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ABSTRACT

The serotonin transporter (SERT) functions to transport serotonin (5-HT) from the extracellular space
into neurons to maintain homeostatic control of 5-HT. It is the molecular target for selective serotonin
reuptake inhibitor (SSRI) antidepressants. Preclinical research has shown that some SERT inhibitors can
bind to two distinct binding sites on the SERT, a primary high affinity binding site and a low affinity
allosteric binding site. Mutational studies of the SERT and computational modeling methods with
escitalopram resulted in the identification of key amino acid residues important for the function of the
allosteric binding site. While this allosteric binding site appears to influence the clinical efficacy of
escitalopram under physiological conditions, the molecular mechanism of this effect is still poorly
understood and may involve a large network of protein-protein interactions with the SERT. Dynamic
interfaces between the SERT and the SERT interacting proteins (SIPs) potentially influence not only the
SERT on its uptake function, its regulation, and trafficking, but also on known as well as yet to be
identified non-canonical signaling pathways through SIPs. In this commentary, we outline approaches in
the areas of selective small-molecule allosteric compound discovery, biochemistry, in vivo genetic
knock-in mouse models, as well as computational and structural biology. These studies of the intra-
molecular allosteric modulation of the SERT in the context of the myriad of potential inter-molecular

signaling interactions with SIPs may help uncover unknown physiological functions of the SERT.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The serotonin transporter (SERT) is a member of the SLC6 family
of neurotransmitter transporters that is structurally comprised of
12 transmembrane (TM) spanning domains and is responsible for
the uptake of serotonin (5-HT) from the extrasynaptic space into
presynaptic terminals. The SERT serve as a symporter, requiring
ions including Na*, K" and Cl~, that are used as the driving force for
transport. The SERT is a target for many of the currently used
antidepressant drugs including the selective serotonin reuptake
inhibitors (SSRIs).

SSRIs bind to the primary high affinity site, or orthosteric site, of
the SERT to inhibit its uptake function, leading to increased
extracellular levels of 5-HT. Although this has been regarded as the
primary basis for the therapeutic actions of SSRIs, many questions
related to the physiological and pathophysiological roles of the
SERT as well as its exact role in antidepressant and analgesic
treatment remain unanswered. The acute increase in 5-HT caused
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by SSRIs is not translated into immediate antidepressant effects.
Traditional antidepressants, including SSRIs, require at least 2 or
more weeks to demonstrate their therapeutic effects. The delayed
onset of antidepressant therapeutic effect suggests that adaptive
neuronal changes in the brain in addition to elevation of
extracellular 5-HT levels are required for treating depression [1-
3], but the precise mechanisms underlying this neuroadaptive
process are far from well understood and are beyond the aim of this
commentary. In this paper, we review the current findings
suggesting that the overall machinery responsible for the 5-HT
reuptake process by the SERT is more complex than previously
anticipated. Firstly, we describe the intra-molecular evidence in
the SERT indicating that allosteric ligand interactions may
influence the reuptake mechanism and potentially account, at
least in part, for some functional differences among SSRIs in vivo.
Secondly, we discuss data from protein interaction studies at the
inter-molecular level and demonstrate that the SERT carries out its
main re-uptake function by concomitantly interacting with an
extensive cadre of intracellular accessory signaling and scaffolding
proteins. This property may not only affect the cellular processing
of the SERT but also regulate its function through intracellular
signaling cascades.
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2. Allosteric interactions in the SERT

Allosteric mechanisms are a common molecular theme for signal
transduction by pharmacological ligands [4-6]. Allosteric binding
properties of the SERT were initially reported in imipramine binding
experiments [7] and allosteric activities were subsequently
demonstrated for all three monoamine transporters [8,9]. Although
several allosteric SERT modulators have been reported [10,11], most
studies on the characterization of allosteric interactions within the
SERT have been described using escitalopram.

Escitalopram is the S-enantiomer of racemic citalopram, which
also contains an equal amount of the presumed non-therapeutic
enantiomer, R-citalopram [12]. Escitalopram is more active than R-
citalopram for its interactions with the SERT, the respective K;
values being 0.8 (S) and 62 nM (R) [13]. Based on preclinical in vivo
and in vitro studies, R-citalopram counteracts the actions of
escitalopram without pharmacokinetic interactions [12,14-16].
For example, in a microdialysis study using freely moving rats,
extracellular 5-HT levels in the frontal cortex after escitalopram
administration showed a greater maximal increase than with
citalopram treatment [17]. R-citalopram alone did not affect the 5-
HT levels, but counteracted the escitalopram-induced 5-HT
increase when co-administered [17]. Similarly, R-citalopram
blocked the effect of escitalopram in its potentiation of 5-
hydroxytryptophan (5-HTP)-induced behavior in a dose-related
manner, while it did not influence the effects of fluoxetine [18].In a
rat chronic mild stress model of depression, escitalopram showed a
faster response than citalopram, and this effect was counteracted
by R-citalopram [19].

A postulated hallmark for the need of a 2-3 week treatment
before the onset of antidepressant action is 5-HT;s receptor
desensitization, which can be shown as a recovery of neuronal
firing in the dorsal raphe [1,15]. This firing rate recovery is evident
after 2 weeks of treatment with escitalopram, but requires a 3-
week period when racemic citalopram is used [15]. Subsequently,
Mnie-Filali et al. showed that the faster recovery of 5-HT neuronal
firing and increased hippocampal neurogenesis elicited by
escitalopram were prevented by a co-treatment with R-citalopram
[16]. The faster neuroadaptive changes caused by escitalopram
compared to other SSRIs may be due to the higher 5-HT levels
elicited by escitalopram [14,20]. The enhanced efficacy of
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escitalopram and the antagonistic effect of R-citalopram on
escitalopram are thought to be mediated via interactions at an
allosteric binding site on the SERT.

The allosteric binding activity of escitalopram was initially
demonstrated by its ability to delay the dissociation of labeled
escitalopram from the primary binding site, thus increasing the
affinity of the latter [21,22]. Escitalopram and R-citalopram do not
appear to show as greater degree of stereoselectivity in this
allosteric effect as in the primary site binding, since the ECsq values
of the two compounds in slowing the dissociation rate of
escitalopram are approximately 5 and 25 wM, respectively
[13,21]. Given the micromolar concentrations required to demon-
strate the allosteric effect as compared to the high affinity primary
site binding, its physiological role remains to be understood. It is
possible that under in vivo conditions, escitalopram may be able to
induce SERT conformational changes through its allosteric site
with greater sensitivity than under in vitro situations. Nonetheless,
based on this characterization, escitalopram, paroxetine and R-
citalopram have been shown to have allosteric activities, while
many other SERT inhibitors including fluoxetine are devoid of
allosteric effects [22]. Yet additional evidence corroborates the
presence of an allosteric interaction at the SERT. R-citalopram at
concentrations (below 100 nM) that are similar to those obtained
after therapeutic doses of citalopram [23], can attenuate the
association rate of [3H] escitalopram binding to the SERT through
an allosteric mechanism [20]. Therefore, escitalopram may elicit a
more complete inhibition of 5-HT reuptake due to its dual activity
at the primary and allosteric binding sites, leading to higher
extracellular 5-HT levels in vivo and more rapid 5-HT;5 auto-
receptor desensitization, and hence greater efficacy and faster
onset of action than citalopram [1,14,15].

The existence of an allosteric site has also been corroborated by
structural studies showing that key amino acid residues influence
primary site versus allosteric binding. These structural studies
including mutational and computational methods have been
further aided by the crystal structures of the bacterial homolog
of the SERT, the leucine transporter [24,25]. The schematic Fig. 1
summarizes these residues with their differential roles. For SSRIs,
the primary binding site is likely to be within the deep substrate
binding pocket in the SERT, which involves S545, Y95, and 1172
residues [26,27]. Escitalopram fits well in this pocket in a reversed
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Fig. 1. Schematic representation of the amino acid residues influencing allosteric and primary site binding of the SERT. Allosteric binding can be modulated by the following
amino acid residues within TMs 10, 11 and 12 of the SERT: Ala505, Leu 506, 1le507, 11e552, lle553, Met558, Ser559, Ser574 and Ile575 (labeled in green) [31]. Other SERT
residues within TMs 3 and 10, Met180, Tyr495 and Ser513 (labeled in grey), can also partially influence allosteric binding [21]. In comparison, the primary binding site is
influenced by a different set of residues, represented by Tyr95, Ile172, Ser438, Ser545 on TMs 1, 3, 8, and 11 (labeled in red) [26,27,30]. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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orientation to that of R-citalopram [28,29], with a residue located
within the pocket, S438, being particularly important for
escitalopram interactions [30].

The allosteric site of the SERT is influenced by residues within
TM domains 10, 11, and 12 (Fig. 1), since mutations of these
residues disrupt the allosteric activity of escitalopram: ALl — VFL
(ALI/VFL), Il — VT (II/VT), MS — SN (MS/SN), and SI — TT (SI/TT)
[31]. Additional residues within these TM domains that can
influence allosteric binding, albeit to a lesser degree include M180,
Y495 and S513 [21]. Moreover, the same mutations of TM10 ALI
and TM12 Sl residues also abolished the allosteric interaction of R-
citalopram on the association binding of escitalopram [13]. Thus,
the mutations in residues that disrupt the allosteric activities of
escitalopram and R-citalopram provide a structural basis for the
existence of an allosteric binding site [13,31]. Based on the co-
crystal structure of the leucine transporter, tricyclic antidepres-
sants such as clomipramine and desipramine bind to an
extracellular region of the transporter above the substrate binding
site, at the tip of extracellular loop (EL) 4 and the extracellular gate,
the so-called “vestibule” region due to its shape [24]. This vestibule
is reminiscent of an allosteric site since binding by tricyclic
clomipramine non-competitively blocks the release of leucine
from the substrate-binding site [24]. The allosteric binding for
escitalopram might be associated with the extracellular vestibule
of the SERT, based on studies with a SERT mutant bearing an
engineered Zn?* binding site, namely Leu99His-Ile179His [32].
Thus, these converging data demonstrated the existence of the
allosteric binding site for escitalopram, though the exact definition
of the allosteric binding pocket awaits the determination of the co-
crystal structures of the SERT with escitalopram and other SSRIs.

3. Beyond 5-HT uptake - SERT interacting proteins

Under physiological conditions, many proteins interact with
other proteins, which may mediate trafficking, cytoskeletal
dynamics and other non-canonical functions of these proteins.
The classical function of the SERT is 5-HT uptake activity. Even
though its uptake function can easily be demonstrated in
recombinant expression systems, under physiological conditions
the SERT is unlikely to perform 5-HT transport alone. In fact, the
SERT is dynamically regulated in its activities and localization, and
can interact with other proteins [33-37], termed SERT interacting
proteins (SIPs). In recent years, many new SIPs have been identified
[38-41], and it has become evident that the SERT most likely exists
in vivo as part of a complex directly involving SIPs with other
proteins indirectly involved. We review below some of the known
SIPs and their interactions with the SERT in the context of
understanding novel functions of the SERT.

3.1. Syntaxin 1A

Syntaxin 1A is a plasma membrane protein that is a critical part
of the soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) complex involved in the regulation of
neurotransmitter release [42]. Syntaxin 1A interacts physically
with the N-terminal region of the SERT, as shown by both co-
immunoprecipitation (co-IP) studies using developing thalamo-
cortical neurons that endogenously express the SERT and syntaxin
1A, and glutathione-S-transferase pull-down assays using recom-
binant systems [43]. The functional outcome of the SERT and
syntaxin 1A interaction is interesting, in that the conducting state
of the substrate uptake process is changed from a 5-HT-induced
ionic current generation to an electroneutral, stoichiometric
process [43]. Recently, Ciccone et al. [44] showed that CaM
kinase II can promote the physical interaction between the SERT
and syntaxin 1A, which in turn resets the SERT’s conducting state

to electroneutral 5-HT transport. Thus, calcium signaling can
modulate the conducting states of the SERT through syntaxin 1A
interactions.

3.2. Myristoylated alanine-rich C kinase substrate related protein
(MRP)

MRP is the myristoylated alanine-rich C kinase substrate
(MARCKS) related protein (also known as F52 or MacMARCKS).
MRP and MARCKS comprise the membrane-associated protein
family of protein kinase C (PKC) substrates that have a myristoylated
N-terminus and a basic domain for PKC phosphorylation [45]. MRP is
expressed in brain and reproductive tissues as well as in
macrophages, while MARCKS is widely expressed in the brain and
other tissues. The physiological roles of MRP and MARCKS, yet to be
clearly defined, include the hypersecretion of mucus, cell spreading,
as well as phagocytosis. Using yeast 2-hybrid screening, it was
determined that MRP can act as a SIP by interacting with the C-
terminal region of the SERT [46]. When expressed in HEK293 cells,
MRP not only redistributes to SERT localizations as revealed by
confocal microscopy, but also reduces the uptake activity of the SERT
by intracellular sequestration. Mochizuki et al. further showed that
expression of the C-terminal peptide of the SERT reduced the uptake
activity and surface density of the SERT, presumably as the result of
blocking the interaction of MRP with the SERT [47]. The exact
mechanism has yet to be elucidated, since the recombinant
expression of either MRP or the C-terminal peptide of the SERT
unexpectedly reduces the surface density of the SERT.

3.3. Myosin IIA

Myosins are cellular motor proteins that, with the consumption
of ATP, generate mechanical forces with actin filaments. Among
many subtypes, myosin II is the major motor protein involved in
actomyosin contractility in muscle and non-muscle cells [48].
Three non-muscle myosin Il isoforms have been identified: myosin
[IA, myosin IIB, and myosin IIC. These myosin II proteins exist in
heteromultimeric complexes that contain duplexes of myosin Il
heavy chain (MHC), essential light chain (ELC), and regulatory light
chain (RLC). These three non-muscle myosin isoforms have both
distinct and overlapping roles [49]. Specifically, myosin IIA plays
roles in neurite retraction, CXCR4 receptor internalization in
association with [3-arrestin, as well as tumor invasion and
metastasis. In CHO cells transiently co-expressing the SERT and
myosin IIA, the two proteins have a direct physical interaction with
one another, as demonstrated in co-IP assays, and this physical
interaction was also demonstrated using a placental choriocarci-
noma JAR cell line, which has endogenous expression of the SERT
and myosin IIA [50]. Data from this study [50] also suggest that the
interaction between the SERT and myosin IIA is dependent upon N-
linked glycosylation of the SERT, a form of post-translational
modification important for the folding, oligomerization and
stability of the SERT.

3.4. Protein interacting with C kinase 1 (PICK1)

PICK1 is extensively expressed in the CNS, where it is an
important scaffolding protein regulating the targeting and func-
tions of many receptors, ion channels and enzymes [51]. PICK1
contains a PDZ (PSD-95/DIg/Z01) domain and a BAR (Bin/
amphiphysin/Rvs) domain. PICK1 directly interacts with more
than 40 proteins via its PDZ domain, while the BAR domain of
PICK1 binds to phosphoinositide lipids. A key example of PICK1
function is the regulation of the AMPA receptor where it directly
interacts with AMPA receptor subunits via the PDZ domain to
control their activity-dependent internalization, leading to altered
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synaptic strength [52]. The first small-molecule inhibitor specifi-
cally targeting the PDZ domain of PICK1, FSC231, blocked
expression of LTP and long-term depression (LTD) in hippocampal
CA1 region, confirming the function of PICK1 in modulating
synaptic plasticity [53].

PICK1 can also directly interact with the dopamine transporter
(DAT) and the norepinephrine transporter (NET) via its PDZ
domain, based on yeast two-hybrid and/or biochemical studies
[34]. This interaction augments cell surface targeting of endocy-
totic DAT and enhances its uptake activity. An interaction between
PICK1 and the SERT was also reported, although this was weaker
than that seen with the DAT or the NET [34]. Chanrion and
colleagues (see below) also confirmed that the 15 residue C-
terminal peptide of the SERT immobilized on Sepharose recruited
PICK1 protein, as detected by western blotting [41]. Thus, although
PICK1 is strictly a SIP since it also interacts with the DAT and NET
members of the family, it physically interacts with the SERT and
the functional consequence of this interaction remains to be
elucidated.

3.5. Hydrogen peroxide-inducible clone 5 (HIC5)

The hydrogen peroxide-inducible clone 5 (HIC5) belongs to a
focal adhesion family of adaptor proteins that includes paxillin
[54]. HIC5 and paxillin have 57% homology, and both have Lin-11,
Isl-1, and Mec-3 (LIM) domains. HIC5 and paxillin function as
docking proteins in the recruitment of signaling molecules to focal
adhesions and within the nucleus, in order to regulate cell
spreading and motility, as well as nuclear receptor co-activation.
HIC5 is expressed in many brain regions, and together with paxillin
may have roles in neurofibrillary tangle function in the hippocam-
pal regions of Alzheimer disease patients [55].

HIC5 physically interacts with all three monoamine transpor-
ters (DAT, NET and SERT) through its LIM domain and the C-
terminal regions of each of the transporters [56,57]. Thus, like
PICK1, HIC5 is not a SIP per se, but a protein interacting with all
members of the monoamine transporters. The interaction between
HIC5 and the SERT was demonstrated in co-IP studies using brain
synaptosomes, with this interaction being important in the
regulation of uptake function as well as endocytotic translocation
of HIC5 [56,57]. The interaction between the SERT and HIC5 can be
suppressed by 5-HT binding to the SERT and SERT uptake activity,
and is enhanced by the activation of protein kinase C signaling.
Moreover, the suppressive effect of 5-HT uptake or binding on the
HIC5/SERT interaction is blocked by the SERT inhibitor citalopram
[57]. This suggests that the function and regulation of SERT activity
are potentially dynamically linked through interacting proteins.

3.6. a-Synuclein and ~y-synuclein

Synucleins are small, unfolded soluble cytosolic proteins that
include a-synuclein, 3-synuclein, and y-synuclein. They are thought
to be involved in the regulation of membrane stability and
trafficking. Abnormal a-synuclein has been linked to neurodegen-
erative disorders including Parkinson’s disease and Alzheimer’s
disease [58]. a-Synuclein is expressed in the serotonergic raphe
neurons [59], where the SERT plays a critical role. Co-transfection
studies in Ltk fibroblast and HEK293 cells showed that a-synuclein
negatively modulates 5-HT uptake by decreasing the plasma
membrane levels of the SERT [38]. a-Synuclein also physically
interacts with the SERT to form heteromeric complexes as
demonstrated in co-IP experiments using co-transfected Ltk
fibroblasts [38]. Recently, <y-synuclein was demonstrated to
negatively affect SERT uptake function, although to a lesser degree
[39]. Similar to a-synuclein, y-synuclein but not (3-synuclein
physically interacts with the SERT as shown in co-IP studies. Both

a-synuclein and y-synuclein co-localize with the SERT in rat raphe
neurons in immunostaining studies [39].

3.7. Protein phosphatase 2A

The phosphorylation states of signaling proteins provide an
essential regulatory mechanism in the cell and are determined by
the counteracting functions of kinases and phosphatases. There are
four subtypes of serine/threonine protein phosphatases: PP1,
PP2A, PP2B, and PP2C. Protein phosphatase 2A (PP2A) is one of the
major subtypes, and plays an important role in the regulation of
cell cycle, signal transduction, DNA replication and gene expres-
sion [60]. The interaction between PP2A and the SERT has been
reviewed previously [35,37]. In SERT immunoprecipitates from
stably transfected HEK293 cells, okadaic acid-sensitive phospha-
tase activity is enriched, and PP2A can be detected by western
blotting. This interaction of PP2A with the SERT is through its
catalytic subunit (PP2Ac), as shown in both transfected cells and
brain tissue. In addition, PP2A inhibitors such as okadaic acid and
calyculin A can increase SERT phosphorylation and decrease its 5-
HT uptake function in transfected HEK293 cells.

3.8. Protein kinases

The regulation of the SERT by protein kinases has also been
reviewed previously [33,35,37]. In transfected HEK293 cells,
activation of protein kinase C (PKC) by the phorbol ester activators
3-PMA and 3-PdBu rapidly (within 30 min) inhibits 5-HT uptake
by the SERT that is likely due to a decrease of in the level of SERT
protein at the cell surface, since both processes can be blocked by
PKC inhibitors such as staurosporine. The SERT can be phosphory-
lated at its serine/threonine sites by PKC or protein kinase A (PKA).
Under basal conditions in transfected cells, the SERT is phosphor-
ylated, and the phosphorylation level may be either further
enhanced by activators of PKC and PKA, or reversed by inhibitors of
PP2A. Interestingly, PKA activation does not affect SERT uptake
function, suggesting that PKA- and PKC-induced SERT phosphory-
lation may be independent pathways [37].

The regulation of the SERT by protein kinase G (PKG) and p38
mitogen-activated protein kinase (MAPK) has also been estab-
lished [37]. Adenosine As receptor stimulation increased SERT
uptake function in rat basophilic leukemia (RBL-2H3) cells and
mouse midbrain and hippocampal synaptosomes. This effect is
thought to be mediated by both a PKG-dependent surface density
increase of the SERT, and p38-MAPK-dependent activation of SERT
intrinsic activity [37]. As confirmation, these effects were blocked
by inhibitors of the Az receptor, PKG and p38 MAPK kinase, and
were not present in synaptosomes from As receptor knockout mice
[37]. The SERT is also co-localized with PKGI«, a cytosolic subtype
of PKG, in immortalized rat serotonergic raphe neurons (RN46A)
and PKGla can physically interact with the hSERT in a specific
manner as shown in co-IP studies using HEK293 T cells [61].
Interestingly, As receptors are coexpressed with SERT in midbrain
serotonergic neurons and can form a physical complex with the
human SERT in cotransfected cells, which is enhanced by As
receptor activation in a PKG1-dependent manner [62]. Moreover,
this study shows that a hyperfunctional coding variant of the A;
receptor, L90V, identified in subjects with autism spectrum
disorder, can cause dysregulation of the As3-SERT complexes
[62], suggesting that SIPs may be part of the underlying
mechanism in SERT-related neuropsychiatric diseases. Other
kinases potentially involved in SERT regulation include phospha-
tidylinositol 3-kinases, protein tyrosine kinases, and Ca®*/calmod-
ulin-dependent kinase II [35].

Extracellular 5-HT levels in a native tissue environment can be
dynamically and differentially modulated as the result of regulation
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of the SERT by protein kinases. For example, the extracellular 5-HT
levels in the striatum, midbrain, and cerebellum are regulated by
PKC-a, whereas in the pons medulla the 5-HT level is regulated by
p38-MAPK. Recently, it was reported that the 5-HT level in cerebral
cortex is co-regulated by S-100 (3 protein via protein-protein
interaction with the SERT via cAMP/PKA pathways [63].

3.9. Secretory carrier membrane protein 2 (SCAMP2)

The secretory carrier membrane protein (SCAMP) family
consists of five integral proteins that each have four transmem-
brane domains. SCAMP proteins are involved in the cellular
processes of exocytosis and endocytosis, and thus their localization
includes the Golgi apparatus, the trans-Golgi network, recycling
endosomes, and synaptic vesicles (for a review, see [64]). SCAMP2,
which has a highly conserved E-peptide region between trans-
membrane domains 2 and 3, plays a critical role in the regulated
exocytosis seen in endocrine cells and synaptic terminals [65].
SCAMP?2 has also been proposed to serve as a plasma membrane
platform to facilitate key events during SNAP receptor (SNARE)-
mediated exocytosis.

Muller et al. [40] reported that SCAMP2 directly binds to and
interacts with the SERT. These authors first identified SCAMP2
from a human brain ¢DNA library as a novel SERT-interacting
protein using the yeast two-hybrid system. The physical interac-
tion was confirmed in co-IP assays using both a recombinant
system and native rat brain tissue. Functionally, co-expression of
SCAMP2 with the SERT caused a decrease in SERT surface density
and a concomitant reduction in 5-HT uptake activity in HEK293
cells. A mutation within the conserved E-peptide region of
SCAMP2, Cys?*°! to Ala, abolished SCAMP2-mediated down-
regulation of the SERT without affecting the physical interaction
between the SERT and SCAMP2. In addition, the role of SCAMP2 in
regulating the surface distribution of the SERT is thought to be at
least partially independent of its role in regulating exocytosis.

3.10. Neuronal nitric oxide synthase (nNOS)

Neuronal nitric oxide (NO) synthase (nNOS) is widely
expressed in the brain with localization at synaptic spines, and
is the predominant enzyme for the generation of NO in neurons
[66]. nNOS is the only NOS member that contains an N-terminal
PDZ-binding domain [66]. nNOS plays a role in learning, memory,
and neurogenesis, and has been associated with various CNS
disorders such as depression, Parkinson’s disease, and Alzheimer’s
disease [66].

Using a proteomic approach involving peptide-affinity chroma-
tography of extracts of mouse brain to identify multiple SIPs
interacting with the 15 amino acid residue C-terminal peptide of
mouse SERT, nNOS, and the channel-interacting PDZ protein (CIPP)
were identified [41]. In HEK293 cells, co-expression of nNOS with
the SERT decreased both SERT cell surface density and 5-HT uptake
[41]. This suggests a tonic inhibition of SERT activity by nNOS under
physiological condition in vivo. In addition, in these co-transfected
HEK293 cells, 5-HT was able to activate nNOS, resulting in increased
c¢GMP production. The effect of 5-HT was mediated through the
uptake activity of the SERT, since the SSRIs, citalopram and
paroxetine, prevented the nNOS-activating effect of 5-HT [41].

It should be emphasized that the inhibition of SERT activity by
nNOS via direct physical interaction is independent of the
upregulation of SERT activity by NO through the cGMP/PKG/
p38-MAPK pathway, as mentioned earlier [37,61]. In addition, the
reciprocal interaction between the SERT and nNOS reported by
Chanrion and colleagues [41] could be of particular physiological
importance in that this may be a potential activity-dependent
acuity tuning mechanism for serotonergic neurotransmission.

A possible model is as follows: under basal physiological
conditions, SERT uptake activity is tonically inhibited by nNOS via
physical interaction, to allow sufficient background or tonic
extracellular 5-HT levels. When 5-HT release is dramatically
increased in response to neuronal activities, SERT uptake activity
also increases. This activates nNOS leading to an increased NO
production. The increase in NO levels then up-regulates SERT
uptake function, resulting in timely termination of elevated 5-HT-
induced neurotransmission. Thus, the reciprocal interplay be-
tween the SERT and nNOS potentially serves to temporally (and
perhaps spatially) facilitate activity-dependent 5-HT neurotrans-
mission.

3.11. Protein interaction network of the SERT

In living organisms, proteins exist and function within complex
networks in which the activity of one member can directly or
indirectly affect the functions of many other members. Protein
interaction networks have been studied on a system- or whole
organism-level, which gives rise to the term “interactome” [67].
One of the searchable interactome databases BioGRID registers
three protein interactors for the SERT (SLC6A4): syntaxin 1A
(brain), Sicca syndrome antigen A (autoantigen Ro; calreticulin),
and major histocompatibility complex class I antigen-binding
protein p88. As additional SIPs are entered into the databases, the
interaction network of the SERT will expand considerably. For
example, BioGRID registers at least 16 interactors for PICK1 and at
least 37 interactors for syntaxin 1A (brain). Thus, as directly
interacting SIPs and indirect protein interactor cascades are
eventually incorporated in interactome databases, novel functions
of the SERT will be amenable to study at a holistic level.

4. SIPs and allosteric mechanisms may reveal novel aspects of
SERT functions

Based on the data reviewed in the previous sections, it can be
surmised that there exist multiple regulatory/modulatory mecha-
nisms for the SERT. At the intra-molecular level, the primary
substrate-binding site can be modulated by allosteric interactions.
At the inter-molecular level, the surface expression, trafficking,
phosporylation state, the intrinsic uptake function and conducting
state of the SERT are regulated through various dedicated or
promiscuous SIPs. These interactions are simplistically depicted in
Fig. 2. Understanding the roles of these interactions and regulation
mechanisms under physiological conditions as well as disease
states warrants additional study.

The interactions reported to date between the SERT and its SIPs
have focused on SIPs modulating SERT function. It is likely that the
interactions are reciprocal, in that the SERT in its basal or active
state may modulate SIP function. Additionally, some SIPs may
serve as important links to other proteins. SCAMP2, for example,
physically interacts with NHE5, promoting its cell-surface target-
ing, and is also important for regulated exocytosis [64]. Thus the
SERT can be directly associated with proteins involved in
neurotransmitter release (such as syntaxin 1A), or endosomal
regulation, leading to the intriguing possibility that 5-HT release
and its reuptake are not independent processes, and are co-
regulated by the same or overlapping protein complexes.

SERT inhibitors not only inhibit 5-HT uptake activity, but can
also affect interactions of the SERT with SIPs. Carneiro et al.
reported that 5-HT decreased the SERT/HIC5 association, while
citalopram not only enhanced SERT/HIC5 association but blocked
the ability of 5-HT to decrease this association [57]. Chanrion et al.
[41] also reported that SERT uptake can activate the catalytic
activity of nNOS in a calmodulin-dependent manner that can be
blocked by the SERT inhibitors, citalopram or paroxetine.
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Fig. 2. Allosteric interactions lead to altered inhibitor binding at the primary site, changed extracellular 5-HT levels, in context of SERT interacting proteins (SIPs). In
presynaptic terminals, the serotonin (5-HT) transporter (SERT) serves to transport 5-HT from the extracellular space back into presynaptic neurons. The SERT has a primary
site (PS), and an allosteric site (AS) for the inhibitors escitalopram (S) and R-citalopram (R). A hypothetically selective allosteric modulator (A) is also shown. The SERT has
physical binding contacts with SERT interacting proteins (SIPs) including HIC5, nNOS, synucleins (- and vy-), protein phosphatase PP2A, protein kinases PKA/PKC/PKG, PICK1,
myosin IIA, syntaxin 1A, SCAMP2, and MRP. (Note the contact locations between the SERT and SIPs in the drawings are arbitrary for demonstration purpose.) Between the
SERT and SIPs, some interactions modulate the surface density and/or uptake function of the SERT (a), while other interactions may hypothetically lead to signaling through
individual functions of SIPs, as shown by dotted arrows (b). Escitalopram binding to an allosteric site enhances its binding affinity at the primary site (as suggested by the
decreased dissociation rate of escitalopram from the primary site), resulting in a greater increase in extracellular 5-HT levels. R-citalopram (R), which has much lower affinity
than escitalopram for the primary binding site, may bind to an allosteric site and in doing so interfere with the ability of escitalopram to allosterically enhance its own affinity
(as suggested by the reduced association rate of escitalopram in the presence of R-citalopram), resulting in a lower extracellular 5-HT increase. A selective allosteric
modulator (A) may only bind to an allosteric site, potentially modulating binding at the primary site. Abbreviations: A, selective allosteric modulator; PS, primary site; AS,
allosteric site; S, escitalopram; R, R-citalopram; SERT, serotonin transporter; SIPs, SERT interacting proteins. The diagram showing allosteric interactions is based on one by

Sanchez [14].

Considering the SIP-interacting domains of the SERT in relation
to its uptake function, a rare human SERT mutant (Ile425Leu)
found in autism patients with rigid-compulsive traits, retains
uptake function (though a gain of function is also present) but has a
deficit in trafficking due to altered SERT interaction with PP2A [68].
[le425Leu may reside in a domain that is independent of, or
allosteric to the substrate-binding site.

At protein complex level, the SERT may have different binding
sites to which small molecules could bind and modulate its 5-HT
uptake activity versus other functions linked to SIPs. The allosteric
binding site related to the effects of TM 10, 11, and 12 mutations, as
mapped by escitalopram binding, represents one example.
Interaction of escitalopram with the SERT at the allosteric site
modulates SERT binding activity at the primary site, as shown in

dissociation and association studies (see Introduction). These
interactions are presented in the context of SIPs in a schematic
model in Fig. 2, depicting that allosteric interactions potentially
lead to altered inhibitor binding and altered extracellular 5-HT
levels. Some interactions between the SERT and SIPs can also
modulate the surface density and/or uptake function of the SERT,
as shown in Fig. 2a. The interactions between the SERT and some
other SIPs are less well defined but may hypothetically lead to
signaling through individual functions of those SIPs (Fig. 2b).

5. Discrete allosteric modulators of SERT

The understanding of the mechanisms and in vivo consequences
of the allosteric interactions between the SERT and SSRIs like
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escitalopram or R-citalopram, is complicated by both compounds
having potent primary site binding interactions [13]. For GPCRs,
many selective allosteric compounds without primary (orthos-
teric) site activities have served as valuable tool compounds for
both pharmacological intervention and in enhancing the under-
standing of the physiological and pathophysiological roles of
GPCRs. Examples include the positive allosteric modulators (PAMs)
and negative allosteric modulators (NAMs) for metabotropic
glutamate receptors and muscarinic acetylcholine receptors
[69,70]. Similarly, for nicotinic acetylcholine receptors including
the 432 and a7 subtypes, allosteric modulators can prove to have
therapeutic benefits in areas of high unmet medical need such as
pain, Alzheimer’s disease and schizophrenia [71-73].

A selective allosteric compound devoid of primary site binding
activities is a key to better characterizing the physiology and
pathophysiology of allosteric interactions. A series of naphthalene
derivatives of citalopram have been synthesized to explore the
spatial requirements of the primary and allosteric site interactions.
A citalopram derivative with a 1-naphthyl group replacing the 4-
fluorophenyl ring is a relatively selective allosteric modulator. Its
enantiomers are allosteric modulator (ECsq values of 14-19 M,
for S- and R-enantiomers), while their affinities for the primary site
are weak (K; values of 213 and 97 nM, for the S- and R-enantiomers,
respectively) [74]. Compared to citalopram, these derivatives do
not have the same degree of stereoselectivity for the primary
binding site, as the S-enantiomers are weaker than escitalopram.
However, their allosteric activities are comparable to those of
escitalopram, in the low micromolar range.

In addition to directly inhibiting 5-HT uptake, escitalopram
exerts its pharmacological efficacy by also acting as an allosteric
SERT inhibitor. Structural evidence for allosteric interactions has
depended on heterologous recombinant expression in cells.
Confirmation from animals with a SERT allosteric site disrupted
will aid immeasurably in providing a physiological context for
these in vitro studies. Studies in citalopram insensitive (I1172M
knock-in) mice [75] showed that transgenic mice bearing the
[172M mutation, that abolishes citalopram binding without
impacting that of 5-HT, possess normal basal 5-HT levels and
transport rates but lack the response to citalopram in terms of
increased 5-HT and Raphe neuron firing modulation. Knock-in
mice bearing the mutations ALI — VFL (ALI/VFL), Il — VT (II/VT),
MS — SN (MS/SN), and SI — TT (SI/TT) [76] under development
(M.G.C. unpublished) will provide an additional level in under-
standing the allosteric properties of the SERT.

6. Conclusions

The primary function of the SERT is 5-HT uptake. It also interacts
with various SIPs that may affect its uptake function. The SERT and
its interacting partners possibly exist in vivo as part of a protein
interaction network, a SERT interactome. The allosteric interactions
discovered between the SERT and escitalopram have helped explain
some of the preclinical and clinical properties of escitalopram.
Further characterization of the nature of SERT allosteric modulation
with respect to uptake, regulation, and trafficking, together with the
study of various dynamic inter-molecular interactions within the
SERT protein network may provide novel physiological insights into
SERT function that will extend understanding of the nuances of 5-HT
signaling in human disease states.

Financial interests disclosure

The work by HZ and CS was performed as employees of
Lundbeck Research USA, Inc.

A Sponsored Research Agreement was provided by Lundbeck to
MGC in partial support of the work summarized in this paper.

Lundbeck also provided Duke University with unrestricted gifts.
MGC has provided consultancy to Merck, Roche, Forest Laborato-
ries and Omeros Corp.

Acknowledgments

The authors thank their colleagues at Lundbeck, Drs David
Simpson, Klaus Peter Bagesg, Sidney W. Topiol, Carlos Forray, Tine
Bryan Stensbel, and Christian Thomsen, for helpful insights and
comments.

References

[1] Blier P, De Montigny C. Serotonin and drug-induced therapeutic responses in
major depression, obsessive-compulsive and panic disorders. Neuropsychophar-
macology 1999;21:91S-8S.

[2] Boer U, Noll C, Cierny I, Krause D, Hiemke C, Knepel W. A common mechanism of
action of the selective serotonin reuptake inhibitors citalopram and fluoxetine:
reversal of chronic psychosocial stress-induced increase in CRE/CREB-directed
gene transcription in transgenic reporter gene mice. Eur ] Pharmacol
2010;633:33-8.

[3] Bunney BG, Bunney WE. Rapid-acting antidepressant strategies: mechanisms of
action. Int ] Neuropsychopharmacol 2011;1-19.

[4] Changeux JP, Edelstein S]. Allosteric mechanisms of signal transduction. Science
2005;308:1424-8.

[5] Kenakin T. Collateral efficacy in drug discovery: taking advantage of the good
(allosteric) nature of 7TM receptors. Trends Pharmacol Sci 2007;28:407-15.

[6] Gao ZG, Jacobson KA. Keynote review: allosterism in membrane receptors. Drug
Discov Today 2006;11:191-202.

[7] Wennogle LP, Meyerson LR. Serotonin modulates the dissociation of [3H]imip-
ramine from human platelet recognition sites. Eur J Pharmacol 1982;86:
303-7.

[8] Plenge P, Mellerup ET. An affinity-modulating site on neuronal monoamine
transport proteins. Pharmacol Toxicol 1997;80:197-201.

[9] Millan M]. Multi-target strategies for the improved treatment of depressive
states: conceptual foundations and neuronal substrates, drug discovery and
therapeutic application. Pharmacol Ther 2006;110:135-370.

[10] Nandi A, Dersch CM, Kulshrestha M, Ananthan S, Rothman RB. Identification
and characterization of a novel allosteric modulator (SoRI-6238) of the sero-
tonin transporter. Synapse 2004;53:176-83.

[11] Nightingale B, Dersch CM, Boos TL, Greiner E, Calhoun WJ, Jacobson AE, et al.
Studies of the biogenic amine transporters: XI. Identification of a 1-[2-[bis(4-
fluorophenyl)methoxy]ethyl]-4-(3-phenylpropyl)piperazine (GBR12909) an-
alog that allosterically modulates the serotonin transporter. ] Pharmacol Exp
Ther 2005;314:906-15.

[12] Sanchez C, Bogeso KP, Ebert B, Reines EH, Braestrup C. Escitalopram versus
citalopram: the surprising role of the R-enantiomer. Psychopharmacology
(Berl) 2004;174:163-76.

[13] Zhong H, Hansen KB, Boyle NJ, Han K, Muske G, Huang X, et al. An allosteric
binding site at the human serotonin transporter mediates the inhibition of
escitalopram by R-citalopram: kinetic binding studies with the ALI/VFL-SI/TT
mutant. Neurosci Lett 2009;462:207-12.

[14] Sanchez C. The pharmacology of citalopram enantiomers: the antagonism by
R-citalopram on the effect of S-citalopram. Basic Clin Pharmacol Toxicol 2006;99:
91-5.

[15] El Mansari M, Sanchez C, Chouvet G, Renaud B, Haddjeri N. Effects of acute and
long-term administration of escitalopram and citalopram on serotonin neu-
rotransmission: an in vivo electrophysiological study in rat brain. Neuropsy-
chopharmacology 2005;30:1269-77.

[16] Mnie-Filali O, Faure C, El Mansari M, Lambas-Senas L, Berod A, Zimmer L, et al.
R-citalopram prevents the neuronal adaptive changes induced by escitalo-
pram. Neuroreport 2007;18:1553-6.

[17] Mork A, Kreilgaard M, Sanchez C. The R-enantiomer of citalopram counteracts
escitalopram-induced increase in extracellular 5-HT in the frontal cortex of
freely moving rats. Neuropharmacology 2003;45:167-73.

[18] Storustovu S, Sanchez C, Porzgen P, Brennum LT, Larsen AK, Pulis M, et al. R-
citalopram functionally antagonises escitalopram in vivo and in vitro: evi-
dence for kinetic interaction at the serotonin transporter. Br J Pharmacol
2004;142:172-80.

[19] Sanchez C, Gruca P, Papp M. R-citalopram counteracts the antidepressant-like
effect of escitalopram in a rat chronic mild stress model. Behav Pharmacol
2003;14:465-70.

[20] El Mansari M, Wiborg O, Mnie-Filali O, Benturquia N, Sanchez C, Haddjeri N.
Allosteric modulation of the effect of escitalopram, paroxetine and fluoxetine:
in-vitro and in-vivo studies. Int ] Neuropsychopharmacol 2007;10:31-40.

[21] Chen F, Larsen MB, Neubauer HA, Sanchez C, Plenge P, Wiborg O. Characteri-
zation of an allosteric citalopram-binding site at the serotonin transporter. ]
Neurochem 2005;92:21-8.

[22] ChenF, Larsen MB, Sanchez C, Wiborg O. The S-enantiomer of R, S-citalopram,
increases inhibitor binding to the human serotonin transporter by an allosteric
mechanism. Comparison with other serotonin transporter inhibitors. Eur
Neuropsychopharmacol 2005;15:193-8.



442 H. Zhong et al./Biochemical Pharmacology 83 (2012) 435-442

[23] Tanum L, Strand LP, Refsum H. Serum concentrations of citalopram-dose-
dependent variation in R- and S-enantiomer ratios. Pharmacopsychiatry
2010;43:190-3.

[24] Singh SK, Yamashita A, Gouaux E. Antidepressant binding site in a bacterial
homologue of neurotransmitter transporters. Nature 2007;448:952-6.

[25] Zhou Z, Zhen ], Karpowich NK, Goetz RM, Law CJ, Reith ME, et al. LeuT-
desipramine structure reveals how antidepressants block neurotransmitter
reuptake. Science 2007;317:1390-3.

[26] Sur C, Betz H, Schloss P. A single serine residue controls the cation dependence
of substrate transport by the rat serotonin transporter. Proc Natl Acad SciU S A
1997;94:7639-44.

[27] Henry LK, Field JR, Adkins EM, Parnas ML, Vaughan RA, Zou MF, et al. Tyr-95
and Ile-172 in transmembrane segments 1 and 3 of human serotonin trans-
porters interact to establish high affinity recognition of antidepressants. ] Biol
Chem 2006;281:2012-23.

[28] Andersen], Olsen L, Hansen KB, Taboureau O, Jorgensen FS, Jorgensen AM, et al.
Mutational mapping and modeling of the binding site for (S)-citalopram in the
human serotonin transporter. ] Biol Chem 2010;285:2051-63.

[29] Koldso H, Severinsen K, Tran TT, Celik L, Jensen HH, Wiborg O, et al. The two
enantiomers of citalopram bind to the human serotonin transporter in re-
versed orientations. ] Am Chem Soc 2010;132:1311-22.

[30] Andersen ], Taboureau O, Hansen KB, Olsen L, Egebjerg ], Stromgaard K, et al.
Location of the antidepressant binding site in the serotonin transporter:
importance of Ser-438 in recognition of citalopram and tricyclic antidepres-
sants. ] Biol Chem 2009;284:10276-84.

[31] Neubauer HA, Hansen CG, Wiborg O. Dissection of an allosteric mechanism on
the serotonin transporter: a cross-species study. Mol Pharmacol 2006;69:
1242-50.

[32] Loland CJ, Plenge P, Shi L, Zhang P, Javitch JA, Newman AH, et al. Mapping of the
allosteric binding site in the serotonin transporter. Basic Clin Pharmacol
Toxicol 2010;107:116-7.

[33] Blakely RD, Ramamoorthy S, Schroeter S, Qian Y, Apparsundaram S, Galli A,
et al. Regulated phosphorylation and trafficking of antidepressant-sensitive
serotonin transporter proteins. Biol Psychiatry 1998;44:169-78.

[34] Torres GE, Yao WD, Mohn AR, Quan H, Kim KM, Levey Al, et al. Functional
interaction between monoamine plasma membrane transporters and the
synaptic PDZ domain-containing protein PICK1. Neuron 2001;30:121-34.

[35] Zahniser NR, Doolen S. Chronic and acute regulation of Na*/Cl--dependent
neurotransmitter transporters: drugs, substrates, presynaptic receptors, and
signaling systems. Pharmacol Ther 2001;92:21-55.

[36] Haase ], Killian AM, Magnani F, Williams C. Regulation of the serotonin
transporter by interacting proteins. Biochem Soc Trans 2001;29:722-8.

[37] Steiner JA, Carneiro AM, Blakely RD. Going with the flow: trafficking-dependent
and -independent regulation of serotonin transport. Traffic 2008;9:1393-402.

[38] Wersinger C, Rusnak M, Sidhu A. Modulation of the trafficking of the human
serotonin transporter by human alpha-synuclein. Eur ] Neurosci 2006;24:55-64.

[39] Wersinger C, Sidhu A. Partial regulation of serotonin transporter function by
gamma-synuclein. Neurosci Lett 2009;453:157-61.

[40] Muller HK, Wiborg O, Haase J. Subcellular redistribution of the serotonin trans-
porter by secretory carrier membrane protein 2. ] Biol Chem 2006;281:28901-9.

[41] Chanrion B, Mannoury la CC, Bertaso F, Lerner-Natoli M, Freissmuth M, Millan
My], et al. Physical interaction between the serotonin transporter and neuronal
nitric oxide synthase underlies reciprocal modulation of their activity. Proc
Natl Acad Sci U S A 2007;104:8119-24.

[42] Rizo J, Rosenmund C. Synaptic vesicle fusion. Nat Struct Mol Biol 2008;15:
665-74.

[43] Quick MW. Regulating the conducting states of a mammalian serotonin
transporter. Neuron 2003;40:537-49.

[44] Ciccone MA, Timmons M, Phillips A, Quick MW. Calcium/calmodulin-depen-
dent kinase Il regulates the interaction between the serotonin transporter and
syntaxin 1A. Neuropharmacology 2008;55:763-70.

[45] Blackshear PJ. The MARCKS family of cellular protein kinase C substrates. ] Biol
Chem 1993;268:1501-4.

[46] Jess U, El FO, Kirsch ], Betz H. Interaction of the C-terminal region of the rat
serotonin transporter with MacMARCKS modulates 5-HT uptake regulation by
protein kinase C. Biochem Biophys Res Commun 2002;294:272-9.

[47] Mochizuki H, Amano T, Seki T, Matsubayashi H, Mitsuhata C, Morita K, et al.
Role of C-terminal region in the functional regulation of rat serotonin trans-
porter (SERT). Neurochem Int 2005;46:93-105.

[48] Clark K, Langeslag M, Figdor CG, van Leeuwen FN. Myosin II and mechan-
otransduction: a balancing act. Trends Cell Biol 2007;17:178-86.

[49] Betapudi V. Myosin Il motor proteins with different functions determine the
fate of lamellipodia extension during cell spreading. PLoS One 2010;5:e8560.

[50] Ozaslan D, Wang S, Ahmed BA, Kocabas AM, McCastlain JC, Bene A, et al.
Glycosyl modification facilitates homo- and hetero-oligomerization of the
serotonin transporter. A specific role for sialic acid residues. ] Biol Chem
2003;278:43991-4000.

[51] Dev KK. PDZ domain protein-protein interactions: a case study with PICK1.
Curr Top Med Chem 2007;7:3-20.

[52] Hanley ]JG. PICK1: a multi-talented modulator of AMPA receptor trafficking.
Pharmacol Ther 2008;118:152-60.

[53] Thorsen TS, Madsen KL, Rebola N, Rathje M, Anggono V, Bach A, et al.
Identification of a small-molecule inhibitor of the PICK1 PDZ domain that
inhibits hippocampal LTP and LTD. Proc Natl Acad Sci U S A 2010;107:413-8.

[54] Heitzer MD, DeFranco DB. Hic-5, an adaptor-like nuclear receptor coactivator.
Nucl Recept Signal 2006;4:e019.

[55] Caltagarone J, Hamilton RL, Murdoch G, Jing Z, DeFranco DB, Bowser R. Paxillin
and hydrogen peroxide-inducible clone 5 expression and distribution in
control and Alzheimer disease hippocampi. ] Neuropathol Exp Neurol
2010;69:356-71.

[56] Carneiro AM, Ingram SL, Beaulieu JM, Sweeney A, Amara SG, Thomas SM, etal. The
multiple LIM domain-containing adaptor protein Hic-5 synaptically colocalizes
and interacts with the dopamine transporter. ] Neurosci 2002;22:7045-54.

[57] Carneiro AM, Blakely RD. Serotonin-, protein kinase C-, and Hic-5-associated
redistribution of the platelet serotonin transporter. ] Biol Chem 2006;281:
24769-80.

[58] Spillantini MG, Goedert M. The alpha-synucleinopathies: Parkinson’s disease,
dementia with Lewy bodies, and multiple system atrophy. Ann N Y Acad Sci
2000;920:16-27.

[59] Giasson BI, Duda JE, Forman MS, Lee VM, Trojanowski JQ. Prominent perikaryal
expression of alpha- and beta-synuclein in neurons of dorsal root ganglion and
in medullary neurons. Exp Neurol 2001;172:354-62.

[60] Schonthal AH. Role of serine/threonine protein phosphatase 2A in cancer.
Cancer Lett 2001;170:1-13.

[61] Steiner JA, Carneiro AM, Wright J, Matthies HJ, Prasad HC, Nicki CK, et al.
cGMP-dependent protein kinase lalpha associates with the antidepressant-
sensitive serotonin transporter and dictates rapid modulation of serotonin
uptake. Mol Brain 2009;2:26.

[62] Zhu CB, Lindler KM, Campbell NG, Sutcliffe JS, Hewlett WA, Blakely RD.
Colocalization and regulated physical association of presynaptic serotonin
transporters with A3 adenosine receptors. Mol Pharmacol 2011;80:458-65.

[63] Ramakrishnan R, Sheeladevi R, Namasivayam A. Regulation of protein kinases
and coregulatory interplay of S-100beta and serotonin transporter on seroto-
nin levels in diabetic rat brain. ] Neurosci Res 2009;87:246-59.

[64] Diering GH, Church J, Numata M. Secretory carrier membrane protein 2
regulates cell-surface targeting of brain-enriched Na*/H" exchanger NHES5. ]
Biol Chem 2009;284:13892-903.

[65] LiuL,LiaoH, Castle A, Zhang ], Casanova ], Szabo G, et al. SCAMP2 interacts with
Arf6 and phospholipase D1 and links their function to exocytotic fusion pore
formation in PC12 cells. Mol Biol Cell 2005;16:4463-72.

[66] Zhou L, Zhu DY. Neuronal nitric oxide synthase: structure, subcellular locali-
zation, regulation, and clinical implications. Nitric Oxide 2009;20:223-30.

[67] Cusick ME, Klitgord N, Vidal M, Hill DE. Interactome: gateway into systems
biology. Hum Mol Genet 2005;14:R171-81.

[68] Prasad HC, Steiner JA, Sutcliffe ]S, Blakely RD. Enhanced activity of human
serotonin transporter variants associated with autism. Philos Trans R Soc Lond
B Biol Sci 2009;364:163-73.

[69] Conn PJ, Christopoulos A, Lindsley CW. Allosteric modulators of GPCRs: a novel
approach for the treatment of CNS disorders. Nat Rev Drug Discov 2009;8:41-54.

[70] Keov P, Sexton PM, Christopoulos A. Allosteric modulation of G protein-coupled
receptors: a pharmacological perspective. Neuropharmacology 2011;60:24-35.

[71] Arneric SP, Holladay M, Williams M. Neuronal nicotinic receptors: a perspective on
two decades of drug discovery research. Biochem Pharmacol 2007;74:1092-101.

[72] Pandya A, Yakel JL. Allosteric modulators of the alpha4beta2 subtype of neuronal
nicotinic acetylcholine receptors. Biochem Pharmacol 2011;82:952-8.

[73] Wallace TL, Porter RH. Targeting the nicotinic alpha7 acetylcholine receptor to
enhance cognition in disease. Biochem Pharmacol 2011;82:891-903.

[74] Bogese K, Bregnedal P, Juhl K, Zhong H, Wiborg O. New naphthalene deriva-
tives of citalopram discriminate between the primary and the allosteric
binding sites at the human serotonin transporter. Basic Clin Pharmacol Toxicol
2010;107:210.

[75] Thompson BJ, Jessen T, Henry LK, Field JR, Gamble KL, Gresch PJ, et al. Transgenic
elimination of high-affinity antidepressant and cocaine sensitivity in the pre-
synaptic serotonin transporter. Proc Natl Acad Sci U S A 2011;108:3785-90.

[76] Owens M]. C.20.01 New pharmacological tools in evaluation of antidepressant
molecules. Eur Neuropsychopharmacol 2007;17:5610.



	Consideration of allosterism and interacting proteins in the physiological functions of the serotonin transporter
	Introduction
	Allosteric interactions in the SERT
	Beyond 5-HT uptake - SERT interacting proteins
	Syntaxin 1A
	Myristoylated alanine-rich C kinase substrate related protein (MRP)
	Myosin IIA
	Protein interacting with C kinase 1 (PICK1)
	Hydrogen peroxide-inducible clone 5 (HIC5)
	&alpha;-Synuclein and &gamma;-synuclein
	Protein phosphatase 2A
	Protein kinases
	Secretory carrier membrane protein 2 (SCAMP2)
	Neuronal nitric oxide synthase (nNOS)
	Protein interaction network of the SERT

	SIPs and allosteric mechanisms may reveal novel aspects of SERT functions
	Discrete allosteric modulators of SERT
	Conclusions
	Financial interests disclosure
	Acknowledgments
	References


