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ABSTRACT: The amino acid compositions of the substrate binding pockets
of the three human monoamine transporters are compared as is the
orientation of the endogenous substrates, serotonin, dopamine, and
norepinephrine, bound in these. Through a combination of homology
modeling, induced fit dockings, molecular dynamics simulations, and uptake
experiments in mutant transporters, we propose a common binding mode for
the three substrates. The longitudinal axis of the substrates is similarly
oriented with these, forming an ionic interaction between the ammonium
group and a highly conserved aspartate, Asp98 (serotonin transporter,
hSERT), Asp79 (dopamine transporter, hDAT), and Asp75 (norepinephrine
transporter, hNET). The 6-position of serotonin and the para-hydroxyl
groups of dopamine and norepinephrine were found to face Alal73 in
hSERT, Glyl53 in hDAT, and Glyl49 in hNET. Three rotations of the

substrates around the longitudinal axis were identified. In each mode, an aromatic hydroxyl group of the substrates occupied
equivalent volumes of the three binding pockets, where small changes in amino acid composition explains the differences in
selectivity. Uptake experiments support that the S-hydroxyl group of serotonin and the meta-hydroxyl group norepinephrine and
dopamine are placed in the hydrophilic pocket around Alal73, Ser438, and Thr439 in hSERT corresponding to Gly149, Ser419,
Ser420 in hNET and Gly153 Ser422 and Ala423 in hDAT. Furthermore, hDAT was found to possess an additional hydrophilic
pocket around Ser149 to accommodate the para-hydroxyl group. Understanding these subtle differences between the binding site
compositions of the three transporters is imperative for understanding the substrate selectivity, which could eventually aid in

developing future selective medicines.

KEYWORDS: Serotonin transporter, dopamine transporter, norepinephrine transporter, induced fit docking,

molecular dynamics simulations, LeuT

onoamine transporters are secondary active transporters

belonging to the neurotransmitter sodium symporter
(NSS) family. From their location within the cell membranes of
presynaptic neurons, they are responsible for reuptake of the
biogenic monoamines serotonin (S-HT), dopamine (DA), and
norepinephrine (NE) from the synaptic cleft after signaling.
Malfunction of monoamine transporters has been shown to be
involved in a variety of disorders such as depression, obsessive-
compulsive disorder (OCD), Parkinson’s disease, anxiety,
attention deficit hyperactivity disorder (ADHD), and Tour-
ette’s Syndrome." Accordingly, monoamine transporters are the
target of a multitude of compounds, including antidepres-
sants;>~* however, they are also the target of psychostimu-
lants.>~” Tt is therefore of utmost importance to understand the
function of this family of transporters from a pharmaceutical
point of view. Unfortunately, no high resolution protein
structure has been solved of the monoamine transporters so
far, but with the availability of crystal structures of a bacterial
homologue, the leucine transporter (LeuT) from Aquifex
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aeolicus, it has become possible to create homology models of
hSERT, hDAT, and hNET and to predict the binding of
substrates and inhibitors by molecular docking calculations.
Since the emergence of the first LeuT crystal structure with a
leucine substrate bound,® 25 other crystal structures of LeuT
have been deposited to www.pdb.org. These structures include
LeuT with other amino acids bound,” LeuT containing
detergent molecules in the extracellular site,'° mutant LeuT
structures used in electron paramagnetic resonance studies,11 as
well as LeuT with tricyclic antidepressant'>'® and selective-
serotonin inhibitors'* bound. In addition to crystal structures of
LeuT, the 3D structure of at least six other distantly related
transporter families have been resolved by crystallography.'*~>!
They all share the same overall topology, termed the “LeuT-
fold”, which means that they all contain an inverted repeat of
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Scheme 1. Chemical Structure of the Three Endogenous Monoamine Neurotransmitters Studied and Tyramine®
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“The serotonin substrate of hSERT with S, 6, and 7 positions on the indole ring highlighted, the dopamine, DA, substrate of hDAT, and the R-
norepinephrine, NE, substrate of hNET are also shown. For DA and NE, the meta- and para-hydroxyl positions are marked as is some of the

identical atom numbering of DA and NE.

five transmembrane (TM) helices. These transporters are
captured in different conformational states representing
different stages of the transport cycle.

Most homology models of the monoamine transporters are
constructed based on the first outward-occluded LeuT crystal
structure,® which is in agreement with the finding that
competitive inhibitors generally stabilize an outward-facing
conformation.”*** Initially, some homology models resulting
from either superpositioning of the neurotransmitter with
leucine in LeuT”* or from manual docking.”® We have
previously presented an experimentally validated binding
model of 5-HT*® in a hSERT homology model where the
substrate is bound in a position similar to that of leucine in the
central binding pocket of LeuT. In that study, different
sequence alignments of hSERT to LeuT were included, and
it was concluded that the comprehensive alignment published
by Beuming et al** produced the most reliable models of
hSERT.>® The computations resulted in two possible binding
models of 5-HT differing in the rotation of the substrate around
the longitudinal axis from the ammonium group to the 6-
position of the indole ring; see Scheme 1. Through extensive
structure—activity relationship (SAR) studies includin§ hSERT
mutants, one of the binding models was validated.”® Shortly
after this study, Kaufmann et al.*’ published a model of $-HT
binding to a homology model of the human and Drosophila
SERT (dSERT),*” also pro(?osing two binding modes similar to
the findings of Celik et al.*® They, however, suggested a slightly
different favorable binding mode of 5-HT compared to ours.
Recently, we have published experimentally validated models of
the binding of tricyclic antidepressants®® and a serotonin
selective reuptake inhibitor in hSERT*” based on the alignment
of Beuming et al.** A model of DA binding to rat DAT (rDAT)
has been presented in a study by Indarte et al,*® which also
included several sequence alignments and molecular docking
schemes, though not the alignment proposed by Beuming et
al** Models of DA binding to hDAT have been published by
Beuming et al.>' which propose a binding model similar to the
one for DA in rDAT. Homolo§y models of hNET have
appeared either in an apo-form™* or with a bound NE
introduced through simple superposition with the template
ligand** To the best of our knowledge, only one study
addresses the binding of NE to hNET based on a automated
docking simulation using a homology model of hNET based on
LeuT as template.*®> However, this study does not focus on the
binding of NE but rather on predicting side effects of known
medicines by assessing the possible interaction of these with
hNET. Finally, no directly comparative studies using the same
methodology for studying the binding of the three monoamine
neurotransmitters to their parent transporters have previously
been published based on automated techniques.
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As alogical extension to our hSERT homology model studies
of the binding of substrate and inhibitors, we here present the
results of the first directly comparable study on the existence of
a common binding mode for the three monoamine neuro-
transmitters through comparative modeling of the human
monoamine transporters, hSERT, hDAT, and hNET, and
binding of their endogenous substrates in an occluded central
binding pocket. The endogenous substrates were docked into
their respective homology models in a consistent methodo-
logical manner allowing for comprehensive comparisons to be
made. The computational studies reveal very important novel
information regarding the similarities in binding pattern of the
three substrates. To confirm the identified common binding
mode for the three biogenic monoamines, a few selected uptake
inhibition experiments were carried out using mutant trans-
porters. Furthermore, MD simulations confirm that the
proposed common binding mode is stable in all transporters.
The results from the study provide knowledge also on
differences in binding site composition between the trans-
porters; such knowledge is important for designing future
selective drugs targeting one or two of the three transporters
only.

B RESULTS AND DISCUSSION

Understanding of the similarities and subtle differences
between the binding pockets of monoamine transporters and
the possible similarities in substrate binding is of outmost
importance in the understanding of selectivity between the
transporters and in the further development of novel
pharmaceuticals targeting one or more of the monoamine
transporters. Here we extensively compare the amino acid
composition of the substrate binding pockets of the three
monoamine transporters based on homology modeling.
Additionally, a common binding mode of the substrates in
their corresponding transporters is proposed from computa-
tional chemistry methods combined with biochemically testing
through uptake inhibition experiments.

Homology Modeling of hSERT, hDAT, and hNET. We
have previously presented a homology model of hSERT based
on the LeuT structure.”® In this model nonmembrane
embedded parts, especially EL2, were poorly organized due
to a lack of template sequences in LeuT. This loop is located far
away from the central primary binding pocket and is assumed
to not affect binding studies. However, differential protease
sensitivity of EL2 when substrates and inhibitors are bound **
indicates that this assumption may be not be completely
correct. Thus, we proceeded by optimizing these more distant
parts of the protein including available structural and functional
information regarding disulfide bridges,*>*® secondary structure
elements,** glycosylation sites,”” ~* and proteolysis sites®* as
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Figure 1. Location of residues identified from Ramachandran plots to be in disallowed and generously allowed regions. In all pictures, TM1 is shown
in red, TM3 in blue, TM6 in lime, and TM8 in yellow. These four helices are the ones lining the central binding pocket. The remaining
transmembrane helices (TM2,4,5,7,9—12) are shown in gray. (a) hSERT homology model with S-HT bound (orange spheres). Residues in
disallowed region, Asn20S(EL2), His240(EL2), Ala30S(EL3), Met389(TM7), and Arg462(TM9), are shown as cyan spheres. Residues in
generously allowed region, Ser199(EL2), Asn211(EL2), Val397(EL4), TyrS72(TM12), and Ser574(TM12), are shown in pink spheres. (b) hDAT
homology model with DA bound (green spheres). Residues in disallowed region, Arg237(EL2), Lys374(EL4), and His442(IL4), are shown as cyan
spheres. Residues in generously allowed region, Thr173(EL2) His179(EL2), Asp191(EL2), and AspSSS(EL6), are shown as pink spheres. (c) hNET
homology model with NE bound (purple spheres). Residues in disallowed region, Phe133(IL1), Phe134(IL1), Val379(EL4), and Ala384(EL4), are
shown as cyan spheres. Residues in generously allowed region, Trpl173(EL2), Aspl17S(EL2), Thr200(EL2), His441(IL4), Tyr467(TM10),

Phe540(EL6), and AsnSSS(TM12), are shown in pink.

described in Koldse et al.”® For modeling of the binding of the

larger inhibitors in hSERT this refined homology model proved
superior. Homology models of hDAT and hNET were built
using a similar procedure by applying MODELLER*"** with
the LeuT crystal structure and the optimized hSERT EL2 as
templates utilizing the protocol from Koldse et al.* This allows
for a concurrent evaluation of the three human monoamine
transporters focusing on similarities and differences. hSERT is
included in this study to confirm that the previously published
results are reproducible in this new and thoroughly refined
homology model generated with novel versions of the software
and to ensure a reasonable and fair comparison of the resulting
models.

A total of 20 homology models were built for hDAT and
hNET in MODELLER*"** and evaluated as described in the
Methods while the most favorable hSERT model has previously
been described.” Statistics of the 20 homology models is
tabulated in the Supporting Information. All models show high
percentages of populations of backbone dihedral angles in the
“most favored” parts of the Ramachandran plots, and none can
thus be excluded based on sterical features. Interestingly
though, the models could be clearly separated into two groups
when examining the rotamer state of the y, dihedral angle of
the conserved aspartic acid residue in the occluded binding site
(Asp98 in hSERT, Asp79 in hDAT, and Asp75S in hNET).
Approximately half of the models contain an anti rotamer state,
while the required gauche rotamer state is observed in the
remaining models. Only the latter conformation allows for the
formation of the conserved interaction between the aspartic
acid residue and the Na'-ion occupying the Nal-site.”***
These models were then further evaluated, as described in
Koldse et al.*® The main obstacle in introducing ligands into
the occluded binding sites of the monoamine transporters
seems to be the relatively small cavities of the homology
models,*® which are due to the small ligand binding site found
in the template LeuT being occupied by the smaller leucine
molecule. Thus, preferred models for each transporter were
selected based on having as large as possible cavity size.
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Additionally, this binding site obstacle was overcome in the
docking calculations by employing the induced fit docking
method** where protein flexibility is indeed included in the
docking protocol. Furthermore, Molpdfs as low as possible
were used in the selection, hereby ensuring a more energetically
favored relaxed protein. The selected model of hSERT has 89.5,
8.5, 1.0, and 1.0% populations in most favorable, additionally
allowed, generously allowed, and disallowed regions, respec-
tively, determined from a Ramachandran plot. Five residues
Asn205(EL2), His240(EL2), Ala30S(EL3), Met389(TM?7),
and Arg462(TM9) are located in the disallowed region (cyan
spheres, Figure 1a), and five residues Ser199(EL2), Asn211-
(EL2), Val397(EL4), Tyr572(TM12), and SerS74(TM12) are
located in the generously allowed region (pink spheres, Figure
1a). All of these 10 residues, however, are located more than 12
A away from the substrate in the binding pocket and
furthermore found at the surface of the protein or in loop-
regions, and therefore do not necessarily need to show
favorable values in a Ramachandran plot which reflects the
secondary structure elements; see Figure 1a. The best model of
hDAT has 908, 7.8, 0.8, and 0.6% populations in most
favorable, additionally allowed, generously allowed and
disallowed regions, respectively, as determined from the
Ramachandran plot. Three residues, Arg237(EL2), Lys374-
(EL4), and His442(I1L4), were found in the disallowed region
(cyan spheres, Figure 1b), and four residues, Thr173(EL2)
His179(EL2), Aspl91(EL2), and AspSSS(EL6), in the
generously allowed region (pink spheres, Figure 1b). All
seven residues are located more than 21 A away from the
substrate in the binding pocket in loop regions; see Figure 1b.
The preferred model of hNET had 89.7, 8.1, 1.4, and 0.8%
populations in most favorable, additionally allowed, generously
allowed and disallowed regions, respectively, as determined
from the Ramachandran plot. Four residues, Phel33(IL1),
Phel34(IL1), Val379(EL4), and Ala384(EL4), were found in
the disallowed regions (cyan spheres, Figure 1c), and seven
residues, Trp173(EL2), Asp175(EL2), Thr200(EL2), Hisd41-
(IL4), Tyr467(TM10), Phe540(ELG6), and Asn$55(TMI2), in
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the generously allowed regions (pink spheres, Figure 1c). All 11
residues are located more than 14 A away from the substrate in
the binding pocket placed either in loops or being surface
exposed; see Figure lc.

lon Binding Sites in hSERT, hDAT, and hNET
Homology Models. Common for hSERT, hDAT, and
hNET are their dependence upon sodium and chloride ion
gradients to facilitate the energetically demanding reuptake of
their endogenous substrates. The stoichiometry these trans-
porters use to transport substrate and ions are however
different. hSERT has an overall electroneutal transport cycle,
with a stoichiometry of S-HT/Na*/Cl”/K" of 1:1:1:1, where
Na* and CI” are co-transported, while K* is counter-
transported.**® The transport cycle of hDAT and hNET
both result in net positive charge transfer, with stoichiometry of
DA/Na*/Cl™ being 1:2:1,* and NE/Na*/CI™ of 1:1:1."7*
Here no counter-transport of K* has been reported.*> Amino
acids forming the binding sites for the two sodium ions are
highly conserved among the three monoamine transporters and
their positions were resolved in the LeuT crystal structure. An
additional binding site for a chloride ion is conserved in the
chloride-dependent monoamine transporters.*”*® The high
degree of conservation of the sodium sites among the
monoamine transporters and in LeuT is revealed in Table 1.
Additionally, the residues lining the chloride ion binding site in
the Cl™-dependent monoamine transporters are very similar to
the corresponding ones of the Cl™-independent LeuT, in which
the negative charge is harbored on Glu290.

Table 1. Residues Interacting with the Two Sodium and the
Chloride Ions in LeuT and the Three Monoamine
Transporters®

LeuT hSERT hDAT hNET
Nal leucine Asp98 Asp79 Asp75
Ala22 Ala96 Ala77 Ala73
Asn27 Asnl01 Asn82 Asn78
Thr254 Ser336 Ser321 Ser318
Asn286 Asn368 Asn3S53 Asn350
Na2 Gly20 Glyo4 Gly75 Gly71
Val23 Val97 Val78 Val74
Ala351 Leu434 Leu418 Leu415
Thr354 Asp437 Asp421 Asp418
Ser3SS Ser438 Ser422 Ser419
CI” (not LeuT) Tyr47 Tyrl21 Tyr102 Tyr98
Thr254 Ser336 Ser321 Ser318
Asn286 Asn368 Asn353 Asn350
Glu290 Ser372 Ser357 Ser354

“Major differences in residue properties are depicted in italic letters.

However, three significant differences in amino acid
composition are observed between LeuT and the monoamine
transporters, likely to be conferring the differences in ion
dependencies. The main difference in the Nal-site is that the
substrate carboxyl group interacting with the Nal-ion in the
LeuT structure is replaced by an aspartic acid residue in the
monoamine transporters (Asp98 in hSERT, Asp79 in hDAT,
and Asp7S in hNET). This is a general substitution observed
between amino acid transporters and monoamine transporters
and is a classic example of the deletion model for receptors.”**’
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In the Na2-site, the LeuT Thr354 residue is replaced by
aspartic acid residues in the monoamine transporters. Contrary
to LeuT, the monoamine transporters therefore have charged
residues involved not only in Nal-ion coordination but also in
coordination of the Na2-ion: Asp437 (hSERT), Asp42l
(hDAT), and Asp418 (hNET) compared to Thr354 in LeuT.
This specific residue has recently been shown to play a central
role in Na2 transport in LeuT,*” but also the corresponding
Asp437 has been illustrated to be important in transport of the
Na2-ion in hSERT.*® It has been suggested that the
electrostatics from the charsged residue in Nal-ion coordination
is important for selectivity.”* The Na2 coordination was mostly
dependent on “snug-fit” of proteins giving a binding pocket
where geometric properties are dominant.>*** In the homology
models of the monoamine transporters, the Na2-ion coordina-
tion is slightly distorted compared to the one observed in LeuT,
due to the different side chain of an aspartic acid (monoamine
transporters) compared to threonine (LeuT). Therefore, the
Na2-site coordination and selectivity could possibly also be
electrostatic, yielding a similar ion dependence and property of
the Nal- and Na2-site in monoamine transporters, whereas two
different properties, namely, “snug-fit” and electrostatic, of the
sodium sites are speculated in LeuT by Noskov and Roux.>**®

The chloride binding site in the monoamine transporters
stems from the substitution of Glu290 in LeuT for serine
residues in the monoamine transporters; the presence of a
negative species, either from an acidic protein residue or a
chloride ion, in this vicinity was shown to be crucial for
transport in monoamine transporters as illustrated by mutation
of Ser372 in hSERT to an acid similar to Glu290 in LeuT,
which induced a Cl™-independent transporter*” and vice versa
for Glu290Ser mutation in LeuT that became chloride
dependent.*

IFD of 5-HT. As a check for consistency, the binding of 5-
HT has been explored in the refined homology model with the
optimized loops and compared to the previously published and
experimentally validated models.”® The IFD calculations using
the new and refined homology model of hSERT resulted in 64
poses of 5-HT bound in the central cavity. The poses could be
assigned to three clusters of binding, SHT-1, SHT-2, and SHT-
3, respectively; see Figure 2a—c. A population of 32 poses was
observed in SHT-1, 22 poses in SHT-2, and 5 poses in SHT-3,
as listed in Table 2. The two clusters SHT-1 and SHT-2 are
similar to the ones previously observed by us®® and others.””
The coordination between the quaternary ammonium center of
5-HT and Asp98 of the binding site is found in all three
clusters, and so is a hydrogen bond between the quaternary
nitrogen atom and the backbone carbonyl group of Phe33S$ in
the aromatic lid; see Figure 2a—c. The 6-position of the indole
ring is pointing toward Alal73 and Alal69 in all three clusters
(see Figure 2a—c), as previously validated by extensive SAR and
mutagenesis studies.”® Accordingly, the main difference
between the three clusters of S-HT stems from rotations
around the long ligand axis. The position of the S-hydroxyl (-
OH) group therefore differs between the three clusters.
Hydrogen bonding interactions is observed with Alal69
(SHT-1), Ser438 (SHT-2), or Ile172 and Tyrl7S (SHT-3);
see Figure 2a—c. In the work of Celik et al,*® it was
experimentally validated that the 5-OH group is pointing
toward the hydrophilic pocket lined by Ser438 and Thr439.
This strongly indicates that SHT-2 is the correct binding mode.
A later study by Kaufmann et al.”” found binding modes of -
HT resembling SHT-1 and SHT-2 in Drosophila SERT
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Figure 2. Binding modes of the endogenous substrates in their corresponding transporters. (a—c) hSERT binding site residues are shown in light
blue, and 5-HT is colored by elements with orange carbons. The three pictures illustrate the three observed binding modes: (a) SHT-1, (b) SHT-2,
and (c) SHT-3. (d—f) hDAT binding site residues are shown in light gray, and DA is colored by elements with green carbons. The three pictures
illustrate the three observed binding modes: (d) DA-1, (e) DA-2, and (f) DA-3. (g—i) hNET binding site residues are shown in light blue, and NE is
colored by elements with purple carbons. The three pictures illustrate the three observed binding modes: (g) NE-1, (h) NE-2, and (i) NE-3.

(dSERT). The conclusions were drawn from QSAR based on
known data.”’

IFD of DA. The IFD calculations resulted in 74 poses of DA
in hDAT, and these poses could similarly to S-HT be assigned
into three clusters of binding, DA-1, DA-2, and DA-3; see
Figure 2d—f. A population of 42 was observed in DA-1, 11 in
DA-2, and 12 in DA-3 (Table 2). The coordination between
the quaternary nitrogen atom of DA and Asp79 of the binding
site is present in all three clusters, and so is a hydrogen bond
between the quaternary nitrogen atoms and the backbone
carbonyl group of Phe320 in the aromatic lid analogous to what
was observed in hSERT; see Figure 2d—f. As observed from the
6-position of S-HT in hSERT, the aromatic hydroxyl group of
DA positioned para to the ethylamine group (para-OH) points
toward Serl49 in hDAT in DA-1 and DA-2, with a
displacement in DA-3; see Figure 2d—f. Accordingly, the
longitudinal axis of DA in hDAT projects from Asp79 to
Ser149. The orientation of the hydroxyl substituent meta to the
ethylamine group (meta—OH) differs the most in the three
clusters; see Figure 2d—f. In DA-1 both the meta-OH group
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and para-OH groups form hydrogen bonds with Ser149
through the backbone carbonyl and the hydroxyl side chain; see
Figure 2d. The ligand is rotated 180° around the longitudinal
axis in DA-2 compared to DA-1, positioning meta-OH for
hydrogen bonding with the Ser422 backbone carbonyl (Figure
2e). Both DA-1 and DA-2 binding modes have previously been
described by others.>*"* In DA-3, the para-OH group forms
a hydrogen bond with the backbone carbonyl of Vall52 instead
of Ser149 and the meta-OH group forms a hydrogen bond with
the Ser422 backbone carbonyl (Figure 2f), hereby DA-3 is the
only binding mode of DA that does not interact directly with
Ser149. Based on the number of poses obtained from the IFD,
there seems to be a preference for DA-1, while DA-2 is the
cluster obtaining the most favorable GlideScore and Emodel.
However, it is not possible to fully distinguish between these
three binding modes solely based on the IFD calculations;
therefore, biochemical experiments were undertaken (please
see below) to determine the interaction partners of the
substrate hydroxyl groups.

dx.doi.org/10.1021/cn300148r | ACS Chem. Neurosci. 2013, 4, 295—309
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Table 2. Statistics for the Three Clusters Identified from
Induced Fit Dockings of 5-HT, DA, and NE in hSERT,
hDAT, and hNET?

no.

poses/ distance
total Asp98(05)—  GlideScore Emodel
protein  cluster  poses N* (A (kcal/mol)  (kcal/mol)
hSERT  SHT-1  32/64  3.60 [090] —7.1[07] =573 [6.5]
SHT-2  22/64  301[049] —73[08] —587 [5.8]
SHT-3  5/64  3.62[051] —73[08] —584 [39]
no.
poses/ distance
total Asp79(08)—  GlideScore Emodel
protein cluster  poses N* (A) (kcal/mol)  (kcal/mol)
hDAT DA-1  42/74  275[020] —83[04] —49.3 [3.0]
DA-2 11/74 2.79 [0.20] —8.7 [0.5] —50.3 [3.7]
DA-3  12/74  297[027] —83[06] —521[5.0]
no.
poses/ distance
total Asp75(08)—  GlideScore Emodel
protein  cluster  poses N* (A) (kcal/mol)  (kcal/mol)
hNET NE-1 26/78 2.76 [0.23] -84 [07] —594 [4.1]
NE2  40/78 276 [027] —86[0.6] —588 [5.0]
NE-3 6/78 2.91 [0.18] —7.7 [1.0] —55.5 [6.4]

“In the table, the protein binding mode has been listed in the cluster
column, and the number of poses related to the total amount of poses.
Additionally, the mean value is listed for the hydrogen bond distance
with the conserved aspartic acid (Asp98 in hSERT; Asp79 in hDAT,
and Asp7S in hNET), the GlideScore and Emodel. Please see the
Methods for a description of the scoring functions. Standard deviations
are shown in brackets.

IFD of NE. The IFD calculations resulted in 78 poses of NE
in hNET, and these poses could similarly be divided into three
clusters of binding, NE-1, NE-2, and NE-3; see Figure 2g—i. A
total of 26 poses populates NE-1, 40 poses in NE-2, and 6 in
NE-3 (Table 2). Also for NE the coordination between the
quaternary nitrogen atom of NE and Asp7S of the binding site
is present in all three clusters, so is a hydrogen bond between
the quaternary nitrogen atom and the backbone carbonyl group
of Phe317 in the aromatic lid; see Figure 2g—i. In NE-1 and
NE-2, a hydrogen bond is observed between the para-OH
group and Alal45, yielding the same longitudinal axis of NE as
observed for DA and S-HT; see Figure 2. In NE-1, a hydrogen
bond is formed with the backbone of Alal4S through both the
meta-OH and the para-OH groups, whereas the hydroxyl group
at the ethylamine (2-OH) forms a hydrogen bond with Ser419
in 14 of the 26 poses, with Phe72 backbone in 9 of the 26
poses, and the remaining 3 poses interacts with the Asp98
carboxylate group; see Figure 2g. In NE-2, a hydrogen bond is
formed with the side chain of Ser420 through the meta-OH
group, while the 2-OH forms a hydrogen bond with the
backbone carbonyl of Ser419 in 28 of the 40 poses, whereas the

remaining 12 poses points toward the Phe72 backbone; see
Figure 2h. In NE-3, the aromatic hydroxyl groups, meta-OH
and para-OH, form hydrogen bonds with Ser419 and Val148,
respectively, while 2-OH is positioned toward Phe72 in 4 of the
poses, toward Ser419 and Phe317 in one pose each; see Figure
2i. Similarly to DA-3 above, NE-3 is the only binding mode not
interacting with Alal4S (corresponding to Ser149 in hDAT).
There seems to be a preference for NE-2 based on the number
of poses occupying the different binding modes of NE. This
binding mode is also the one observed in a previous study.*> A
fair amout of poses is also observed in NE-1, indicating that this
binding mode could also be of relevance. Again, the difference
between binding mode 1 and 2 is the interaction partners for
the two aromatic hydroxyl groups; this is assessed exper-
imentally below.

Comparison of Substrate Binding Sites in hSERT,
hDAT, and hNET Homology Models. The amino acid
composition of the substrate binding sites has been compared
between the three monoamine transporters and LeuT (Figures
3 and 4). It is evident that there is a high degree of conservation

TTms
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Alad23

Phe158
Tyr151

Tyr9s
5-HT DA NE e
e Phe72

Ala169

Figure 4. Residues in the central binding pocket differ between the
transporters. TM1 is shown in red, TM3 in purple, and TMS in yellow.
S-HT substrate (orange bold sticks) in the SHT-2 binding mode has
been shown together with hSERT residues (orange sticks). DA
substrate (green bold sticks) in the DA-2 binding mode has been
shown together with hDAT residues (green sticks). NE substrate
(purple bold sticks) in the NE-2 binding mode has been shown
together with hNET residues (green sticks).

of the binding site amino acids between the bacterial and the
mammalian transporters. When comparing the residues within
S A of the observed substrate binding sites, the identities
between the bacterial LeuT and the human transporters are
54%, 46%, and 57% for hSERT, hDAT, and hNET,
respectively. One of the most important substitutions between
LeuT and the monoamine transporters is Gly24 in LeuT, which
is an aspartic acid in the three other transporters (Asp98 in
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Figure 3. Overview of residues in the occluded binding site of the LeuT and the three monoamine transporters. The residues fully conserved
between the four types of transporters are shown in dark blue. The residues conserved between three of the transporters are shown in middle blue,
and the residues conserved between two transporters are highlighted pairwise as either light blue or light red. The nonconservative mutations within
the monoamine transporters are indicated by italic letters and red boxes, whereas residues fully conserved between the three monoamine

transporters are highlighted by green boxes.
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Table 3. Mean K; (uM) and 95% Confidence Intervals (in brackets) for Inhibition of [*’H]-DA from at Least Three Independent

Experiments
K; (uM)
dopamine norepinephrine tyramine

hDAT wt 6.65 [4.16—10.64] 18.66 [11.67—29.79] 6.28 [0.55—71.61]
hDAT S149A 6.75 [4.75-9.57] 25.6 [12.2-53.7] 4.03 [1.95-8.28]
hDAT S149V 10.19 [7.67—13.49] 38.3 [9.3-157.0] 923 (1.82—46.67]
hDAT S149T 223 [1.26-3.97] 13.71 [7.91-23.71] 1.069 [0.664—1.722]
hNET wt 0.925 [0.682—1.253] 3.35 [2.23-5.02] 0.454 [0.327-0.632]
hNET S419A 2.16 [1.30-3.59] 2.01 [0.66—6.17] 36.7 [13.34-101.16]
hNET $419V 349 [2.02—6.03] 2.51 [0.87—7.26] 79.4 [11.43—552.08]
hNET $419T 0.993 [0.575—1.718] 7.33 [2.74-19.59] 1.816 [0.713—4.624]
hNET S420A 0.671 [0.386—1.167] 2.08 [0.77-5.60] 0.476 [0.324-0.700]
hNET S420V 3.08 [2.09—4.45] 9.42 [1.66—53.46] 2.19 [0.84—5.69]
hNET $420T 1.191 [0.767—1.854] 5.13 [2.67-9.84] 0.348 [0.180—0.675]

hSERT, Asp79 in hDAT, and Asp7S in hNET). In this
mutation, an acidic residue substitutes for the carboxylate group
in leucine in LeuT with respect to the Nal-site. The identity
within the monoamine transporters is even more pronounced;
see Figure 3. hSERT shares an identity of 57% and 68% with
hDAT and hNET, respectively, within the binding site.
Additionally, the identity between hNET and hDAT is 86%.
Only few of the substitutions between these transporters
change the property of the residues. Worth noticing is the
hSERT Tyr9S, which is a phenylalanine in hDAT and hNET;
see Figure 4. This residue has previously been observed to
interact with selective hSERT ligands such as S-citalo-
prelm.29’57’5'8 From the studies of S-citalopram, it could be
observed that demethylation of the quaternary ammonium
group caused a decrease in affinity.”® This suggests that Tyr95
in hSERT favors dimethylated species, such as S-citalopram and
imipramine, which can further be supported by the well-known
selectivity of imipramine for hNSERT and desipramine, with only
one N-methyl group, for hNET with a phenylalanine at this
position.*”% Accordingly, this residue can be speculated to be
part of a hSERT selectivity filter favoring dimethylated species
compared to hNET and hDAT. The comparable Phe76 in
hDAT has been shown to form favorable interactions with the
hydrophobic aromatic ring of the substrate DA.>' In NE-1 and
NE-2, the 2-OH group of NE is interacting with the Ser419
backbone carbonyl and the aromatic ring of NE is thereby
exposed in a similar way as found for DA in hDAT, and could
possibly interact with Phe72 in hNET through hydrophobic
and/or z-interactions. The SHT-2 binding mode has the indole
N-H pointing toward Tyr95 and could therefore interact by
electrostatic interactions with the residue at this position. Thus,
the difference in amino acid at this position between the three
transporters is met by accompanying differences in the
substrate functional groups, all being able to form a favorable
interaction and this interaction may be an important part of the
substrate selectivity filter. Indeed, Amara and co-workers®' have
shown that the conservative hSERT Y9SF mutation is sufficient
to confer robust DA uptake capacity to hSERT, albeit by means
of a mechanistically different process.

Within the substrate binding site of hSERT a hydrophobic
pocket was identified in the area around Alal69 and Ile172
while a hydrophilic pocket is present around Ser438 and
Thr439.2%*%%° Interestingly, when comparing the amino acid
composition of the three monoamine transporters in the
hydrophobic pocket, we see that hNET is very similar to
hSERT with Alal4S and Vall48 forming this pocket, however,
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hDAT contains a property changing substitution in this pocket
and is composed of Ser149 and Vall52. This change from an
alanine in hSERT and hNET to a serine in hDAT changes the
characteristics of this area of the binding pocket to be more
hydrophilic. The hydrophilic pocket observed in hSERT is also
a hydrophilic one in hNET with residues Ser419 and Ser420.
Here the only difference is a serine in hNET instead of
threonine in hSERT, which would not change the electrostatic
properties much but rather result in differences in binding site
volume and hereby may be involved in substrate selectivity. In
contrast, the corresponding residues in hDAT are Ser422 and
Ala423; see Figure 4. Here the hydrophilic pocket in hDAT is
therefore more hydrophobic compared to hSERT and hNET.
The hDAT binding pocket clearly encompasses some different
properties compared to hSERT and hNET, since it contains
two mixed hydrophilic/hydrophobic pockets instead of one
hydrophilic and one hydrophobic. Based on this, it could be
favorable for the two hydroxyl groups of DA to be orientated in
either of the pockets. Thus, it can be speculated that the DA
substrate can be bound with more degrees of freedom within
the central binding site of hDAT.

Another property changing difference in amino acid
composition between the three transporters is the Tyrl75
and TyrlS1 in hSERT and hNET, respectively, which is
Phel55 in hDAT. This difference in amino acid composition
between hSERT and hDAT has recently been shown to be
involved in the difference in selectivity of mazindol and
analogue binding (unpublished data). PhelSS of hDAT,
Tyrl75 of hSERT, and Tyrl51 of hNET are located next to
the aromatic lid, and the difference in property of this residue
could possibly function as a selectivity filter just above the
central binding pocket before substrate or other ligands enter
the binding pocket.

Biochemical Exploration of Binding Modes. Based on
the binding modes predicted from the IFD calculations, we
performed single-point mutations in the area in which the
binding pockets of the monoamine transporters differ most; see
Table 3. To explore the binding of DA we constructed hDAT
mutants where the binding pocket around Ser149 of hDAT was
converted into a similar site as observed in hSERT and hNET.
hDAT Serl49 appears important for the coordination of the
para-OH present in DA from the docking calculations, and
could accordingly also be important for binding of para-OH of
NE and tyramine; see Scheme 1. We would expect that
mutating this residue would result in a similar pattern in affinity
toward hDAT for all three substrate analogues, however, most
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pronounced for tyramine which carries fewer potential
hydrogen bonding groups than DA and NE and thus should
be most sensible to mutation of this residue. The hDAT
Ser149Val mutation resulted in a approximately 2-fold loss in
affinity of DA (hDAT wt K; = 6.65 M and hDAT Ser149Val K,
= 10.19 uM, p = 0.0436), which could indicate that the
conversion from a hydrophilic site to a hydrophobic site in this
area of the binding pocket has influence on DA binding. This is
further evident from the 4-fold regain of affinity observed when
reintroducing a hydrophilic residues by the hDAT Ser149Thr
mutation (hDAT Ser149Val K; = 10.3 yM and hDAT
Ser149Thr K; = 2.23 uM, p = 0.0002). Though not statistically
significant, an identical pattern is observed for NE binding;
when mutating hDAT Ser149 to valine the affinity decreases 2-
fold (hDAT wt K; = 18.66 uM and hDAT Ser149Val K; = 38.2
uM) and increases 3-fold when reintroducing the hydrogen
bonding potential (hDAT Ser149Val K; = 38.2 yM and hDAT
Ser149Thr K; = 13.71 uM). As expected the relative gain of
affinity when reintroducing the hydrogen bonding residue
(Ser149Thr) instead of the hydrophobic mutants (Ser149Val)
is most pronounced for tyramine with a 9-fold gain (hDAT
Ser149Val K, = 9.23 uM and hDAT Ser149Thr K, = 1.069 uM,
p = 0.0067). Taking together, hDAT Serl49 appears to
participate in hydrogen bonding with a substrate moiety
common to DA, NE and tyramine, that is, the para-OH as is
observed in the DA-1, DA-2, NE-1, and NE-2 binding modes.

The Ser420Val mutation in hNET causes the hydrophilic
pocket of this transporter to become more hydrophobic similar
to what is observed in hDAT and results in a 3-fold decrease in
affinity of DA compared to wt hNET (hNET wt K; = 0.925 uM
and hNET Ser420Val K; = 3.05 uM, p = 0.0001). This could be
a result of hNET now containing two hydrophobic pockets, and
thereby not providing a binding pocket for the meta-OH of DA.
The lost affinity of DA can however be almost fully regained
since the DA affinity of hNET Ser420Thr increases 3-fold by
reintroducing a hydrophilic residue in this pocket (hNET
Ser420Val K; = 3.05 uM and hNET Ser420Thr K; = 1.191 uM,
p=0.002). Additionally, mutation of Ser419 in hNET to
hydrophobic residues results in 2-fold (hNET wt K; = 0.925
uM and hNET Ser419Ala K; = 2.16 uM, p = 0.0041) and 4-fold
(hNET wt K, = 0.925 uM and hNET Ser419Val K, = 3.49 M,
p = 0.0004) decrease in DA affinity for hNET, whereas the
conservative Ser419Thr mutation in hNET does not affect DA
affinity. These findings of a preference for a hydrophilic residue
further suggest that the meta-OH of DA in hNET is located in
this binding pocket lined by Ser419 and Ser420. Thus, the
biochemical results suggest that DA is located as predicted in
the NE-2 binding mode.

A change from hNET Ser419Val to the hydrophilic hNET
Ser419Thr resulted in a 4-fold gain in affinity for DA (hNET
Ser419Val K, = 3.49 uM and hNET Ser419Thr K; = 0.993 uM,
p = 0.002). In contrast, we observe the opposite change in NE
affinity. The NE affinity for hNET Ser419Thr decreases 3-fold
relative to the hNET Ser419Val mutation (hNET Ser419Val K;
= 2.51 uM and hNET Ser419Thr K, = 7.33 uM, p = 0.057)
indicating NE binding is negatively impacted by a more
hydrophilic environment near hNET Ser419. The comparison
of valine and threonine mutations rules out any major sterical
differences with the hydrogen bonding potential being the
dominating difference between these two residues. The only
structural difference between DA and NE is the additional
hydrogen bonding potential of the 2-OH so how this conflicts
with the similarly added hydrogen bonding potential of hNET
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Ser419Thr is not immediately obvious. One possible
explanation could be that the Ser419Thr mutation holding
the Na2-coordination forces the methyl group of the
introduced threonine to point toward the substrate as observed
previously in hSERT.®” This extra methyl group of the protein
could therefore cause a steric clash with the 2-OH group of NE
which is the major difference between DA and NE. However,
we note that in both binding modes NE-1 and NE-2 the 2-OH
group is found in proximity of hNET Ser419 in most of the
poses from the docking calculations, suggesting that in hNET
an unfavorable interaction can occur between the NE 2-OH
group and hNET Ser419Thr. These findings indicate that both
of the binding modes may account for NE binding. Addition-
ally, the mutations of Ser420 to more hydrophobic residues
result in decreased affinity of NE, whereas the Ser420Thr
mutation results in a regain of some of the lost affinity. This
clearly indicates that there is a preference for hydrophilic
residues in the hydrophilic pocket of hNET, in line with the
meta-OH of NE pointing toward Ser420, while the 2-OH group
of NE is located in proximity of Ser419 in hNET. These
observations points to NE-2 as the most likely binding mode of
NE.

Even though tyramine has an affinity for wt hDAT and wt
hNET that is comparable to DA, the affinity of tyramine is
affected much more than DA by a mutation that transforms
hNET Ser419 to a hydrophobic residue. For example, the
hNET Ser419Val mutant exhibits a staggering 175-fold loss of
affinity for tyramine compared to hNET wt (hNET wt K =
0454 M and hNET Ser419Val K, = 79.4 uM, p < 0.0001),
whereas the same mutation causes only a 4-fold loss of affinity
for DA (hNET wt K, = 0.925 M and hNET Ser419Val K, =
3.49 uM, p = 0.0004). This is achieved without simultaneously
affecting NE potency. Thus, the Ser419Val mutation eliminates
the DA selectivity of hNET and reverses the selectivity for
tyramine over NE. The relatively modest loss of affinity for the
dihydroxylated DA compared to the dramatic loss of affinity for
the monohydroxylated tyramine that is effected by the
Ser419Val mutation shows us that the single hydroxyl group
in tyramine is much more important in establishing stable
hydrogen binding to hNET Ser419 than the similar hydroxyl of
the more versatile catechol, DA, where presumably the
neighboring meta-hydroxyl may substitute for this interaction
if it is lost by mutation of Ser419 to valine.

Molecular Dynamics Simulations. To further investigate
some of the conclusions drawn from the biochemical
experiments, we performed MD simulations to probe the
apparent stability of the different binding modes of DA and NE.
Extended MD simulations have previously been carried out for
the biochemically validated binding mode of 5-HT,>* and they
revealed that the substrate of hSERT remains stable in the
SHT-2 binding mode throughout five repeated 100 ns MD
simulations of a dimer system. This further supports SHT-2 as
the correct binding mode of serotonin. MD simulations were
initiated from hDAT containing DA both in the DA-1 and DA-
2 binding modes. A similar approach was carried out for hNET,
yielding four novel MD systems, namely, Sim(DA-1), Sim(DA-
2), Sim(NE-1), and Sim(NE-2). Only binding modes 1 and 2
were investigated for DA and NE binding in hDAT and hNET,
respectively, since binding mode 3 was rejected based on
biochemical data. As discussed above, hDAT encompasses two
mixed hydrophilic/hydrophobic pockets. In combination with
DA being relatively small, it can be speculated that DA is more
flexibly bound in the binding pocket than what is observed for
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Rotation of DA in Sim(DA-2) is shown in dark green and light green for chain A and B respectively. Right: Rotation of NE in Sim(NE-1) within the
two monomers of hNET chain A and B in dark and light blue, respectively. Rotation of NE in Sim(NE-2) is shown in dark green and light green for

chain A and B, respectively.
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lighter color represent chain B. (a—d) para-OH DA interactions. Ser422(O) is shown in blue, Ser422(OH) is shown in green, A423(O) is shown in
purple, S149(0O) is shown in red, Ser149(OH) is shown in yellow, and V152(0O) is shown in gray. The plots are divided into hydrophilic (a+c) and
hydrophobic pockets (b+d), and DA-1 is shown in () and (b) while DA-2 is shown in (c) and (d). (e—h) para-OH NE interactions. Ser419(O) is
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V148(0) is shown in gray. The plots are divided into hydrophilic (a+c) and hydrophobic pockets (b+d), and NE-1 is shown in (e) and (f) while

NE-2 is show in (g) and (h).

S-HT or NE in their respective transporters. hNET contains
one hydrophilic and one hydrophobic pocket, and both the
docking calculations and the biochemical experiments indicated
that the meta-OH of NE would be located in the hydrophilic
pocket lined by Ser420 and Ser421. The flexibility of the ligand
inside the binding pockets was assessed from the simulation
trajectories, and the results are depicted in Figure 5. It is clearly
seen that DA fluctuates a lot inside both monomers of hDAT in
the two binding modes sampled. Whereas both NE binding
modes seems to remain more or less stable in the —gauche
conformation of the C1—C2—C7—C8 dihedral angle (see atom
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numbering in Scheme 1; same numbering for DA and NE is
used). Several changes are observed for DA between the
+gauche to —gauche conformation of this dihedral angle,
whereas only binding mode 2 of NE in chain A, NE-2 (A), is
seen to change from +gauche to —gauche after ~12 ns of
simulation where it then remains for ~15 ns before it flips back
again. This indicates that DA is more flexible than NE when
bound to their cognate transporters.

The interactions between para-OH in both DA and NE were
similarly followed during simulation (Figure 6). The para-OH
group from both Sim(DA-1) and Sim(DA-2) is located
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between the hydrophilic (See Figure 6, panels a and c) and the
hydrophobic (Figure 6, panels b and d) pockets, interacting
most closely with Ser422 and Ser149. In contrast, the para-OH
group of Sim(NE-1) and Sim(NE-2) is located more toward
the hydrophobic pocket lined by Alal4S often forming a
hydrogen bond with the backbone carbonyl of this residue.
From Figure 7, it is evident that binding mode NE-2 more
frequently forms hydrogen bonds to the transporter from the
two aromatic hydroxyl groups than in binding mode NE-1
(Figure 6, panels e—h).

The meta-OH interactions are the ones that most clearly
differentiate between binding mode 1 and 2 of both DA and
NE, as described in Figure 7. The meta-OH group within both
Sim(DA-1) and Sim(DA-2) shows a preference for interactions
with the Ser422 resembling the hydrophilic pocket in hSERT
and hNET. This means that meta—OH of DA-1 rotates during
the initial part of the simulation from forming an interaction
with Ser149 to interacting with Ser422. Combined it seems that
the two binding modes of DA can acquire about the same
number of hydrogen bonds. The meta-OH group of Sim(NE-1)
show stable interactions with Ala145(O) in both chains during
the entire simulation. On the other hand, the meta-OH group
of Sim(NE-2) remains stable in chain B during the simulation,
whereas the meta—OH group in chain A changes interaction
partner from being Ser419 to Alal145(O). In total, the figures
reveal that the binding mode NE-2 engages more easily in
hydrogen bonding with the residues of the transporter, pointing
toward this binding mode as more favorable for NE.

In conclusion, the MD simulations thus further support the
finding from the docking calculations, binding site comparisons
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and biochemical experiments. DA is a slightly smaller ligand
than the others and hDAT contains two hydrophilic pockets
which enables DA to fluctuate considerable more inside the
binding pocket of the transporters. NE binding is proposed to
be more stable based on the MD simulations. This observation
together with the experiments allow us to believe that DA can
adapt both binding mode DA-1 and DA-2, while NE binds to
hNET in the NE-2 binding mode.

In this study, we have shown that 5-HT, DA, and NE share a
common binding mode in the central binding pockets of their
transporters. The 2-OH group of NE makes an interaction with
the hNET Ser419 backbone carbonyl in a similar way as 5-HT
forms a hydrogen bond via the 5-OH group to the
corresponding residue Ser438 in hSERT, while DA forms
interactions with Ser422 in hDAT via the meta-hydroxyl group
of DA. The para-OH of NE is interacting with hNET Alal45 in
both clusters NE-1 and NE-2, whereas the meta-OH is the
major difference between these two modes, interacting either
with hNET Alal4S backbone or with Ser420 side-chain
hydroxyl group or the backbone carbonyl. The hDAT binding
pocket is observed to differ a little from the ones in hSERT and
hNET, since two hydrophilic pockets are present. The meta-
and para-OH groups can either interact with hDAT Ser149
through the side chain or backbone or with Ser149 backbone
and Ser422 backbone. There seems to be a small preference for
DA-1 in hDAT based on the number of IFD poses, whereas
biochemical experiments are most consistent with DA-2. It is
also likely that DA-2 is the preferred binding mode in hNET
based on single-point mutational studies, though DA-1 cannot
be ruled completely out. This higher degree of flexibility within
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the central binding pocket of DA could be a result of two
hydrophilic pockets, and moreover, DA is an almost symmetric
molecule in the sense that the ammonium and the two hydroxyl
groups are the only possible specific anchoring partners within
the binding pocket. Therefore, the difference between a
displacement and a 180° rotation as observed between DA-1
and DA-2 is difficult to capture, and DA could possibly adopt
different binding modes depending on the transporter to which
it is bound. This can also be illustrated from the study by
Beuming et al.®’ where actually all the hydroxyl group
interactions in DA-1 and DA-2 are observed from the
molecular dynamics simulations.

To summarize, three possible binding modes were found
from docking simulations for each of the three neuro-
transmitters. In the binding mode classified as cluster 1, the
5-OH group in SHT-1, the meta-OH group in DA-1, and the
meta-OH group in NE-1 are positioned similarly in their
respective binding pockets in the parent transporters with
possible protein—ligand interaction points established to
Alal69 in hSERT, Serl49 in hDAT, and Alal4S in hNET.
Similarly in cluster 2, where SHT-2, DA-2, and NE-2 show the
same position of the hydroxyl group in 5-HT, and the meta-OH
groups in DA, and NE forming hydrogen bonds to Ser438 in
hSERT, Ser422 in hDAT, and Ser420 in hNET. The final
cluster places the hydroxyl group in SHT-3, the para-OH group
of DA-3, and NE-3 toward Ile172 in hSERT, Vall52 in hDAT,
and Val148 in hNET, respectively. The results suggest there are
three overall binding modes of substrates in the central cavity.
Previous studies of DA binding in hDAT propose either DA-
1’ or DA-2***"%® 45 being the most favorable based on
homology modeling, docking, molecular dynamics, and muta-
genesis. Similarly, we have suggested SHT-2 to present the
most likely binding mode of serotonin in hSERT,*® whereas
others have proposed SHT-1 as the most likely binding
mode.”” The binding modes observed in this study for NE
suggest that NE-1 and NE-2 are both likely but the
experimental data and to a minor extent the MD simulations
indicate a preference for a hydrophilic moiety in the pocket
surrounded by Ser420, supporting the NE-2 binding mode.
Since the only difference between DA and NE is the 2-hydroxyl
group attached at the ethylamine group, the extra hydrogen
bond observed for NE could indicate that this substrate binds
stronger in hNET. However, the affinity for NE is about 3-fold
lower than for DA in both wt hNET and hDAT, suggesting that
the 2-OH group does not contribute significantly to binding.

We have found that biochemical data is consistent with
cluster 2 for all three transporters. If assuming that the
substrates bind to the transporters using a common binding
mode, there could be a preference for DA-2, NE-2, and SHT-2,
since these have been biochemically validated via site-directed
mutagenesis studies. These three binding modes of the
substrates all have one hydroxyl group pointing into the
hydrophilic pocket lined by Ser438 and Thr439 in hSERT;
Ser422 and Ala423 in hDAT; and Ser419 and Ser420 in hNET.

Since development of new medications targeting the
monoamine transporters must be predictable in relation to
the selectivity in binding affinities toward the individual
monoamine transporters, structural knowledge of the compo-
sition of the binding cavities in the three related transporters
are of utmost need. Previously, substrates as amphetamine have
inspired in the development of drugs; thus, comparative
knowledge of the binding and orientation of the three
monoamine neurotransmitters in their cognate transporter is
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imperative. The evaluations presented in this paper suggest that
the three monoamine neurotransmitters bind similarly in their
respective transporter and thus selectivity experienced among
the biogenic amines for the three transporters is a very delicate
question of establishing the correct contacts. We expect such
knowledge to be extremely valuable for future development of
ligands with a tailored selectivity profile for the transporters.
Based on the studies presented here, we clearly observe that the
binding of S-HT and NE is specific, while DA binding seems to
be much more promiscuous given the smaller size of the
substrate but also because of the hDAT binding site being less
clearly divided into different properties. This does indicate that
hSERT and hNET selective ligands could take advantage of the
hydrophilic and hydrophobic interaction pockets in different
areas of the binding pocket. Possible hDAT selective inhibitors
could then be similar in nature to DA taking advantage of the
two hydrophilic pockets, but possibly be larger in size to freeze
the interactions more than what is observed for DA. Virtual
screening for new compounds that inhibit one of the
transporters has been successful using homology models as
described in an excellent recent review,®> and we foresee that
future design of compunds with tailor-made selectivities toward
some of the monoamine transporters will be made possible
through virtual screening and pharmacophore modeling using
these comparable homology models of the transporters in an
outward-occluded conformation. Although a lot still remains to
be fully understood in relation to the similarities and differences
between the closely related monoamine transporters, this high
resolution comparison allow us to move one step closer.

B METHODS

Model Preparation. Homology models of the three monoamine
transporters were built in MODELLER 9v5* using the crystal
structure of LeuT (PDB entry code 2A65)° as template and the
alignment from Beuming et al** in addition to an optimized
extracellular loop 2 (EL2) of hSERT as described in Koldso et al.”’
For all three monoamine transporters, 20 models were built and
evaluated with respect to their molecular probability density function
(Molpdf), the volumes of the occluded binding sites calculated in
Molegro Virtual Docker,%* and sterical features evaluated by
Ramachandran plots calculated in PROCHECK.*® Additionally, the
41 angle of the conserved aspartic acid in TMI1, Asp98 (hSERT),
Asp79 (hDAT), and Asp75 (hNET), should be +gauche to establish
the sodium coordination.® This angle has previously been proposed to
be approximately +65° in homology models of hSERT with bound S-
citalopram.***

Two sodium ions were included in the binding sites corresponding
to the coordinates observed in the crystal structure of LeuT (Nal and
Na2). The chloride ion was introduced in the suggested chloride
binding site.**° The homology models of the apo-monoamine
transporters were minimized for 10 000 steps with a conjugate gradient
algorithm in NAMD2.6°%%” employing the CHARMM 27 force field®®
with the CMAP correction.’”’° Data on all 20 models of each
transporter can be seen in the Supporting Information.

Ligand Preparation. S-HT, DA, and NE were built in Maestro
8.5"" and minimized with a conjugate gradient algorithm until
convergence followed by a conformational search in MacroModel
9.6”" employing the OPLS-AA force field’” in implicit water.

Induced Fit Docking. The Induced Fit Docking (IFD) protocol*
from Schrodinger Inc, including Glide 5.0 and Prime 2.0,7" was
applied saving up to 100 poses and with an energy window of 50 kcal/
mol. The ligand global minima structure was used as input. The
binding site in hSERT was defined from Asp98 and Ile172.°%%*
Similarly, the corresponding residues in hDAT (Asp79 and Val152)
and hNET (Asp75 and Val148) were employed. The SP docking” was
applied in the initial docking stage of the IFD protocol, while the XP
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Glide docking”* was used in the redocking stage. The GlideScore is an
empirical scoring function that accounts for the interaction energy
between the ligand and the protein and approximates the ligand
binding free energy while the Emodel score is a combination of the
GlideScore, the nonbonded interactions, and the internal strain of the
ligand.”® Statistics and the full output are tabulated in the Supporting
Information.

Molecular Dynamics (MD) Simulations. The binding mode of
5-HT previously biochemically validated by us has further been
studied in Koldse et al.>*> The SHT-2 binding mode remains stable
during S times 100 ns of simulations. The MD simulations of DA and
NE in hDAT and hNET respectively have not previously been
described by us; however, the simulation setup is similar to the one in
Koldso et al.**

Since the binding mode represented by cluster 3 could be discarded
based on low population form calculations and from biochemical data,
two protein—ligand complexes were used for both hDAT and hNET:
Sim(DA-1), Sim(DA-2), Sim(NE-1) and Sim(NE-2).

All the protein—ligand complexes were simulated as a dimer
similarly to the crystallographic structure of LeuT.® This gives two
monomers for each system to analyze. The protonation states of
ionizable residues were determined by PROPKA 2.0,” resulted in
Glu396 and Glu491 being protonated; His223, His22S, and His44
were modeled as histidinium, His165, His193, His228, His375,
His442, and His547 were represented as the J-tautomer, while
His179 was modeled as the e-tautomer for the two hDAT systems.
Similarly, Asp418 and Glu488 was protonated whereas His222,
His370, and His372 were modeled as histidinium, His199, His228,
His296, His381, and His441 as the §-tautomer ,and His280 as the e&-
tautomer for the hNET systems. The systems were inserted into a pre-
equilibrated ~100 X 130 A 1-palmitoyl-2-oleoylphosphatidylcholine
(POPC) bilayer created by the membrane builder in VMD.”® The
system was solvated with the TIP3P”” water model and afterward
neutralized with NaCl to a concentration of 200 mM.

All simulations are performed in NAMD2.6% using periodic
boundary conditions and 1 fs time steps. The CHARMM?27 force
field*® with CMAP corrections®”® and the TIP3P water model”” for
explicit solvent have been applied. The systems were minimized with
conjugated gradient method for 1500 steps. The minimization was
followed by a S00 ps NVT lipid tail melting at 310 K where everything
except the lipid tails are held fixed. The system was equilibrated in a 2
ns constraint free simulation in the NPT ensemble at 1 atm pressure
and 310 K. The van der Waals interactions were calculated applying a
cutoff distance of 12 A and switching the potential from 10 A, and
long-range electrostatics were calculated utilizing the particle mesh
Ewald (PME) algorithm.”® Constant pressure of 1 atm was maintained
by the Langevin piston method”® with a piston period of 100 fs and a
piston decay of SO fs. Constant temperature of 310 K is achieved
utilizing the Langevin dynamics with a damping constant of 1 ps™" in
lipid melting simulation and 5 ps™' in the equilibration phase. The MD
simulations were run for 40 ns. The trajectories were analyzed using
the program VMD.”®

Mutagenesis. hNET or hDAT pCDNA inserted into the
pCDNA3.1 vector was subjected to mutagenesis by mismatched
primer pairs in a polymerase reaction using Phusion (Finnzymes).
DNA was purified from overnight XL10 Gold E. coli cultures grown in
LB media supplemented with 200 ng/mL ampicillin using the
PureYield midiprep kit (Promega). Mutant DNA was sequenced
across the entire transporter open reading frame using BigDye v3.1
chemistry (Applied Biosystems) analyzed on an ABI 3100 sequencer
(Applied Biosystems) to verify that the transporter gene contained the
desired mutations and that no unwanted mutations had been
introduced.

Cell Culture. HEK293MSR cells (Invitrogen) were cultured in
Dulbecco’s modified Eagle’s medium (BioWhitaker) supplemented
with 10% fetal calf serum (Invitrogen), 100 units/mL penicillin, 100
ug/mL streptomycin (BioWhitaker), and 6 pg/mL Geneticin
(Invitrogen) at 95% humidity, 5% p(CO,) at 37 °C. Two days prior
to the uptake assay, cells were detached by Versene and trypsin/EDTA
treatment and mixed with a preformed complex of transporter DNA
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and Lipofectamine2000 (Invitrogen). The transfection mix was
dispensed into TC-treated white 96-well plates (Nunc) at a cell
density of 50—70% confluency and 0.167—0.333 ug DNA/cm® and
incubated for 50—60 h.

Uptake Inhibition Assay. Adherent transfected cells were washed
with PBSCM (137 mM NaCl, 2.7 mM KCl, 43 mM Na,HPO,, 1.4
mM KH,PO,, 0.1 mM CaCl,, and 1 mM MgCl, pH 7.4) and
preincubated for 25 min with a dilution series of the inhibitor. Uptake
was initiated by adding a mixture of 50—100 nM [*H]-dopamine
(Perkin-Elmer) and the inhibitor at the same concentration as in the
preincubation. Radioactive neurotransmitter uptake was allowed to
proceed for 10 min at 22 °C and was terminated by washing with
PBSCM. Aspirated cells were lysed with Microscint 20 (Packard,) and
the accumulated radioactive neurotransmitter quantified on a Packard
Topcounter.

Data Analysis. Radioactive counts from accumulated neuro-
transmitter were fitted from to a sigmoidal dose—response curve in
Graphpad Prism 3. The resulting ICs, values were transformed to K;
values using the Cheng-Prusoff equation. Statistical comparison of K;
values were conducted using Student's ¢ test.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information includes tables of the statistics for
homology modeling of hSERT, hDAT, and hNET in Tables
S1—S3. Tables S4—S6 report the data for all poses for the
induced fit docking calculations. This material is available free
of charge via the Internet at http://pubs.acs.org.
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