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Abstract

The human serotonin (5-hydroxytryptamine, 5-HT)
transporter (hSERT) is responsible for the reuptake
of 5-HT following synaptic release, as well as for
import of the biogenic amine into several non-5-HT
synthesizing cells including platelets. The antide-
pressant citalopram blocks SERT and thereby inhib-
its the transport of 5-HT. To identify key residues
establishing high-affinity citalopram binding, we
have built a comparative model of hSERT and
Drosophila melanogaster SERT (dSERT) based on
the Aquifex aeolicus leucine transporter (LeuTAa)
crystal structure. In this study, citalopram has been
docked into the homology model of hSERT and
dSERT using RosettaLigand. Our models reproduce
the differential binding affinities for the R- and
S-isomers of citalopram in hSERT and the impact
of several hSERT mutants. Species-selective binding
affinities for hSERT and dSERT also can be repro-
duced. Interestingly, the model predicts a hydrogen
bond between E444 in transmembrane domain
8 (TM8) and Y95 in TM1 that places Y95 in
a downward position, thereby removing Y95 from
a direct interaction with S-citalopram. Mutation of
E444D results in a 10-fold reduced binding affinity
for S-citalopram, supporting the hypothesis that Y95

and E444 form a stabilizing interaction in the
S-citalopram/hSERT complex.
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D
epression affects close to 121 million people
world wide (2). The monoamine theory pos-
tulates that disruption ormalfunction ofCNS

serotonergic and noradrenergic systems drives the risk
and/or symptoms of depression (3). The human 5-HT
transporter (hSERT, SLC6A4) is an integral membrane
protein localized to serotonergic terminals. SERT is
responsible for the uptake of 5-HT, Naþ ions, and Cl-

ions across the presynaptic cell membrane, thereby
limiting 5-HT actions in space and time (4). A variety
of brain disorders, including depression, are linked to
alterations in uptake of 5-HT from the presynaptic cell
membrane via hSERT (5). For treatment of depression,
selective 5-HT reuptake inhibitors (SSRIs) were devel-
oped that elevate 5-HT levels at the synapse. One such
SSRI, citalopram,alleviates the symptomsofdepression
and is the focus of our current study (6).

The stereochemistry of citalopram determines its
activity. The active S-configuration binds with high-
affinity to hSERT, whereas the R-configuration exhi-
bits reduced binding affinity at hSERT but may also
modulate interactions of the S-isomer with the trans-
porter (7). Although the effects of citalopram are well
studied, the structural determinants of interactions of
S- and R-citalopram with hSERT remain a focus of
current investigations. We have shown that S- and
R-citalopram exhibit potency differences between
hSERT and dSERT that largely derive from interac-
tions with two residues (Y95 and I172 in hSERT) (7).
These differences provide an important, suitable test
of smallmoleculedockingmethods tohomologymodels
of SERT proteins, an approach we have recently used
for the docking of 5-HT (8). Here, we dock both stereo-
isomers of citalopram computationally into models of
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human and fly SERT. The predictive power of the
models is tested by introducing known mutations that
disrupt S- and R-citalopram interactions with hSERT.
Our models recapitulate the species-selective binding
affinity differences between hSERT andDrosphila SERT
(dSERT), as well as the distinct binding affinities of
S- and R-citalopram isomers to wild type transporters.

SERT homology models were constructed on the
basis of multiple sequence alignments (9) of SLC6
family members with the crystal structure of LeuTAa

as a template (10). A series of structure-activity rela-
tionships (SAR) and mutational studies guide the anal-
ysis of structural determinants of S-citalopram binding
(Figure 1A). The cyano group [a], the dimethyl-amine
[c], and the fluorineof the flouro-phenyl substituted ring
[b] of S-citalopram were determined as key functional
groups for inhibitor potency through substitution with
hydrogen (11). Through mutational studies, several
amino acids have been identified as dictating high
affinity binding for S-citalopram. D98 is known as
a conserved residue found in all monoamine transporters
and has been shown to stabilize a protein-ligand salt

bridge (12).Henry et al. (7) produced pointmutations to
convert two residues in hSERT to the corresponding
dSERT residues (Y95F and I172M), resulting together
in a ∼6,000-fold loss of potency for S-citalopram (7).
The single mutations of Y95F and I172M resulted
in a 19- and 344-fold loss, respectively. In contrast,
R-citalopram displays a 79- and 5-fold loss of potency
for the same mutations and only a 117-fold loss if the
mutations are combined. In this study, we propose that
the dimethyl-amine group [c] of S-citalopram inter-
acts with Y95, while the cyanophthalane ring [e] and
the flouro-phenyl ring [f] interact with I172 (7). More
recently, Andersen et al. (13) have demonstrated the
importance of S438 in binding the dimethyl-amine
group [c] through a mutation S438T that results in a
300-fold loss of potency for S-citalopram; however, the
S438Tmutant only results in a loss of potency of 15-20-
fold for R-citalopram (Andersen, J., personal commu-
nication).

Site-directed mutagenesis of hSERT and dSERT in
pcDNA3.1 was performed using the QuikChange
mutagenesis kit and protocol (Stratagene). Sense and
antisense oligonucleotides, purchased from Invitrogen,
were designed to generate the single amino acid sub-
stitutions. Oligonucleotide sequences used formutagen-
esis are available upon request. Sequencing of all mutants
was performed at the DNA Sequencing Facility of the
Division of Genetic Medicine at Vanderbilt University
Medical Center. Successful mutants were transformed
into DH5R Escherichia coli cells for amplification and
purified using the Qiafilter Maxiprep kit (Qiagen).
HEK-293 cells, maintained at 37 �C in a 5% CO2

humidified incubator, were grown in complete medium
(Dulbecco’s modified Eagle’ medium, 10% fetal bovine
serum, 2 mm L-glutamine, 100 units/mL penicillin, and
100 μg/mL streptomycin). For initial evaluation of
mutant transporter activity, cellswere platedat adensity
of 50,000 cells per well in 24-well culture plates. Cells
were transfected with hSERT or dSERT constructs
using TransIT transfection reagent (Mirus Inc., 6 μL
per μg of DNA), in Opti-MEM medium. Following
transfection (24-48 h), cells were washed with KRH
assay buffer (120 mM NaCl, 4.7 mM KCl, 2.2 mM
CaCl2, 1.2 mMMgSO4, 1.2 mM KH2PO4, and 10 mM
HEPES, pH 7.4) and incubated for 10min with increas-
ing concentrations of nonradiolabeled competitor, fol-
lowed by the addition of a constant concentration of
[3H]5-HT (5-hydroxy[3H]tryptamine-trifluoroacetate
(100-110 Ci/mmol); Amersham Biosciences) for 15
min. Transport assays were terminated by washing
two times with assay buffer, and cells were dissolved in
MicroScint 20 (PerkinElmer Life Sciences) scintillation
fluid. The extent of [3H]5-HT accumulation was
determined by liquid scintillation counting on a Top-
Count System (PerkinElmer Life Sciences). Uptake in

Figure 1. (A) S-Citalopram functional groups involved in binding
are labeled a-f. (B) Contacts within the S-citalopram/hSERT high-
affinity binding mode are displayed as a heatmap. Given is the
fraction ofmodels that display a contact within the largest cluster of
models. Residues known to affect S-citalopram binding are shown
within the black box.
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mock-transfected cellswas subtracted from transporter-
transfected cells to determine specific uptake. Specific
uptake was normalized to the percent uptake of control
wells that lacked the competitor and plotted versus the
log of the molar concentration of competitor. The data
were fit to a nonlinear one-site competition curve, and
apparentKi values were derived using the Cheng-Prusoff
equation in Prism 4 for Macintosh (Graphpad Soft-
ware). All experiments were performed in triplicate and
repeated in three or more separate assays.

RosettaLigand (14) was used to dock S- and
R-citalopram separately into the hSERT homology
models while accounting for full protein and ligand
flexibility. Specifically, the protein backbone conforma-
tion underwent repeated energy minimization from the
initial homology model which resulted in a large con-
formational ensemble of backbones. An ensemble of the
top 10 energy minimized backbones was used in the
docking steps. Amino acid side chain conformations
were chosen from a rotamer library (15) and further
optimized through gradient minimization. Ligand flex-
ibility was modeled through knowledge-based torsion
angle potentials derived from the chemical Cambridge
Structural Database (CSD) (16) yielding a total of 1,000
S- and R-citalopram conformations. The generation of
1,000 conformations for S- and R-citalopram allows
for thorough sampling of nonclashing conformations
for the five rotatable bonds. The generation of 1,000
conformations for S- and R-citalopram allows for
thorough sampling of non-clashing conformations for
the five rotatable bonds. The 1,000 conformations
cluster into 238 distinct rotamers and allows for an
average of three states for each of the five bonds to be
independently sampled. The protocol for the construc-
tion of these homology models, the creation of confor-
mational ensembles, and docking are described in detail
elsewhere (8). A total of 23,500 models for the S-
citalopram/hSERT and R-citalopram/hSERT complex
were created.

Our models were first filtered according to their
RosettaLigand binding energy selecting the top 10%.
The resulting 2,350 models were clustered into separate
bindingmodes based upon a 3.0 Å rmsd threshold. This
resulted in multiple clusters of varying size. The models
presented here are the lowest energy models from the
largest clusters, respectively. After a binding mode had
been established for S-citalopram/hSERT and R-cit-
alopram/hSERTcomplexes,mutationswere introduced
into the hSERT backbone while maintaining the puta-
tive binding mode of the S-citalopram/hSERT and
R-citalopram/hSERT complexes. The mutations ana-
lyzedwereY95F, I172M,S438T, and thedoublemutant
Y95F/I172M.After introduction of themutations, each
model was refined through Monte Carlo moves of up
to 2.0 Å and 10.0� for the ligand, while the protein

backbone and side-chains were minimized. For each
mutant, the models with the lowest RosettaLigand
binding energy were analyzed. To explore the proposed
conformationofS-citalopram in relation to dSERT, the
putative binding mode of the S-citalopram/hSERT
complex was placed into nine different backbones of
dSERT (16). The binding mode underwent Monte
Carlo refinement and optimization. The lowest energy
was chosen for analysis.

A single cluster of interactions for the S-citalopram/
hSERTcomplex stoodout byboth its size (400members
out of a total of 2,350 models) and RosettaLigand
binding energy of -8.1 Rosetta Energy Unit (REU)
(Figure 2A). This model preserves the hypothesized
D98 (12) dimethyl-amine [c] contact alongwith a hydro-
gen bond between the dimethyl-amine group [c] and the
backbone carbonyl group of Y95 (7). Additionally, the
dimethyl-amine group [c] is in contact with S438. The
model is further characterized by a hydrophobic clamp
that is formed by the flouro-phenyl ring [f] and the
cyanophthalane ring [e] around I172 (7).

S-Citalopram/hSERT contacts were compiled as
a heat map to illustrate amino acid residues in and
around the S-citalopram binding pocket of our model
(Figure 1B). Novel contacts proposed by the pres-
ent model include the methylene groups of the 3-
(dimethylamino)propyl tail [d] which form van der
Waals (VDW) contacts with residues S336, L337, and
G338 inTM6 andA441 inTM8. The cyano group [a] is
pointed toward the extracellular space, out of the mem-
brane and binding pocket, and toward residue R104 in
TM 1 and E494 in TM 10, and has VDW contacts with
G100 in TM 1, F335 in TM 6, and Y175 and Y176 in
TM 3. Additionally, the flouro-phenyl ring [f] sits in a
hydrophobic pocket created by residueA169 (17) inTM
1 and A441 and G442 in TM 8.

Docking of R-citalopram results in two clusters of
similar size andenergy.The largest cluster (124members
out of 2,350) has an energy of -6.5 REU and is in
a different conformation found in the S-citalopram/
hSERT complex. Interestingly, the second largest clus-
ter hasR-citalopram ina conformation similar to that of
the S-citalopram/hSERT complex; however, the di-
methyl-amine tail [c] is distant from S438 and pointed
in the direction between TM 1 and TM 6. To remain
consistent with the analysis of S-citalopram, analysis of
the largest cluster was performed for R-citalopram.

Our model indicates that the R-citalopram/hSERT
complex has a significantly different binding conforma-
tion than the S-citalopram/hSERT complex. The cya-
nopthalane ring [e] and dimethyl-amine [c] of R-cit-
alopram are shifted out of the binding pocket and posi-
tioned toward the extracellular face of the transporter.
In particular, R104 in TM 1 and E493 in TM 10 form
hydrogen bonds with the dimethyl-amine group [c],
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whereas the cyano group [a] is directed towardW103 in
TM 1. The flouro-phenyl ring [f] sits in the binding
pocket and is pointed downward toward Y95 and D98
in TM 1. Additionally, Y175 in TM 3 is π -stacked
against the flouro-phenyl fing [f].

To test our models, the putative binding modes for
S- and R-citalopram were examined via in silico muta-
tions that have been previously studied experimentally:
I172M, Y95F, S438T, and an I172M/Y95F double
mutant (7, 13). Experimentally, the I172M mutation
results in a 344-fold loss of potency forS-citalopram (7).
Accordingly, docking into the I172M mutant results
in a reduced binding energy of -6.2 REU (Figure 2).
The conformation of S-citalopram within the binding
pocket is shifted away from the site ofmutation, I172M.
The reduction in score is attributed to compromised
hydrophobic packing at site 172 and loss of a π-stacking
interaction with F355.

Experimentally, S-citalopram interaction with a Y95F
mutant of hSERT results in a 19-fold loss of potency (7).
This experimental finding as well as studies with 5-HT
suggest that Y95 is directly involved in hSERT interac-
tion with ligands (7). However, our comparative model
has Y95 pointing away from the binding pocket and

engaged in a hydrogen bond with E444. A conforma-
tional change of Y95 into an upward pointing con-
formation requires substantial rearrangement of the
protein backbone from the template structure LeuTAa

and breaking of the Y95-E444 hydrogen bond. To
experimentally test the effects of breaking the hypothe-
sizedY95-E444 hydrogen bondwithminimal impact on
other areas of the transporter, an hSERT E444D mu-
tant was created. We found that this mutant displays
a modest, 10-fold loss of potency for S-citalopram
(Figure 3A,B). This observation supports the conten-
tion that E444 is indirectly involved in citalopram
binding. Our data does not conclusively prove that
E444 locks Y95 into a downward orientation required
for high-affinity binding of citalopram. We speculate
that an upward pointing conformation of Y95 may be
engaged in earlier stages of S-citalopram binding (e.g.,
an outward facing, open conformation of hSERT)
followed by the downward pointing conformation by
binding of S-citalopram, thereby explaining the experi-
mental findings (Figure 3). Regardless, docking studies
of S-citalopram/Y95F hSERT resulted in a slightly
reduced binding energy of -8.0 REU coupled with
a shift of S-citalopram away from the extracellular face

Figure 2. S- and R-citalopram in complex with mutants of hSERT. The extracellular side of the protein is shown on the top of all images,
whereas the cytoplasm is at the bottom of all images. The S-citalopram/hSERT complex is shown on top, and the R-citalopram/hSERT
complex is shown below. Experimental binding affinities, Ki, and computationally predicted binding energies are given below each image.
(A and E) WT hSERT in complex with S- and R-citalopram. Experimentally verified residues involved in binding are shown as sticks and
highlighted in red and labeled. (B and F) S- and R-citalopram putative wild type binding mode docked into the I172M mutant of hSERT
(green). The original wild type binding mode is displayed in yellow and blue (S-citalopram and R-citalopram, respectively). The mutation
I172M is shown in green and stick formatwith the experimentally verified residues shown in cartoon and highlightedwith red. (C andG)S- and
R-citalopram docked into the Y95F mutant. The putative wild type binding is colored cyan with the mutant Y95F colored in cyan and shown
as a stick. (D andH)S- andR-citalopram docked into S438T. The putative wild type binding is colored in orange with themutant S438T shown
in sticks and colored orange.
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of hSERT to deeper inside the binding pocket toward
F95.

Similar to the I172M mutation, our model of the
Y95F/I172M double mutant predicts a movement of
S-citalopram away from I172M and a reduced binding
energyof-7.6REU.The loss inbindingaffinity is largely
attributed to the I172M mutation.

Recently, Andersen (13) and colleagues mutated
S438T and tested the mutant against the binding of
dimethylated inhibitors. A mutation of S438T resulted
in a loss of potency for dimethylated inhibitors; how-
ever, a 300-fold loss for S-citalopram potency was
reported. In our model, the S-citalopram complex with
the S438T mutant results in a significant reduction of
energy to -6.0 REU. The dimethyl-amine group [c]
shifts away from T438, which results in repulsive inter-
actionwith residues onTM1. The influence ofNaþ ions
on the S438T mutant was also tested. However, no
significant change in themodel and energywasobserved
(see Supporting Information).

For R-citalopram, the introduction of bulk via the
I172Mmutation results in a slight loss of binding energy
to -6.1 REU, in agreement with experimental find-
ings (7). The flouro-phenyl ring [f] is shifted away from
the mutation and toward TM 1 and TM 6. The Y95F
hSERT mutation results in a slightly lower binding
energy than that of the wild type (-6.2 REU). The
double mutant I172M/Y95F (-6.1 REU) displays an
additional shift of the flouro-phenyl ring [f] away from
M172, consistentwith the contention that I172 is a critical
contact site for the SSRI (7). Andersen reported that
a mutation of S438T resulted in a 15-fold loss of po-
tency for the R-citalopram/hSERT complex (personal
communication). In agreement with his findings, the
R-citalopram/S438T hSERT complex displays a re-
duced binding energy of-6.1 REU coupled with a shift
away from the site of mutation.

To further validate the S-citalopram/hSERT model,
dSERT homology models were used to dock the puta-
tive binding mode of S-citalopram. dSERT differs in
selectivity for racemic citalopram compared to that of
hSERT. Racemic citalopram exhibits a Ki value of
400 nM in dSERT (12); however, a point mutation of
M167I (I172 hSERT) results in an increase of binding
affinity to 4 nm (7). To determine if our docking
paradigm could reproduce the experimental finding,
S-citalopram/dSERT models were constructed. The S-
citalopram/dSERT binding energy for the lowest-
energy pose (Figure 4) was significantlyworsewhen com-
pared to that of the S-citalopram/hSERT complex

Figure 3. (A) Binding mode of the S-citalopram/hSERT complex
with the depiction of the Y95 (gray) in a downward position.
Mutation of E444D (not shown) results in Y95 populated in two
positions, a downward position (gray) and an upward position
(pink). (B) Mutation of E444D results in a 10-fold loss of potency
for S-citalopram suggesting that the Y95 switches between two
different conformations: upward (pink) and downward conforma-
tions (gray). The wild type is shown in by black squares and a line,
and E444D is shown in circles and spheres.

Figure 4. Putative binding mode of the S-citalopram/dSERT
complex. S-Citalopram is shown in white. Residues that contrib-
ute to lowering the energy of the complex are highlighted in red.
Substitution of A169 to D164 dSERT results in a higher solvation
score for the complex. Additionally, M167 dSERT results in an
increase in the VDW potential.
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(-6.6REUand-8.1REU,respectively).This loss isattrib-
uted to two energy contributions when comparing the
two models, the hydrogen bonding term and the solva-
tion term (þ0.8 REU and þ0.7 REU, respectively).
Specifically, a network of hydrogen bonding interac-
tions between side-chains and the cyano group [a] in S-
citalopram/hSERT are absent in the S-citalopram/
dSERT model. The hSERT residues that are hydrogen
bonded to the cyano group [a] are R104 and E493.
Although R104 is preserved in dSERT, E493 is sub-
stituted to N, which is predicted to alter the hydrogen
bond network. To test the significance of the hydrogen
bond network, reciprocal mutants of hSERT E493N
and dSERT N481E were constructed and tested for S-
citalopram potency. We observed an ∼3-fold average
loss of potency in the hSERT E493N mutant that did
not reach statistical significance (data not shown). The
reciprocal mutation dSERT N481E was without effect.
We had hypothesized that the E493-R104 salt-bridge in
hSERT positions R104 for a constructive interaction
with the cyano group [a]. Therefore, a N481E mutation
in dSERT was expected to increase S-citalopram affi-
nity. However, the interaction between R99 (residue
R104 in hSERT) and the cyano group [a] in wild type
dSERT is not strengthened through the N481E muta-
tion.Apossible explanation is that thepositive charge of
R104 is compensated through E481 weakening the
interaction with the partial negative charge of the cyano
group [a]. Additional experiments are needed to verify
this hypothesis.

The change of solvation energy of S-citalopram in
our models can be attributed to the burial of the flouro-
phenyl ring [f] in a hydrophobic environment. hSERT
anddSERTresidues are homologous in this region,with
the exception of hSERT residues A169 and I172 which
correspond to dSERT residues D164 and M167. Of
these two residues, the solvation energy for hSERT
A169 and dSERT D164 are drastically different (þ1.1
REU in dSERT). This finding matches experimental
studies that affiliate the A169D point mutation with
a loss of S-citalopram potency in hSERT (17). Further-
more, the I172M mutation in hSERT causes a binding
energy increase in the VDW potential of the S-cit-
alopram/hSERT complex by þ2.8 REU. As discussed
above, the hSERT I172M mutant has been tested
experimentally and displayed a significant loss of S-cit-
alopram potency. However, when the reverse mutant is
expressed, dSERT M167I, dSERT regains hSERT-like
potency for S-citalopram (7). When the computational
mutant is tested, an energy similar to that of S-citalo-
pram/hSERT is observed. S-Citalopram/dSERTM167I
results in an energy of -8.1 REU and recapitulates the
docked S-citalopram/hSERT pose.

Recently, Andersen et al. (18) published an indepen-
dent computational model for S-citalopram in hSERT.

The authors created 64 point mutants to validate their
binding mode. The proposed model by Andersen et al.
places the cyano group [a] sandwiched between TM 6
and 8, whereas our model positions the cyano group [a]
outward toward the extracellular face of the protein. This
results in a 5.1 Å rmsd in ligand placement compared to
our model. The ligand occupies the same binding pocket
but experiences a∼30� rotation. A qualitative and quan-
titative comparison of mutation data presented by
Andersen et al. displays a similar level of agreement
between the two models suggesting that further experi-
ments are needed to more precisely define the position of
S-citalopram (see Supporting Information). One notice-
able difference between the models and reason for the
slight shift and rotation in the S-citalopram is a manual
positioning of the Y95 residue in an upward configura-
tion, providing new contacts with S-citalopram. Experi-
ments are needed to validate this positioning of Y95
during the transport cycle and antagonist binding. They
also identify unexpected interactions betweenTM1and 8
thatmay contribute to critical conformational transitions
in the dynamic organization of other SLC6 transporters.

In addition to Andersen’s model, Koldsø et al. (19)
created models of S-citalopram andR-citalopram com-
plexed in hSERT. Unfortunately, the coordinates of
these models are not available to us for quantitative
comparison. Qualitatively, the S-citalopram/hSERT
complex proposed compares to the model presented
here. In Koldsø’s model, the flouro-phenyl ring [f] is in
the hydrophilic pocket linedbyA169,A173,N177, S438,
T439, and L443. Our model positions the flouro-phenyl
ring [f] in this pocket as well. The cyano group [a] in
Koldsø’s model is positioned next to T497, F335, F341,
and V501. In contrast, our model positions the cyano
group [a] pointed outside of the binding pocket and is
next to F335, R104, and E493.

The R-citalopram conformations are noticeably dif-
ferent. Koldsø’s R-citalopram/hSERT complex differs
from the S-citalopram/hSERT complex by the reverse
placement of the cyanophthalane ring [e] and flouro-
phenyl ring [f]. In contrast, the presentedR-citalopram/
hSERT in this letter is bound higher in the binding
pocket in a completely different conformation. The
contrasting results might suggest multiple low affinity
binding sites for R-citalopram and require further ex-
perimental investigation.

In summary, our study confirms aspects of the
S-citalopram binding mode using orthogonal computa-
tional techniques, providing a detailed analysis of the
impact of citalopram isomerization and further eluci-
dates the species selectivity for SSRI recognition.

Supporting Information Available

RosettaLigand command line options as well asS-citalopram/
hSERT S438T with Naþ ions and quantitative analysis of
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Anderson’smodelwithmutations andmodels ofS-citalopram/
hSERT and R-citalopram/hSERT. This material is available
free of charge via the Internet at http://pubs.acs.org.
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