 degrees along
C-Ca-Cb-Cg).

3. a SERT-8mut-[I152 V] mutant, prepared from the SERT-
8mut system after 140 ns of simulation.

2.5 Molecular Dynamics (MD) Simulations

The simulation systems, in addition to the apo structures,
were parametrized for GROMACS using the OPLS-AA/L
force field with settings described previously.[21] They con-
tained approximately 9890 SPC water molecules,[25] 190

Figure 1. Structural formula of a. (S)-methcathinone (MCAT), b. (S)-
4-iodomethcathinone (4-IMAP) and c. (S)-mephedrone (MEPH).
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POPC lipid molecules[26] and 36 ions in the bulk solvent.
Energy minimization was conducted using the steepest de-
scent method with a convergence criterion of
10 kJ mol�1 nm�1 and an initial step of 0.01 nm. The systems
were equilibrated by gradually heating in four simulations
of 1 ns, starting at 100 K using position restraints of
1000 kJ mol�1 nm�2 for the protein-bound ions and the
ligand and 100 kJ mol�1 nm�2 for the backbone atoms,
while decreasing the restraints by a factor of ten every sim-
ulation and increasing the temperature by 50 K. The sys-
tems then underwent a production run at 300 K until stabil-
ity was achieved. The latter was evaluated by the following
analyses: root mean-square (RMS) deviations of positions of
the protein backbone atoms and the residues surrounding
the ligand; the ligand-Asp79 salt bridge distance; Phe76/
Tyr76 c1 dihedral angles; and the potential energy of the
system. Based on this, we decided to compare the trajecto-
ries of the first 100 ns. The complexes were run in dupli-
cates or triplicates depending on the stability, using a differ-
ent seed for the random starting velocities based on a Max-
well-Boltzmann distribution.

To identify the differences that lead to selectivity be-
tween SERT and DAT, the following protein-ligand interac-
tions were monitored in all trajectories: the salt bridge
strength, defined as the distance between the cationic ni-
trogen atom of the ligand and the Cgatom of Asp79; stack-
ing, defined as the distance between the centers of mass
of the aromatic ring of the ligand and of Tyr156, Phe320 or
Phe326; cation-p stacking, defined as the distance between
the ligand’s cationic nitrogen and the center of mass of the
Phe76 (DAT) or Tyr76 (SERT-8mut) ring. Additionally, ligand
atom-positional RMS fluctuations, and distances between
the para-carbon of the ligand and Val343-Cb and Thr423-Ca

atoms were monitored.

2.6 Thermodynamic Integration

To assess agreement with experimental findings, differences
in binding free energies between the two ligands MCAT
and MEPH were calculated using the thermodynamic inte-
gration (TI) method.[27] In addition, these calculations could
further validate the adapted architecture of the SERT
pocket, as well as the binding mode proposed.

In the TI method, a coupling parameter l was introduced
to make the Hamiltonian (H) l-dependent such that at l=
0 or 1, H described two thermodynamic end states (A and
B, respectively) of interest. The derivative of H with respect
to a coupling parameter l(dH/dl) was calculated at regular
intervals. At every l value, the uncertainty in <dH/dl>
was evaluated by calculating the error estimate for the
average (which reflects the adequacy of sampling) from the
variance between block averages, using GROMACS’ g_ana-
lyze tool with the error estimate option (ee)[28] The free
energy difference (DG)) between states A and B (as well as
its error estimate) was yielded by integration:[29]

DGA�B ¼
Z

1

l¼0

@H
@l

� �
dl

A thermodynamic cycle (Figure 2) was employed to
obtain the difference DG1–DG2 in SERT-8mut binding free
energy between MCAT (1) and MEPH (2). Forward and back-
ward ligand perturbations were performed for the un-
bound and protein-bound ligands to estimate DG3 and

DG4. For the ligand perturbations, a double topology para-
digm was employed, whereby partial charges and Lennard-
Jones (LJ) interaction sites of the para-hydrogen or para-
methyl groups (of MCAT and MEPH, respectively) were si-
multaneously annihilated or created. Simulations were per-
formed at l= 0, 0.1, 0.2, …, 0.8, 0.9, 1.0 with a spacing of
0.05 between l= 0.2 and l= 0.8. At every l value, at least
2.5 ns of simulation were performed and the equilibration
time was kept at 1 ns. The simulation windows were run
serially, i.e. , the preceding final coordinates and velocities
were used as starting point for the sequential window, to
account for conformational changes and to obtain smooth
<dH/dl> curves. To accelerate the calculation and to im-
prove convergence of <dH/dl> and its error estimate,
a simulation continued to the sequential window as soon
as an error estimate of <2 kJ mol�1 was achieved and
when the slope of the curve fitted to the error as a function
of block size was <0.1 kJ mol�1 ns�1 for both the electro-
static (QQ) and LJ components of <dH/dl> (Figure 3). Ad-

Figure 2. Thermodynamic cycle employed for the calculation of
the difference in binding free energy between MCAT (L2) and
MEPH (L1).

Figure 3. Applied scheme for the productions runs used for ther-
modynamic integration (TI).
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ditionally, the LJ interactions were modified using a soft-
core potential[30] with asc parameter of 0.5, to prevent sin-
gularities in <dH/dl> at l values close to 0 and 1. All
other simulation settings were identical to the MD settings
described above. Reaching of the end state at l= 1 was
checked by evaluating time series for the Phe76/Tyr76 c1
dihedral angle, the stacking distances between the ligand
and Tyr156, Phe320 and Phe326, and the distance between
the ligand’s cationic nitrogen and the Phe/Tyr76 side chain
center of mass of the phenyl ring.

For the perturbation of the unbound ligands, TI was per-
formed with identical set-up and the ligands were simulat-
ed in simple point charge (SPC) water within a box with
a distance of 2 nm to the box edges (circa 3270 water mol-
ecules). The <dH/dl> curves were obtained by simulating
at 11 equally distributed windows of each 3 ns long, while
discarding the first 500 ps for equilibration. The free energy
difference between the end states was calculated using tra-
pezoidal integration.

2.7 Biological Testing

To validate the results of the MD simulations, site-directed
mutagenesis was performed on SERT using the Agilent(R)
Quikchange Lightning kit. pEYFP-C1-hSERT wild-type DNA
was used as template for the primers obtained from Agi-
lent. The SERT-I172V reverse primer:

5’-GTGTTGTAGTAGGAAGCAACGTAAAAGGCAATGATGCAG-
3’ was used, with the mutation indicated in bold. The new
plasmids were sequenced and transformed into Escherichia
coli XL10 Gold competent bacteria to obtain larger
amounts.

HEK-293 cells were grown at 37 8C under a 5 % CO2 and
humid atmosphere in Dulbecco’s Modified Eagle’s medium
(DMEM) supplemented with 10 % fetal calf serum and 1 %
penicillin. Cells of approximately 80 % confluence were
transiently transfected using Lipofectamine (Invitrogen) and
seeded onto a poly-d-lysine coated 96-well plate while as-
suring approximately 8 · 105 cells/well for the subsequent
day. The (S)-MCAT solution series was prepared as a stock
of 100 mM in Krebs-HEPES buffer (KHB) and diluted step-
wise for both the pre-incubation and uptake inhibition sol-
utions. The uptake solution additionally contained 0.2 mM
[3H]5-HT or [3H]-dopamine for the SERT and DAT measure-
ments, respectively. The KHB for the DAT measurements ad-
ditionally contained 100 mM paragyline and ascorbic acid to
prevent metabolism and oxidation of the dopamine. After
incubating MCAT in triplicate for 5 minutes, the solutions
were replaced by 50 mL uptake solution for 60 seconds. The
reaction was cooled down to 4 8C and the cells were lysed
with 1 % sodium dodecyl sulphate (SDS) solution, followed
by liquid scintillation counting. The counts were plotted
using SigmaPlot after subtraction of the counts related to
unspecific uptake at the highest MCAT concentration.

2.8 Statistical Analysis

Statistical analyses were carried out using GraphPad Prism
(v. 5.0; GraphPad Scientific, San Diego, CA, USA). IC50 values
for inhibition of uptake were calculated based on non-
linear regression analysis.

3 Results and Discussion

3.1 Simulations Indicate that Cathinones Bind with their
Carbonyl Group Directed toward Transmembrane Helix 6 in
DAT and SERT

4-IMAP, the larger of the two ligands employed to study se-
lectivity, was docked into the substrate binding site of the
DAT homology model previously established.[21] Two differ-
ent poses were obtained in which the ligand carbonyl
group was either directed extracellularly (pose 1) or to-
wards transmembrane helix (TM) 6 (pose 2, see Figure 4a).
Wild-type DAT, DAT[V152I] , SERT-ized DAT (SERT-8mut) and
SERT-ized DAT[I152V] (SERT-8mut-[I152V]) were stable
during MD simulations based on the analyses described in
the Methods section, with pose 2 consistently showing an
energetically more favorable protein-ligand interaction
energy profile (see Figure 4b). Additionally, pose 2 simula-
tions exhibited a more stable hydrogen bonding between
the cationic nitrogen of the ligand and the Phe320 back-
bone, as compared to pose 1 (Figure S1a). This interaction
was also observed in occluded co-crystallized LeuT struc-
tures between the amino group of leucine and the back-
bone oxygen atom of the homologous Phe253,[31] in addi-
tion to previous MD studies of DAT and SERT in complex
with phenylethylamine substrates.[32–34] A transition from
pose 1 to pose 2 was observed in the SERT-8mut/4-IMAP
system as well, but not vice-versa. Therefore, the pose 2
simulations were used for assessing differences between
SERT and DAT binding.

An additional finding was the hydrogen bond between
the hydroxyl group of Thr423 in SERT-8mut and the Gly419
backbone carbonyl (Figure S1c).

3.2 Mephedrone inhibits SERT Uptake more than
Methcathinone

Regarding the overlap of the core structures of MCAT and
MEPH, the influence of a differential access path through
the transporter could be considered negligible. Therefore,
the binding free energy difference of these ligands for SERT
(DDGMEPH!MCAT) can be calculated as 9.1 kJ mol�1 from dis-
sociation and estimated inhibition constants using the
Cheng-Prusoff equation:[35]

KD;MEPH

KD;MCAT
� Ki;MEPH

Ki;MCAT
¼ IC50;MEPH

IC50;MCAT

1þ ½5HT �
KD;5HT

� �

1þ ½5HT �
KD;5HT

� � ¼ IC50;MEPH

IC50;MCAT
;
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withKD,5HT being the dissociation constant of the radiola-
beled serotonin substrate.

DDGMEPH!MCAT � �RT ln
IC50;MEPH

IC50;MCAT
¼ þ8:2� 2:9 kJ mol�1

Hence, the para-methyl group of MEPH has a positive
impact on SERT binding.

3.3 The Selectivity of SERT for Mephedrone over
Methcathinone may Reside in the Substrate Binding Site

A TI calculation was performed in the DAT system with the
SERT-like S1 pocket, to assess whether MEPH is predicted
to bind stronger than MCAT to SERT, as shown by inhibition
experiments.[36]

The simultaneous decoupling of the para-methyl group
and the coupling of the para-hydrogen of MEPH in the
complex yielded smooth <dH/dl> curves when employ-
ing l steps of 0.05 between the simulation windows in the
‘soft’ states (with l ranging from 0.2 to 0.8; see Figure S3
for the derivatives). The TI perturbation in the backward di-
rection was performed by first modifying the LJ potentials
before the electrostatic potentials to prevent numerical in-
stabilities due to the growing charges of the methyl group.
Therefore, <dH/dl> values for the protein-ligand complex
calculations were slightly deviating between the forward
and backward TI, but the hysteresis was relatively low (ap-
proximately 3 kJ mol�1). Hence, the number of lambda
steps used was considered adequate for this calculation. A
difference in SERT-8mut binding free energy between
MEPH and MCAT of + 10.8�1.2 kJ mol�1 was obtained,
which is within the error of the experimental value of
+ 8.2 kJ�2.9 mol�1. Hence we suggest that the SERT S1
site is substantially contributing to the difference in binding
affinity between these two ligands.

3.4 DAT Selectivity for Ring-unsubstituted Amphetamines
Seems Partly Caused by more Favorable Interactions with
Phe320 in DAT as Compared to Phe355 in SERT, due to
a Val/Ile Difference in the Central Binding Site

In the MD simulations, no evidence was found for differen-
ces in interaction between the ligand and other residues in
the S1 site, except for the average distance between the ar-
omatic ring of MCAT and Phe320. This distance was approx-
imately 0.10 nm shorter in DAT, as compared to in SERT-
8mut. At the same time, the distance between the non-se-
lective 4-IMAP and Phe320 was similar in DAT and SERT-
8mut (0.65 nm, see Figure 5a and 5b). The LJ potential be-
tween the ligand and Phe320 also showed clear differences
(Figure 5c). These findings led to the hypothesis that the
additional methyl group of Ile152 in SERT-8mut (Ile172 in
SERT) hinders the aromatic interaction and therefore, simu-
lations of the diagnostic mutants DAT-V152I and SERT-
8mut-I152 V served for proof of hypothesis. The observa-
tion in all 4-IMAP systems was the iodine atom being
‘stuck’ in the B pocket, preventing interaction with Phe320
in any case.

Based on uptake inhibitory assays, MCAT selectivity is
around 50 fold for DAT over SERT(1.4 vs. 75.9 mM IC50, re-
spectively).

Figure 4. Two binding modes of 4-iodomethcathinone (4-IMAP) in
the S1 site of the dopamine transporter obtained by docking. The
‘atom’ attached to the iodine atom represents the sigma hole,
while the orange dotted line is a conserved hydrogen bond (a).
Simulations starting from pose 2 generally showed more favorable
protein-MCAT (b) and protein-4-IMAP (c) interaction energies than
simulations starting from pose 1. The time series represent 2 ns
running averages.
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Figure 5. (a) Binding modes showing (S)-methcathinone (MCAT) interacting in the dopamine transporter (DAT) with Phe320 due to the
lack of a para-substituent and due to Val152. SERThas an isoleucine at the homologous position preventing such an interaction. (b) Distan-
ces between the ligand and Phe320 rings show differences between Val and Ile containing proteins. (c) MCAT-Phe320 van der Waals ener-
gies showing the difference between SERT-8mut, DAT, the single mutant V152I and the SERT-8mut-[I152V] mutant. The DAT-[V152I] energies
were less reproducible as compared to the other systems, due to the occurrence of new binding site architectures. Back-mutating from Ile
to Val in SERT-8mut clearly shows a recovery of the interaction between the ligand and Phe320. (d) Uptake inhibition curves of SERT-
[I172V] in the serotonin and dopamine transporter transiently expressed in HEK-293 cells showing a 4x increase in activity of the DAT-like
SERT-[I172 V] mutant. Error bars represent the standard error of the mean (SEM).
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The uptake inhibitory activity of MCAT in the SERT-I172V
mutant was indeed increased significantly to 18.3 mM IC50

(Figure 5d). The results therefore indicate that increased
space due to the Ile-to-Val mutation led to improved pro-
tein-ligand interactions and hence provides an explanation
for the DAT-over-SERT selectivity of ring-unsubstituted cath-
inones.

4 Conclusions

Molecular dynamics simulations are a versatile tool for ob-
taining insights into ligand-protein interactions. Exploiting
this method on the neurotransmitter transporter DAT and
a SERT-ized DAT (SERT-8mut) provided hypotheses, which al-
lowed a more detailed understanding of the protein-ligand
interactions and protein pocket flexibility. Simulating the li-
gands MCAT and 4-IMAP in an occluded model of DAT and
SERT-ized DAT indicates that the ligand’s conformation with
the carbonyl group directed toward TM6 is enthalpically
more favorable and shows more stable hydrogen bonding
between the ligand and the protein. This is in agreement
with previous studies employing dopamine and 3,4-methyl-
enedioxymethamphetamine (MDMA).

Due to the hydrogen bond between the hydroxyl group
of Thr423 and the Gly419 backbone in SERT-8mut (Thr439
in SERT) the Thr methyl group was directed towards the
ligand binding site. This has implications for the hydropho-
bicity of the pocket and may explain the higher affinity of
para-methylated ligands in SERT.

A closer understanding of DAT-over-SERT selectivity of
small amphetamines was accomplished by the differences
observed in ligand-protein aromatic interactions, which
were more favorable in DAT. This was presumably due to
a less bulky Val152 residue compared to Ile172 in SERT,
which can hinder such interactions. The simulations were
validated by uptake inhibitory assays in which an increase
in activity was observed for the DAT-like SERT-I172 V
mutant. These results show that subtle differences in the
interaction pattern of cathinones drive their transporter se-
lectivity.
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