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Abstract

The serotonin transporter (SERT) as a member of the sodium-coupled
neurotransmitter transporters (NSS) plays a crucial role in the termination of
serotonin signalling. Alterations of intrinsic transporter function and regulation are
associated with psychiatric diseases and physiological disorders. A great deal of
effort has been taken to unravel SERT regulation and transport mechanism.
Phosphatidylinositol-4,5-bisphosphate (PIP,) is involved in several major cellular
regulatory processes and was also shown to play a role in the regulation of integral
membrane proteins, like ion channels (Gamper and Shapiro, 2007a). PIP, as well as
cholesterol have been found to be enriched in membrane microdomains where also
SERT was found to be located and regulated (Chang et al., 2012). Nevertheless, a
regulatory effect of PIP, on SERT fluxes has never been investigated before. This
work examined the role of PIP, on SERT transport flux by using a heterologous
expression system. It could be shown that the PLC activator m-3M3FBS was able to
deplete PIP, in HEK-hSERT cells resulting in reduced amphetamine-induced efflux
rates but unchanged ligand influx. To preclude the possibility that observed
reduction of efflux rates is caused by activation of second messengers due to
cleavage of PIP, via PLC, inhibition of PIP, synthesis via the substance PAO was
investigated. Indeed, the same reduction in efflux but without affecting influx rates
could be demonstrated which verified that this effect was caused by PIP, depletion
rather than via activation of second messengers. These results indicate that PIP,
directly effects amphetamine induced transporter efflux indicating that this could be
mediated via direct binding of PIP, to SERT. Computational analysis revealed two
positively charged amino acids K352 (helix 6) and K460 (helix 9), located in the
intracellular loops of SERT, as potential binding sites for PIP,. Mutagenesis of both
amino acids did not alter intrinsic transporter function but displayed the exact same
effect as was observed for PIP, depletion. K352A/K460A double mutation in hSERT
did affect neither substrate influx nor trafficking to the surface, but was shown to
markedly reduce amphetamine induced efflux rates. Therefore it could be
demonstrated that PIP, modulates SERT flux selectively, by only affecting efflux
and that this modulation occurs most likely via direct binding of PIP, to the amino
acids K352 K460.



1.Aim of Thesis

Neurotransmitter transporters play a crucial role in neurotransmission and
maintenance of neurotransmitter homeostasis (21752877). They are the main
targets of some of the most effective drugs applied in psychiatric and neurological
treatment. However, still little is known about their exact function and regulation.
In the human brain serotonin is one of the main neurotransmitters and the
serotonergic system has been found to be dysfunctional in several diseases, like
depressive disorder, anxiety, Obsessive-Compulsive Disorder (OCD), and autism
(Daws and Gould, 2011). After its release, the action of serotonin at its pre- and
postsynaptic receptors needs to be terminated: this constitutes the main
physiological function of the serotonin transporter (SERT). It is therefore of utmost
relevance to unravel the regulation of SERT and to fully understand its disease
related alterations. SERT is a member of the sodium/chloride coupled transporter
family and is subject to modulation by intracellular associated proteins, e.g. protein
kinase C (PKC). However, recent evidence emerged that the plasma membrane
itself influences transporter function (Hong and Amara, 2010; Scanlon et al., 2001).
Another membrane constituent, the phospholipid PIP, (phosphatidyl-4,5-
bisphosphate), a component of the inner leaflet of the plasma membrane is known
to be involved in many regulatory events and was also shown to impact function of
ion channels (Gamper and Shapiro, 2007a; Hernandez et al., 2009; Li et al., 2005).
Based on preliminary results generated in the lab of Prof. Sitte, demonstrating that
PIP, (i) could be depleted from HEK (human embryonic kidney)-SERT cells using
the phospholipase C (PLC) activator m-3M3FBS (i) binds in vitro to SERT via a pull-
down assay by using PIP,-coated beads and (iii) interacts most likely with the two
amino acids K352 (helix 6) and K460 (helix 9) as was suggested by in-silico
computational modeling.

The aim of my diploma thesis was to investigate the influence of PIP, on SERT
mediated substrate flux by performing uptake and efflux measurements and to
further characterize the importance of two amino acids K460 and K352 for
interaction of PIP, with SERT. As both amino acids are lysines (K) and therefore
positively charged, they are believed to interact electrostatically with negative
charged head group of PIP,. Furthermore the calculated distance of 12A would

perfectly fit the size of the PIP, headgroup (—10A). Measuring the impact of PIP, on



SERT function, uptake and release assays have been performed by treating cells
with m-3M3FBS. As a PLC activator, m-3M3FBS triggers the sequestration of PIP, to
diacylglycerol (DAG) and Inositol-1, 4, 5-trisphosphat (IP3). This substance was
used to treat cells before uptake and release (measures efflux) assays were
performed. If PIP, has indeed an influence on SERT mediated currents it should
have an impact on either uptake or efflux or both.

Depending on results of these experiments it was further the aim to characterize
the physical SERT-PIP, interaction by creating a K352A/ K460A double mutant.
Therefore two positively charged amino acids would be exchanged against neutral
amino acid alanine. Further functional characterization of this double mutation

would then be performed.

Taken together, two hypotheses were concluded:

1) Loss of PIP, in the plasma membrane causes a change of serotonin

transporter flux in either efflux or influx (uptake) or both.

2) PIP, influences serotonin transporter flux by physically interacting with two
amino acids K460 and K352 within helix 9 and helix 6.



1.1.Introduction

1.2. Structure and Function of Neurotransmitter Transporter

Neuronal cells communicate with each other by using electrical and chemical
mechanism- to be more specific by creating action potential and releasing
neurotransmitter. Termination of neurotransmitter-mediated signaling can be
accomplished by (1) passive diffusion away from the synaptic cleft, (2) enzymatic
degradation of the neurotransmitter by enzymes within the synaptic cleft, and (3)
uptake of the neurotransmitter by the presynaptic neuron. The latter is managed by
neurotransmitter transporters which belong to the SLC6 (solute carrier 6) family.
The solute-carrier (SLC) family is a huge family comprising 51 groups and a total of
378 members (www.bioparadigms.org; status quo 2012). The SLCs are integral
membrane proteins that catalyse the energetically unfavourable movement of
solute molecules across a lipid bilayer and are involved in many different processes.
By controlling uptake and efflux of crucial compounds like amino acids (e.g.SLC1,
SLC7, SLC17), sugars (e.g. SLC2, SLC50, SLC37), nucleotides (e.g. SLC28,SLC35),
and drugs (e.g.SLC47) they play a crucial role in maintaining important processes
within and between cells. Solute carriers belong to the group of membrane
transporters that selectively transport specific molecules across the membrane with
the help of one or more ions. This means that their transport can be active (against
the concentration gradient) but contrary to active pumps (e.g. ABC-transporter)
they are not dependent on ATP (adenosine triphosphate).

With 21 members the SLC6 (Sodium-and chloride-dependent neurotransmitter
transporter) group is the fourth largest (see figure 1) and contains some of the
most prominent neurotransmitter transporters, like SERT (serotonin transporter),
GAT (GABA transporter), NET (norepinephrine transporter) and DAT (dopamine
transporter). As their group name implies nearly all transporters within this group
need sodium and chloride to transport their substrate through the membrane (there
are few exceptions that need only sodium). One specialty of these transporters is

that they transport the substrate across the membrane by using the “naturally



DARIs

in addition gave them the term
selective serotonin

(Busch and Saier, 2002)).
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respectively) are successfully used in treating depressive disorder; methylphenidate

their important role in disease and treatment of disease by targeting NSS, still little

reuptake inhibitors and selective norepinephrine reuptake inhibitor (SSRI, SNRI,
(dopamine reuptake inhibitors) drew attention in the treatment of obesity. Despite

The particular clinical importance of the transporters is a result of their involvement
in the treatment of neurological and psychiatric diseases. NSS are still the main

targets in the treatment of certain psychiatric disorders:
is used in the treatment of ADHD (attention deficit hyperactive syndrome)

occurring” sodium gradient (in<out), which
Neurotransmitter:Sodium Symporter (NSS
is known about their molecular structure and function.
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group, followed by SLC22 (26 members), SLC5 (23 members), and SLC6 (21 members).

within the different SLC groups. Therefore the SLC24 group with 46 members is the biggest
Note that the SLC6 group includes also non-neurotransmitter transporters.

Figure 1 Members of the SLC family. Bars represent the actual number of members



One reason is that there is still no crystal structure for any mammalian
neurotransmitter transporter available. A first breakthrough succeeded in 2005
when Yamashita and colleagues reported the crystallization of the bacterial leucine
transporter (LeuT) from Aquifex aeolicus in the presence of its substrate leucine
(Yamashita et al., 2005). LeuT is the prokaryotic homolog to mammalian
monoamine transporters of the SLC6 family. Since then the structure of LeuT has
been solved at high resolutions also bound to the competitive inhibitor tryptophan
(Singh et al., 2008) and several noncompetitive inhibitors, like desipramine,
clomipramine and other tricyclic antidepressants (TCAs) (Singh et al., 2007; Zhou
et al., 2007). As a matter of fact biochemical and genetic data from monoamine
transporters matched to the obtained structural data of LeuT. Although the overall
amino acid identity between LeuT and the mammalian NSS transporters is only 20-
25%, the core transport machinery shows 55-67% sequence similarity (Beuming et
al., 2006). Therefore we can assume structural and mechanistic details of the SLC6
transporters (Ravna et al., 2006; Wang and Lewis, 2010).

SLC6 neurotransmitter transporters (SLC6 NTTs) are mainly expressed in the CNS
and play an important role in the clearance of neurotransmitter molecules from the
synaptic cleft. Thus their substrates include all common neurotransmitters in the
mammalian CNS. As secondary active SLC6 transporter they use the
electrochemical potential of extracellular Na® (sodium) ions as energy source for
the transport of their substrate. In most of the cases extracellular chloride ions are
also co-transported but the exact role of chloride in the transport process is not
fully understood, however, transport by the bacterial ortholog LeuT is chloride
independent (Zomot et al., 2007). The uptake of the substrate can be maintained
against very large concentration gradients and the kinetics of the NTT-mediated
transport follows the Michaelis-Menten model (Berg JM, 2002) with substrate Ky
values in the lower micromolar range (5-50 pM) and maximal turnover rates
ranging from 1-20 substrate molecules per second.

The fact, that many membrane proteins are organized in complex quaternary
structures lead to the assumption that SLC6 NTTs are also organized in this way.
Indeed there is strong evidence that Na*/Cl-coupled transporters could exist in

oligomeric structures (Sitte and Freissmuth, 2003). It is known that NSS possess a



GxxG-motif as well as a leucine heptad repeat. GxxG (glycine-xx-glycine) is an
amino acid sequence motif that stabilizes helix—helix interactions in both membrane
and soluble proteins. The GxxG sequence motif has been found in transmembrane
a-helices and has been determined to stabilize the oligomerization of several
membrane proteins (Kleiger and Eisenberg, 2002). The leucine heptad repeat was
also found to be responsible for interactions between transmembrane segments
(Gurezka et al., 1999) and for the oligomer formation of transporters, like the rat
GABA transporter (Scholze et al., 2002). Furthermore these leucine heptad repeats
are highly conserved throughout the evolution of transporter proteins. Besides
structural evidence coming from the amino acid sequence a lot of experimental
data supported this hypothesis. By co-expressing differentially tagged transporters
in combination with immunoprecipitation, specific crosslinking techniques and FRET
(fluorescence resonance energy transfer) it could be shown that DAT (Torres et al.,
2003a), GAT and SERT (Just et al., 2004; Schmid et al., 2001) seem to form
dimeric or tetrameric structures (Farhan et al., 2006). By tagging two SERT
proteins with different epitope tags suggested a dimeric form of SERT with
functional interactions between subunits possibly giving rise to a tetrameric
structure (Kilic and Rudnick, 2000). Furthermore, studies have identified particular
transmembrane domains responsible for those interactions (Beck and Shaw, 2005;
Hastrup et al., 2001; Hastrup et al., 2003; Torres et al., 2003a). Amongst others,
the transmembrane domains (TMDs) 11 and 12 in SERT (Just et al., 2004), Cys-
306 (TMD6) as well as leucine heptad repeat in TMD2 in DAT have been identified

via mutational analysis so far.

Proposed mechanisms of substrate transport by neurotransmitter transporters were
generated mainly by using computational modeling approaches, electrophysiology
as well as molecular biology technigues. One has to keep in mind that those
mechanisms had never been observed per se but are models based on
crystallographic structures of mainly LeuT and experimental data. SERT transports
its substrate serotonin (5-HT) together with 1 sodium (Na") and 1chloride (CI") ion
(symport) against 1 potassium (K") ion (antiport). The K" ion is specialty of SERT.
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In doing so, energy for transport is supplied by the sodium gradient (in<out), the
chloride gradient (in<out) as well as by the potassium gradient (in>out).
5-HTe

M ”}njﬁjﬁ]p‘

Mechanism of serotonin transport. Coupling !‘
i to sodium, chloride and potassium gradients. - L
f

Conformational change is proposed to involve

fi
_ tilting of the 4-helix bundle (yellow) relative to
I ‘— the scaffold (blue). i ‘>
N

] 0%3 ‘j:h‘j . ‘»,//‘_ o

Figure 2 Proposed mechanism for the transport of serotonin by SERT. Extracellular

sodium (Na™) binds first and facilitates substrate binding (sodium bound open-out or
‘outward-facing’ conformation). This clears the pathway to the substrate binding site
(residues of TM1, 3, 6, and 8). Upon substrate and chloride (CI") binding, the external gate
closes to occlude the substrate from extracellular environment (occluded complex
conformation). Opening of the inner gate allows substrate and ions to dissociate and exit at
the intracellular face of the membrane (‘inward-facing’ conformation). Potassium (K¥)
enables the reverse conformational change, leading to extracellular K dissociation and

another cycle of transport. (Picture source :(Rudnick, 2011))

A common model for transport mechanism is the ‘alternating access mechanism’,
meaning that the binding sites for substrate and ions are exposed alternately to
one side of the membrane or the other (Forrest et al., 2008; Jardetzky, 1966). For
detailed information, see figure 2. Earlier studies of amino acid sequence of
neurotransmitter transporters (see figure 4) supposed a structure of 12
transmembrane domains (TMDs). Site-directed mutagenesis studies provided a way

to access which regions were accessible from the medium and are supposed to bind



11

the substrate. After all it was the crystal structure of bacterial homologues that
resolved the topology of the transporters. The structure of LeuT revealed that the
structure of transmembrane helices 1-5 is repeated, with an inverse topological
orientation, by helices 6-10 (5x5 inverted repeat motif). This topology is believed
also to be true for the neurotransmitter transporters. There are several excellent
reviews covering structural and functional changes during substrate transport
(Forrest and Rudnick, 2009; Henry et al., 2007; Kristensen et al., 2011; Rudnick,
2011).

Many members of the NSS family exhibit substrate-independent ion currents in
addition to substrate transports, so-called “leak” currents.

One interesting phenomenon of sodium/chloride-coupled neurotransmitter
transporter is that they can operate in two directions. Amongst other substances
amphetamines are known to induce reverse transport. Reverse transport has been
reported for many transporter (Roux and Supplisson, 2000; Seidel et al., 2005).
Since the concentration of sodium ions in the cytoplasm is much lower than in the
extracellular space, reverse transport is per se a rare event. However, if large
amount of substrates are transported, as mentioned before, ion conductance
becomes much larger and reverse transport is more likely to occur. There are two

proposed triggers of transporter-mediated efflux (Sitte and Freissmuth, 2010):

O) Sodium currents: accumulation of Na* on the intracellular side favors
inward-facing conformation and therefore drives efflux.

(i) Presence of releasing substrate, like amphetamine. Amphetamine was
shown to trigger inter alia Na® influx and pushing the transporter in a

channel mode.

Both oligomerization and apparently the N terminus have been shown to be of
importance for the action of amphetamines. Truncation of the N terminus was
found to abolish amphetamine-induced reverse transport in SERT (Sucic et al.,
2010) as well as in DAT (Seidel et al., 2005). PKC- and amphetamine-stimulated
phosphorylation of DAT on N-terminal serines (Cervinski et al., 2005; Foster et al.,

2002) as well as of SERT (Sucic et al., 2010) have been suggested to contribute to
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this mechanism by promoting a conformation of DAT favourable for reverse
transport.

Furthermore it was shown that MDMA (methylenedioximethamphetamine)
increases PKC translocation by two interrelated mechanisms that involve 5-
HT2A/2C receptors and 5-HT transporter (Kramer et al., 1997). Based on those
experimental observations, the oligomer-based counter-transport model is one
possible explanation how efflux could be facilitated in the first place, since influx
and efflux are not supposed to occur simultaneously (for more detailed explanation

see figure 3).

® 0
020
CX PCA® Sag

. Extraceliulor
“ InfraCediuiar

Figure 3 Oligomer-based counter-transport model. Influx and efflux pathway are

separate but contained within the oligomeric quaternary structure of the monoamine
transporter. Na® influx promoted by the uncoupled current, which is induced by
amphetamine analogues (here PCA) provides the driving force for the counter-transport; it
promotes the inward-facing conformation that extrudes substrate (here 5-HT). Left: Low
concentrations of PCA induces substrate (S) efflux by activating PKC mediated
phosphorylation resulting in conformational change which triggers channel mode (inward-
facing conformation). Right: Increase in PCA concentration causes a decline in substrate
release since PCA and substrate cannot pass simultaneously. At high PCA concentration all
serotonin transporters are occupied by PCA and substrate efflux is inhibited. Also, PKC
activity is inhibited preventing a switch to inward-facing conformation. This model explains
the experimental observation of a bell-shaped concentration-response curve of

amphetamine-induced efflux (Sitte and Freissmuth, 2010).
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1.3. Regulation of Neurotransmitter Transporter

It is well known that neurotransmitter transporters are regulated in a complex way.
A great effort has been taken on untangling the complex networks of regulatory
mechanisms that control transporter life and function. The major regulatory events

are:

i.  Synthesis and processing of the transporter
ii. Transport to the cell surface
iii.  Activation through its substrate
iv.  Phosphorylation followed by internalization

v. Recycling or degradation.

i Synthesis and Processing of Neurotransmitter Transporters

The three human monoamine transporters SERT, DAT, and NET are localized on
different chromosomes and exist (with exception of DAT) in different splice forms.
The gene of hSERT (SLC6A4) has been mapped to chromosome 17qgll (24kb;
13exons), hNET (SLC6A2) to chromosome 16q12.2 (45kb; 14 exons), and hDAT
has been localized to chromosome 5pl15.3 (65kb; 15 exons). Whereas several
regulatory factors binding to SERT gene promoter regions have been revealed
(Jayanthi and Ramamoorthy, 2005), little is known about transcriptional regulation
of DAT or NET. In addition it is worth mentioning, that the promoter region of the
hSERT is extensively studied in psychiatric field since it is highly polymorphic and
was shown to impact its expression levels (Heils et al., 1996) and binding of
regulatory proteins (Hu et al., 2006). This is one reason why there is much more
information regarding SERT compared to the other monoamine transporter. Amino
acid sequence analysis of DAT, SERT, and NET revealed numerous consensus sites
for protein kinases and putative cytoplasmic interactions motifs for binding of

second messengers (see Figure 4).
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Figure 4 Amino acid sequence and topology of monoamine transporters. (a) Amino
acid sequence alignment of human dopamine, norepinephrine, and serotonin transporters
shows a striking similarity. Sections I-XIl mark the different transmembrane domains
(TMDs) (see b). Conserved aspartate (D) residues, located in TMD1 are supposed to be
involved in monoamine transport (yellow box). The leucine (L)-repeats in TMD2, and the
glycophorin-like motif (see text) in TMD6 are supposed to play a role in oligomerization
(green box). Putative residues involved in conformational changes during substrate binding
are located between TMD6 and TMD 7 (blue box). The colour boxes within the parts of the
intracellular carboxyl termini represent interacting sites with Hic-5 (beige), synuclein (grey),
and PICK1 (purple), Rab4 (lime green box). (Picture source: adapted from (Torres et al.,

2003Db).
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ii. Trafficking and Transport to the Cell Surface

In most neurotransmitter transporters, the C-terminal region was found to be

crucial for targeting of the monoamine transporters to the plasma membrane:

Studies on GABA transporter 1 (GAT-1), a member of the SLC6 neurotransmitter
transporter, identified C-terminal amino acids motif *°°*YMI®"* which facilitates
transport from the ER to ERGIC (ER-Golgi intermediate compartment) and finally to
the cell surface (Farhan et al., 2008).

The C-terminus of SERT was shown to be critical for the delivery of SERT to the
plasma membrane as deletion of 17 or more amino acid residues had an
dramatically effect on uptake activity and expression on the surface. Furthermore
truncation of the C-terminus resulted in decreased level of glycosylation (Larsen et
al., 2006). It also contains a non-canonical PDZ domain mediating physical
interactions with several proteins. Moreover, it has been demonstrated that Sec24D
binds C-terminal on SERT and facilitates correct folding of the transporter (El-
Kasaby et al., 2010). Sec24 is one of five proteins of the COPIlI (coat protein
complex Il) vesicle coat which mediates the selective export of membrane proteins
from the endoplasmic reticulum (ER). Interestingly, in humans there are several
Sec24 isoforms, which showed a selective isoform-specific transport (Wendeler et

al., 2007) of a broad variety of proteins.

Similar requirements for the intracellular C-terminus have been observed for DAT
and NET. However, there are differences between these transporters: amino acids
at the very extreme ends of the C-terminus seem to be important for functional
expression of both DAT (Foster et al., 2006; Miranda et al., 2004) and NET
(Bauman and Blakely, 2002; Burton et al., 1998), whereas for SERT, deletions of

17 or more residues are necessary to affect uptake (Larsen et al., 2006).

DAT delivery to the surface has shown to be dependent on the last three C-terminal
residues (LKV). It was shown in endothelial cells, that alanine substitution of Lys-

590 and Asp-600 delayed the delivery of DAT to the cell membrane, due to
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retention in the endoplasmic reticulum. Interestingly, mutation of Gly-585 to
alanine completely blocked the exit of DAT from the ER and surface expression of
the transporter (Miranda et al., 2004). Furthermore, distinct but overlapping C-
terminal internalization signals in DAT are suggested to be conserved across SLC6
neurotransmitter transporters. Yet those motifs are not classical internalization
motifs which suggests that SLC6 neurotransmitter transporters may have evolved
unique endocytic mechanisms (Holton et al.,, 2005). The importance of
glycosylation for efficient transport to the plasma membrane also has been found
for SERT (Mercado and Kilic, 2010; Ozaslan et al., 2003) as well as for DAT (Li et
al., 2004).

ii. Activation through its Substrate

Out of clinical studies it is known that prolonged treatment with SSRIs causes a
decrease in serotonin transporter expression without affecting mRNA levels in vivo
(Benmansour et al., 1999). Hence, it was suggested that inhibition of SERT must
somehow lead to increased endocytosis of decreased transport to the surface. Vice
versa the binding of the ligand should therefore prevent such regulatory
interventions. One study showed that binding of 5-HT prevents PKC-mediated
internalization of SERT. Furthermore selective serotonin reuptake inhibitors
imipramine, paroxetine and citalopram could block the ability of 5-HT to limit PKC-
dependent phosphorylation. Interestingly they were able to show that amphetamine
reduces SERT surface expression up to 40% and that this reduction could be
prevented by 5-HT. Therefore it is assumed that translocation of the substrate may
result in a conformation that prevents phosphorylation via PKC and associated
sequestration or alternatively may alter phosphatase or accessory protein access to
PKC-dependent SERT phosphorylation sites, thereby limiting phosphorylation and
sequestration (Ramamoorthy and Blakely, 1999).

iv. Phosphorylation and Internalization

Analysis of amino acid sequences of NSS revealed presence of several consensus
sites for protein phosphorylation by cAMP-dependent protein kinase A (PKA),
protein kinase C (PKC), and Ca®*/calmodulin-dependent protein kinase. Therefore,

not surprisingly, many research groups focused on possible interaction and
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regulation on transporters activity and trafficking using mentioned candidates. One
major player is PKC. Although other protein kinases, like PKA (protein kinase A) and
PKG (protein kinase G) are known to phosphorylate the serotonin transporter, only
PKC was found to down-regulate 5-HT uptake. PKC is a single polypeptide,
comprised of an N-terminal regulatory region (20-40kDa) and a C-terminal catalytic
region (—45kDa). Members of the PKC family can be divided into conventional PKCs
(a, BI, BII, and y) which are regulated by Ca®*, novel PKCs (3, €, n, 8, and p) which
show no Ca?" interaction, and atypical PKCs. PKC uses ATP as substrates and
phosphorylates serine or threonine residues within basic amino acid sequences.
Unlike its cousin PKA there seems to be no classical binding motif and PKC shows
also a lower stereospecifity. PKC can be recruited to the plasma membrane via
diacylglycerol (DAG) which is one of the two products of phosphatidylinositol-4, 5-
bisphosphate (PIP,) cleavage by phospholipase C (PLC). DAG causes a dramatic
increase in PKCs membrane affinity and therefore serves as anchor for PKC to the
plasma membrane (Nishizuka, 1992) (see figure 5). Several studies showed that
the serotonin transporter is phosphorylated C-terminal by PKC, leading to
internalization and reduction of substrate transport velocity (Vmax) Yet without
affecting substrate affinity (Ky). Interestingly this regulatory mechanism seems to
be a biphasic event (Jayanthi et al., 2005) for the serotonin transporter. In the
early phase, activation of PKC induces phosphorylation initially on serine residues
followed by a phosphorylation of threonine residues in the late phase. In addition,
activation of PKC through B-PMA (B-phorbol myristate acetate) reduced uptake
rates which could be restored by the addition of SERT substrates. Within 5 minutes
of B-PMA treatment about two-third of inhibition of SERT activity was achieved with
no detectable decrease in surface expression. After 30 minutes, when PKC activated
internalization of SERT, resulting in decreased surface expression, only a modest
additional decrease in transport activity was measured. So, it is likely that
phosphorylation in the early phase attracts proteins that alter transport activity and
SERT is internalized afterwards. Looking at those results nearly answers the
question if the reduction in transport activity could be a consequence of the
internalization of SERT- it is highly unlikely. Furthermore there is evidence that the

direct phosphorylation itself has no influence on transporter activity. Even upon
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mutation of all predicted PKC phosphorylation sites PKC-mediated reduction of 5-HT
uptake was found (Sakai et al., 1997).
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Figure 5 Activation and signalling of PKC. Phospholipase C cleaves PIP, molecule
resulting in IP; (inositol-1,4,5-triphosphate) which induces Ca®* release from the
endoplasmic reticulum, and DAG (diacylglycerol) which recruits PKC (activated by Ca®*") to
the plasma membrane. Now PKC can phosphorylate different substrates resulting in

different signalling pathways. (Picture source © 2000, W. H. Freeman and Company)

Also, there are indications that the cytoskeleton may have an influence on
serotonin transporter activity (Sakai et al., 2000). A recent study could show that
SERT activity can be modulated depending on its membrane environment (Chang et
al., 2012). Using single quantum dots (Qdot)-labeling to track single transporter
molecules, they suggested that SERT can be present in two ‘compartments’. One in
which SERT can diffuse freely (no-raft state) and one where SERT is immobilized by
cytoskeletal proteins and constrained to membrane microdomains (tethered raft-
state). Whereas in the no-raft state SERT shown reduced activity, tethering to the
cytoskeleton causes SERT to display basal activity. Activation of signal molecules,

like p38MAPK, is believed to relax those cytoskeletal constraints but keeping SERT
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embedded within the membrane microdomain which leads to enhanced transport
activity. What makes this model interesting is the linkage between cytoskeleton,
membrane microdomains and SERT particularly since membrane microdomains are
rich in cholesterol and PIP-.

Recent studies laid focus on a very interesting protein, the MacMARCKS protein
(myristoylated alanine-rich C kinase substrate (MARCKS)-related protein) which
was shown to integrate Ca®**/calmodulin and protein kinase C-dependent signals in
the regulation of neurosecretion (Chang et al., 1996). MARCKS proteins consists of
three major domains: the myristylation site (MS) which anchors them into the
plasma membrane; the MARCKS-homology domain (MHD) with unknown function;
and the effector domain (ED) which is positively charged and enables binding to
calmodulin and cytoskeletal proteins (Hartwig et al., 1992). The effector domains of
MARCKS and MacMARCKS are nearly identical. What makes these finding so
interesting is that above mentioned effects of PKC and the cytoskeleton as well as
regulatory processes involving Ca®" could support the role of MARCKS proteins as
important interface in SERT regulation. Furthermore, MARCKS proteins are also
known as “pipmodulins”. It was found, that MARCKS proteins play a critical role in
the metabolism of PIP, (Kalwa and Michel, 2011) and the control of free PIP,
concentrations within the cell membrane. MARCKS interacts via the effector domain
with the plasma membrane. These interactions are supposed to be nonspecific
electrostatically (Gambhir et al., 2004). It is suggested that MARCKS reversibly
sequesters a significant fraction of the PIP, (and PIP3) in the inner leaflet of the
plasma membrane. Experimental data showed that overexpression of MARCKS in
neuronal or epithelial cells produced an increase in the total level of PIP, in the cell
which makes sense if the higher MARCKS concentration reduces the level of free
PIP,, causing the cell to compensate by increasing PIP, production to maintain a
constant free PIP, level (Lemmmon, 2003). Furthermore MARCKS was shown not to
be uniformly distributed in the plasma membrane several cell type but rather
restricted to certain areas in which concentrations of PIP kinases are also elevated
(Doughman et al., 2003). So, MARCKS seem to accumulate PIP, around certain
areas where it can be used to make local signal changes which again can be
regulated through local Ca®* concentrations. Since the effector domain of MARCKS

not only interacts with PIP2 molecules but also is the binding site of Ca?*-bound
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calmodulin (Ca/CaM), MARCKS can be hauled off the membrane via this interaction

(see figure 6).
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Figure 6 Regulation of PIP, availability via MARCKS protein. Low local Ca**
concentrations and low PKC activity allows MARCKS to associate with the plasma membrane
and thereby sequestering three PIP, molecules. Increase in local calcium concentrations
leads to activation and binding of Ca®*"bound calmodulin (Ca/CAM) to the effector domain of
MARCKS. This releases of MARCKS from the membrane which can set PIP, molecules free to

either diffuse away or allow binding of PIP, substrates and induce local signalling.

As a consequence of Ca/CaM binding followed by MARCKS release from the
membrane, PIP, molecules can laterally diffuse away from each other, abrogating
local PIP, accumulation, or to clear the way for binding of PIP, substrates.
Interestingly, it was shown that chronic treatment of lithium (mood stabilizing
drug) and valproate (an anticonvulsant and mood-stabilizing drug) in rat
hippocampus or cell culture could reduce the expression levels of PKC and MARCKS
(Lenox et al., 1996). To conclude a clinically significant role for MARCKS is too
early. So, taken together, PKC and MARCKS are likely to play a role in regulating
serotonin transporter function, whether directly through physical interaction or
indirectly by recruiting other proteins is not clear so far. The third key player and

central object of this work is PIP,. There is emerging evidence for PIP, to have an
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important impact on the function of neurotransmitter transporter which 1 will

discuss in the next section.

V. Recycling and Degradation

Most of the transporters rapidly internalize into the endosomes in a constitutive or
stimulus-dependent manner. Internalized transporters are either recycled back to
the plasma membrane or sorted to the lysosomes for degradation. Thereby
posttranslational modification seems to be of great importance, especially
ubiquitination (Miranda and Sorkin, 2007). SERT was found to interact with MAGE-
D1, an adaptor molecule of the ubiquitin-dependent degradation pathway. Knock-
out of MAGE-D1 was shown to increase expression of SERT in mice (Mouri et al.,
2012). Co-immunoprecipitation and uptake experiments in platelets, which also
express SERT, suggested the focal adhesion protein Hic-5 as a determinant of
transporter inactivation and relocation to a compartment subserving endocytic
regulation (Carneiro and Blakely, 2006). For DAT it was demonstrated, that PKC
activation both increases DAT endocytic rates and decreases DAT recycling back to
the plasma membrane (Loder and Melikian, 2003). Also, PKC activation leads to an
increase in ubiquitinylation and therefore accelerated degradation of DAT (Miranda
et al., 2005).
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1.4. Regulation of Neurotransmitter Transporter by membrane

components

Membranes are composed of a lipid bilayer, and organization within this structure
demands that the lipids have a dual nature. Indeed lipids within the plasma
membrane are amphiphilic, meaning that they consist of a hydrophobic part (tail;
side chains of fatty acids) and a hydrophilic part (head; a phosphate group) which
gave them the name phospholipids. The four major phospholipids within the
mammalian plasma membrane are phosphatidylcholine, phosphatidylethanolamine,
phosphatidylserine and sphingomyeline. Other phospholipids, like
ionositolphospholipids are more unfrequented. But it’s them playing a major role in
different cellular signaling processes as we will see. In addition there is another
molecule that is also an important part of the plasma membrane-cholesterol. And
cholesterol is a very interesting molecule with still unknown features. It is highly
abundant in the brain and mostly resides in the nonpolar portion of the lipid bilayer.
One characteristic of cholesterol is to raise the permeability barrier of the lipid
membrane and influence the transition range of the membrane. The latter means
that the membrane can exist in a fluid-like and solid-like state, and can be
transitioned at a certain temperature range from one into another. Depletion of
cholesterol was found decrease transporter activity in GAT, DAT, and SERT
(Miranda et al., 2007; Scanlon et al., 2001). Interestingly in all cases not only Vnax
but also Ky was found to be reduced following cholesterol depletion. However,
cholesterol is important for membrane integrity. Thereby changing membrane
fluidity state by depletion of cholesterol could be responsible for reduced
transporter activity in a more fundamental way. Also, the model of SERT regulation
via cytoskeleton and microdomains (see previous section) could explain those

observations.
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Figure 7 Schematic diagram of the phospholipase C (PLC)-PIP, cycle. Synthesis of
PIP2 (phosphatidylinositol-4,5-bisphosphate) is facilitated in two steps by two different
kinases. In the first step, phosphatidylinositol (PI) is phosphorylated on the fourth position
of its inositol ring by the phosphoinositide 4-kinase (P14-K) producing phospahtidyinositol-4-
phosphate) which is converted by the phosphoinositide 5-kinase (PI5-K) to
phosphatidylinositol-4,5-bisphosphate (PIP,). P14-K activity can be inhibited by phenylarsine
oxide (PAO). PLC can cleaves PIP, producing the second messengers inositol-(1,4,5)-
trisphosphate (IP3) and diacylglycerol (DAG). PLC activation can be facilitated by the
substance m-3MFBS. DAG again activates protein kinase C (PKC) which triggers several
signal transduction cascades, whereas IP3 binds to IP3-receptor of the endoplasmic
reticulum triggering Ca®" release (see figure 5). PKC activation can be prevented by the

chemical substance GF109203X. DAG can be hydrolysed by DAG lipases into arachidonic
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acid, a diffusible messenger, or recycled into phosphoinositide resynthesis through DAG
kinase-mediated phosphorylation to phosphatidic acid (PA). IP3 on the other hand can also

be recycled via several phosphorylation steps to inositol.

In vivo, seven distinct phosphoinositide species have been found and can be
distinguished on the basis of the degree respectively the position of
phosphorylation. Formation of distinct phosphoinositides is accomplished by
phosphoinositide kinases. In mammalian, 47 genes encode 19 different
phosphoinositide kinases and 28 phosphoinositide phosphatases, being both
responsible for interconversions amongst phosphoinositides. The four major
phosphoinositides (PI(3)P, PI(4)P, PI(3,5)P,, and PI(4,5)P,) are distributed in
restricted to specific membrane domains. PI(3)P is enriched in early endosomes,
P1(3,5)P, is present in the late endosomes and multivesicular bodies, PI(4)P is
particular abundant in the Golgi complex and the endoplasmic reticulum, whereas
P1(4,5)P, main distribution is found in the plasma membrane. The location of
P1(4,5)P, explains their important function as being the interface between
extracellular environment and the intracellular. Therefore it's not surprising that
P1(4,5)P, is involved in many important signaling processing with a high diversity of
interaction partners like cytoskeletal proteins, integral membrane proteins,
associated membrane proteins as well as transmembrane proteins. The enzymes
that produce PIP, are the phosphatidylinositol phosphate kinases (PIP kinases), a
family of lipid kinases that differs in amino acid conservation from all other lipid
kinases, but contains a kinase core domain with conserved catalytic residues that
bind ATP and Mg?". The PIP kinases are divided into three subfamilies, type I, I,
and 111 and each subfamily produce PIP, by unique mechanisms. An activation loop
within the PIP kinases defines substrate specificity (Rao et al., 1998).

So it has been shown that type | PIP kinase activity is necessary in actin
rearrangements adhesion, secretion, endocytosis, and ion channel regulation as
well as regulation of transporter (Huang, 2007; Kwiatkowska, 2010).

There is growing evidence that PIP;, influences the activity of membrane channels
(Rohacs, 2009), receptors (Gamper and Shapiro, 2007b) and transporters (Huang,

2007). But the exact mechanisms still remain to be elucidated.
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One possible mechanism could be direct interaction with PIP,. First evidence of a
direct interaction came from Huang and colleagues, demonstrating a direct binding
of PIP, to inward rectifier potassium channels (Huang et al., 1998). Subsequently
more and more studies provided evidence that this is also the case for many other
channels (Suh and Hille, 2008). 2008, a comprehensive study identified 388
proteins/protein complexes that appeared to interact specifically with the
phosphoinositide targets. Amongst others protein domains like PH, PX, PHD,
MARCKS, Annexin, Snare, and HEAT have been found to directly interact with PIP,
(Catimel et al., 2008). Given to the rising number of experimental data on ion
channels regarding PIP, interaction, it is under consideration how the binding takes
place. One hypothesis which is based on combined experimental data suggests a

correlation between strong PIP, binding and high PIP, selectivity.

Phospholipids can be converted into arachidonic acid (AA) by the enzyme
phospholipase A2 as well as by DAG lipase (see figure 7). Arachidonic acid belongs
to the polyunsaturated fatty acids, which are highly abundant in the brain, and can
act as a second messenger. Because of their structure (=1 double bond) they
influence membrane fluidity by decreasing its melting temperature. Besides that,
arachidonic acid was found to affect also transporter activity, like GABA (Chan et
al., 1983), glutamate (Volterra et al., 1992) and DAT (L’'Hirondel et al., 1995;
Zhang and Reith, 1996), differently. It is supposed that arachidonic acid modulates
ion channels and transporters in two ways: via direct binding to proteins and
through second messenger actions of AA metabolites. Furthermore AA stimulates
an inward current in oocytes expressing hDAT but did not affect the leak current.
Furthermore it was found that DA potentiates the AA-induced currents in the
absence of sodium and chloride which indicates that these currents arise from
processes distinct from those associated with substrate transport (Ingram and
Amara, 2000). Studies investigating effect of AA on SERT function are still missing,
but it was found that partial knock-out of SERT in mice and treatment with SSRIs
were associated with a profound reduction in arachidonic acid signalling (Fox et al.,
2007; Qu et al., 2006).
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Whereas most studies concerning SERT regulation have focused on regulatory
proteins involved in trafficking and folding of the transporter, investigations of the
influence of membrane components on SERT activity have started quite recently.
Nevertheless, recent results point to an important role especially of membrane

components, like PIP, in the regulation of the transporter activity.
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2 .Results

SERT activity was investigated in the presence of m-3M3FBS (2, 4, 6-
Trimethyl-N-[3-(trifluoromethyl) phenyl] benzenesulfonamide), an activator of
PLC (phospholipase C) which leads to the hydrolysis and thereby breakdown of
PIP,. Therefore, it was tested if PIP, was actual depleted in HEK293 cells that
stably expressed the human SERT (hSERT).

MALDI (matrix-assisted laser desorption and ionization) MS is known to be a
very sensitive approach for the determination of lipid content within cell
membranes (Johanson and Berry, 2009); therefore, it was used to quantify
the amount of PIP, caused by treatment of cells by the PLC activator m-

3M3FBS.
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Figure 8 Detection of PIP2 content by MALDI-MS. Analysis of phospholipid
content in HEK-SERT cells was performed after treatment with 0-3M3FBS (upper
panel) and m-3M3FBS (lower panel). The amount of PIP, species was calculated
relative to an internal standard (arrow). Following the treatment with m-3M3FBS, PIP,
was depleted (red frames) compared to 0-3M3FBS treated cells. (The signals at m/z

995.47, 1021.45 and 1047.47 correspond to the major PIP, molecular species
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detected from HEK-SERT cells). X-axis shows the mass/charge ratio (m/z); y-axis:
Absolute intensity (number of ions of each species that reaches the detector).

(Experiments were carried out by Dr. Gerald Stubiger and Valery Bochkov)

Indeed, m-3M3FBS treatment resulted in successful depletion of PIP, from the

plasma membranes compared to its inactive analog, 0-3M3FBS (2,4,6-

Trimethyl-N-[2-(trifluoromethyl)phenyl]benzenesulfonamide). So, it was
shown that the dramatic decrease of PIP, was caused rather by a activation of
PLC than through the substance 3M3FBS itself, as was demonstrated by also
using the inactive form, which is known not to be able activating PLC (Bae et

al., 2003).

2.1. Analysis of PIP, depletion on serotonin transporter activity

Uptake-assays were performed to investigate whether the serotonin
transporter was functionally active after PIP, depletion. Therefore, uptake
velocity of serotonin was measured in the presence of m-3M3FBS or 0-3M3FBS
and compared to the control. No significant difference in uptake velocity (Vmax)
or substrate affinity (K,,) amongst differently treated cells (see figure 9) could
be detected, showing that m-3M3FBS mediated activation of PLC, including the

following activation of PKC, does not influence SERT mediated uptake.
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Figure 9 Uptake of serotonin by HEK-SERT cells treated with PLC activator m-

3M3FBS and its inactive analog 0-3M3FBS compared to control. No significant
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changes in transport velocity (Vmax) or 5-HT affinity (K,,) were observed compared to

control conditions. Data was analysed using GraphPad Prism® software.

hSERT Control m-3M3FBS 0-3M3FBS
5-HT Uptake
Vmax = S.E. 450,7 + 30,6  413,5 + 20,3 458,9 + 25,3
Km £ S.E. 8,5%x1,5 7,0x1,0 7,912

Table 1 Statistical significance was calculated using two-way ANOVA followed by

Bonferroni’s post-hoc test.

Next, 1 examined the effects of the amphetamine derivative pCA (para-
Chloramphetamine) on efflux of radio-labelled MPP" (Methyl-4-
Phenylpyridinium Acetate, N-[Methyl-3H]) in the presence of m-3M3FBS by
performing a release assay. MPP* is a substance that is transported
throughout the DAT, NET and SERT (Ravna and Edvardsen, 2001). By doing
so, cells were loaded with radio-labelled MPP* and superfused (see chapter

6.2), and 2-min fractions were collected. At min 14, pCA was added to induce

efflux.
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Figure 10 Time course of pCA-induced, SERT-mediated efflux of [BH]MPP+
from HEK-SERT cells. The cells were loaded with 0.1 uM [3H]MPP+ and superfused,
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and 2-min fractions were collected. The different substances were added to the
superfusion buffer as indicated. At min 14, pCA (3uM) was added to induce efflux. The
superfusion experiment was carried out in the presence or absence of the PKC-
inhibitor GF109203X (1puM); m-3M3FBS or 0-3M3FBS were present (25 uM) and DMSO
was used in an equivalent volume for control purposes. The graph shows the mean
data from 3 superfusion experiments performed in triplicate (n=6-9). Statistical
significance was tested using Two-Way ANOVA with Bonferroni's post-hoc test: ***:

p<0.001, ns=not significant.

In these experiments, the amount of released MPP* was significantly
decreased Contrary to uptake experiments where m-3M3FBS showed no effect
on SERT mediated transport. Thus, PIP, depletion by m-3M3FBS obviously
effects efflux rather than influx rates. Next, the effect of the PKC inhibitor
GF109203X on pCA triggered efflux was investigated to rule out whether the
effect of m-3M3FBS is mediated by PKC. Addition of GF109203X diminished
efflux rates (p<0.001) but it did not affect the efflux reduction by m-3M3FBS
as it would have been expected if the observed reduction was mediated by
activation of PKC via PLC. Moreover, the effect of the PKC inhibitor was shown
to be more dramatic as for the activator of PLC and the effect of activating PLC
on efflux rates was not influenced by PKC inhibition as was demonstrated by
adding GF109203X and m-3M3FBS. Therefore, decrease in pCA mediated

efflux was shown to be caused by loss of PIP, in a PKC-independent way.

If the effect of m-3M3FBS is mediated by reduction of PIP,, an inhibitor of PIP,
synthesis should have similar effects. To investigate this | performed MPP™
release experiments and measured effects of m-3M3FBS compared to that of
Pl4-kinase inhibitor, phenyl-arseneoxide (PAQO). Similar to the activation of
PLC, inhibition of PAO reduced release of MPP™ although to a lesser extent (see

figure 11).

These results indicate that substrate efflux (but not influx) rates are
modulated by PIP, which is most likely caused by physical interaction with
SERT rather than via the second messenger PKC, as was demonstrated by
using GF109203X. Also, termination of PIP, synthesis by PAO could induce the

same effect on efflux rates as sequestration of PIP, by activation of PLC. These
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results indicate that second-messenger systems do not contribute to PIP,

effects on SERT efflux.

20} p<0,001 p<0,001-
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Figure 11 Changes of pCA mediated MPP* efflux in HEK-SERT cells upon
treatment with PLC activator and Pl4-kinase inhibitor. HEK-SERT cells were
loaded with 0.1 puM [3H]MPP™, superfused, and 2-min fractions were collected.
Different substances were added to the superfusion buffer as described in Fig 10.
DMSO (control) 25uM m-3M3FBS and 30uM PAO respectively were added after 4min,
after totally 14 min pCA (3uM) was added to induce efflux. Bar graphs represent efflux

in percentage of total radioactivity between min 22 and 24.

Therefore, the question had to be answered where exactly PIP, physically
interacts with the transporter.

Based on data generated by homology modelling (performed by Andreas Jurik
and Gerhard F. Ecker) and electrostatic surface potential (by solving the
Poisson-Boltzmann equation by Thomas Stockner), three amino acid residues
(K460 (helix 9), K352 (helix 6), and R144 (helix2)) have been found to be
putative binding sites for PIP, (see figure 12). Estimation of the distances
between those three residues indicated that R144 is located in a very central
position of SERT. This position excludes R144 as a putative binding site for
PIP, because it simply cannot be reached from the rim of the membrane.

Moreover it has been shown that the size of the PIP, head group (~10A)
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(Haider et al., 2007) matches the calculated distance between K352 and K460
of about 12A.

Figure 12 Putative binding sites for PIP,. Left: Distance estimation within the

positively charged patch (right picture) consisting of K352 and K460. The LeuT-based
SERT homology model shows distances (in Angstrom) between putative interaction
partners for the negatively charged PIP, headgroups (performed by Andreas Jurik and
Gerhard F. Ecker). Right: Predicted electrostatic potentials. Red denotes negative
potential and blue positive potential. The colored ellipses point to the positions of

residues, K352 and K460 (yellow). (Performed by Thomas Stockner)

In addition preliminary results generated from pull-down assay have shown
that PIP, physically interacts with SERT (data not shown). Furthermore, it was
shown that single mutations K352A respectively K460A had no influence on
transporter mediated flux (data not shown). Therefore it was suggested that
both amino acids would be necessary to impact PIP, mediated changes on
influx and efflux rates. A double mutation K352A/K460A should reveal the

importance of both amino acids on modulation of SERT.

By doing so, both lysine on position 352 and lysine on position 460 have been
mutated into alanine (K352A, K460A). So, two positively charged, basic amino
acids have been replaced by a neutral amino acid. Based on the fact that PIP,
contains a negatively charged headgroup, replacement through a neutral
amino acid should disrupt PIP,-binding to the transporter. Thereby we would
expect similar behavior of SERT like it was shown for PIP2 depletion by m-

3M3FBS, meaning reduced efflux rates with eventually unchanged influx rates.
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2.2. Examination K352A/K460A SERT double mutant

A double mutation K352A/K460A has been introduced to YFP tagged version of
human SERT (hSERT) via Quickchange Ligthning Kit (Agilent technologies).
The mutations were proofed by sequencing, and this construct was used to
transfect HEK293-cells. After treatment with G418, cells stably expressing the
mutant version were selected.To ensure that transport of SERT to the plasma
membrane was not impaired by the introduced mutations, stably transfected
HEK-hSERT-K352A/K460A cells were examined via confocal laser microscopy.
In addition a biotinylation assay was performed to confirm intact surface

expression.

Figure 13 Visualization of surface expression via confocal laser microscopy.
Left: YFP-hSERT Right: K352A/K460A double mutant YFP-hSERT. No difference in
surface expression could be detected between WT and double mutant SERT. YFP was
visualized using a 514nm argon laser and a 505-530nm bandpass filter (30 to 45%

input power).

For biotinylation assay, cells have been incubated with EZ-Link Sulfo-NHS-SS-
Biotin (Thermo Scientific) and cell lysates have been pulled down via
streptavidin (a strong ligand for biotin)-coated beads. Purified cell surface
proteins have been separated by SDS-page and SERT was quantified via

western blot (see figure 13).
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Figure 14 Validation of surface expression by biotinylation assay. a) Bar

graphs represent biotinylated in percentage compared to the wild type. There was no
significant difference in cell surface expression between the K352A/K460A double
mutant and wild type SERT (p=0,8863). Statistical analysis was performed using
GraphPad®Prism5.0 software package. B) ELISA: Quantification of hSERT was
facilitated using rabbit Anti-GFP (1:10.000) antibodies and mouse anti-Tubulin
antibodies (1:20.000) for tubulin. Tubulin was used as a loading control. Experiments

were performed 4 times.

The double mutation had no influence on cell surface expression. Therefore, by

introducing a double mutation had no impact on trafficking to the cell surface.
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To investigate the functional properties of K352A/K460A hSERT | performed
inhibition experiments. By using a constant concentration of radio-labeled 5-
HT ligand and simultaneously increase of inhibitor pCA concentrations, pCA
competes increasingly with 5-HT for its uptake. Therefore, this can be used to
investigate substrate affinity as well as transport ability. Since PIP, was found
to affect only substrate efflux rates and not influx rates, meaning uptake,
deletion of putative PIP, binding sites should not significantly influence pCA

mediated inhibition of SERT uptake.

Inhibition of radio-labeled 5-HT ligand uptake was measured in the presence
of rising inhibitor, pCA, concentrations (0, 1-100pM). Mutational loss of
positively charged amino acids providing potential binding sites for PIP2 did

not alter SERT inhibition by competitors (see figure 15).
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Figure 15 Inhibition of 5-HT uptake at increasing pCA concentrations.
Percentage of 5-HT[H*] (0,1uM) uptake relative to control (OuM pCA) at increasing
pCA concentrations (0, 01-100uM). Background was measured at 10pM paroxetine.
EC50 values of hSERT (1,029) and double mutant K352A/K460A (0, 5030) were

calculated using Graph Pad Prism software.
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Taken together, my results imply PIP, alters amphetamine induced SERT efflux
while substrate uptake (influx) remains unchanged. It was also shown that
modulation of SERT efflux was not caused via second messenger signalling of
PIP, as could be demonstrating by using PKC-inhibitor GFX. These data point
to a modulation of SERT by PIP, by a direct mechanism. Furthermore, deletion
of amino acids which are supposed to be potential binding sites for PIP, did
show the same effects. It could be excluded, that mutation of the amino acids
K352 and K460 causes altered transporter efflux by either influencing
transporter function itself or altered trafficking of the transporter as it was
shown in inhibition experiments and surface expression assays. However, a

direct interaction of PIP, could not be determined yet.
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3.Discussion

The serotonin transporter (SERT) is one of the major neurotransmitter
transporters and plays an important function in the termination of serotonin
signalling. Deregulation of SERT is observed in several psychiatric and also
physiological diseases, since the serotonin transporter is also expressed
peripheral. Most of the efforts taken by so far rather deled with membrane
localization, identifying domains important for correct folding and interaction
with proteins necessary to target transporters to their site of action (El-Kasaby
et al., 2010; Sucic et al., 2011; Sucic et al., 2013). Nevertheless, a large
amount of data could be generated by using mutagenesis, heterologous
expression systems, pharmacokinetic experiments and recently computational
as well as crystallographic approaches. Several interacting protein-candidates
have been found to regulate SERT mediated currents, SERT expression and
SERT trafficking. With arrival of heterologous expression systems and
transporter specific antibodies in the mid 1990 evidence emerged for
involvement of several proteins in regulation of SERT surface expression and
transporter function. Amongst those regulatory proteins cellular kinases have
been found to regulate neurotransmitter transport by affecting intrinsic
transport activity or by controlling transporter cell surface expression via
phosphorylation. One of the most common observations was that application
of protein kinase C (PKC) activators led to a reduction in amine transport
capacity, revealed by changes in V.« with little or no change in K, (Blakely et
al., 1998). Furthermore, immunoprecipitation of phosphorylated SERT linked
phosphorylation also to other kinases, like PKA or PKG (Ramamoorthy et al.,
1998). However, PKA and PKG failed to influence intrinsic transporter capacity.
Up to now the exact mechanisms that underlie these regulatory properties
were not fully understood. Activation of PKC and its recruitment to the plasma
membrane is facilitated via PIP, break-down by phospholipase C (PLC) into the
second messengers IP3 and DAG. Furthermore, PIP, not only servers as a
substrate for PLC, but was also shown to directly interact with intracellular
proteins and is involved in a vast amount of various and fundamental
processes (Berridge, 2009; Koch and Holt, 2012; Moss, 2012). Recent

observations showed an involvement of PIP, in the regulation of membrane
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channels as well as ion transporters (Hilgemann et al., 2001; Logothetis et al.,
2010; Wang et al., 2011). In addition, PIP, was shown to accumulate at
sphingolipid/cholesterol-based rafts following activation of distinct membrane
receptors or be sequestered in a reversible manner due to electrostatic
constrains provided by proteins like MARCKS (Kwiatkowska, 2010).
Investigating the interaction between PIP, and potassium channels it was
suggested that a direct binding of PIP, prevents its inactivation (Hilgemann,
1997). However, regulation of PIP, on the SERT has not been reported before.
This work investigated the effect of PIP, on SERT mediated flux as well as the
interaction of PIP, with SERT. Following successful PIP, depletion using the PLC
activator m-3M3FSB, it could be demonstrated that only substrate efflux of
SERT induced by the amphetamine analogue pCA, but not substrate uptake
was affected by a loss of PIP, (see figure 9 and 10) thereby excluding general
regulatory mechanisms such as changes in surface expression. Depletion of
PIP, through activation of PLC caused a significant decrease of the SERT efflux
rates pointing to the fact, that PIP, supports amphetamine induced efflux by
probably keeping the transporter in a favourable inward facing conformation
via direct or indirect interactions. Stimulating PLC to deplete PIP, from the cell
membrane causes a proportional increase in second messenger molecules IP3
and DAG which again increase PKC activity. So, one could argue that the
observed decrease in efflux rates could be probably the result of enhanced
activation of PKC. Therefore, in addition pCA induced substrate efflux was
measured in the presence of the PKC inhibitor GFX was measured. The results
show that PKC could not be responsible for the change in efflux rates, since
inhibition of PKC led to comparable efflux rates as the control. Still, production
of second messengers through activation of PLC could have an effect on efflux
rates. Therefore | altered the phosphoinositide pool in a different way,
reducing PIP, without activating at the same time IP3 and DAG. This was
achieved using the Pl4-kinase inhibitor PAO. Pl4-kinase phosphorylates
inositol phosphate (IP) creating PI4P, the precursor of the PIP, synthesis.
Accordingly, application of PAO also reduced SERT efflux rates although not so
dramatic as m-3M3FBS, indicating that the phosphoinositide pool obviously

plays an important role.
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These results indicate that PIP2 modulates SERT efflux without the
contribution of second-messenger systems.

The next question was based on the assumption that the interaction between
PIP, and SERT is highly likely direct. Thus a computational approach by
Andreas Jurik, Gerhard F. Ecker and Thomas Stockner revealed two possible
amino acids which due to their charge, location and distance are potential
candidates for a direct PIP, binding. Therefore the two positively charged
amino acids K460 and K352 within the intracellular loops of the helix 9
respectively helix 6 have been used for further approaches. Exchange of
positively charged lysines against neutral alanines was expected to eliminate
PIP, binding to the serotonin transporter thereby causing similar effects on
substrate efflux as depletion of PIP,. But previous to substrate efflux
measurements functional characterization of the K352A/K460A hSERT double
mutation was necessary to show that the exchange of those two amino acids
does not alter intrinsic SERT function. Heterologous expression of YFP tagged
K352A/K460A hSERT A in HEK revealed normal transport to the cell surface
using confocal laser microscopy (see figure 13). This observation could be
confirmed by a biotinylation approach combined with ELISA (see figure 14).
No impaired trafficking due to introduction of the double mutation could be
observed. In a next step a pharmacological approach was used to investigate
substrate flux in K352A/K460A hSERT. According to observed effects of PIP2
depletion on SERT substrate flux, the double mutation was expected to show
altered efflux but normal influx behaviour. Substrate influx in the presence of
rising concentrations of competitive pCA (see figure 15) as well as uptake
experiments (data not shown) indicated unchanged influx behaviour of the
double mutant compared to wild type SERT. As expected the introduction of
the double mutation did not alter substrate influx. Parallel experiments
performed by Florian Buchmayer investigated also substrate efflux of the
K352A/K460A hSERT. Amphetamine induced substrate efflux was drastically
reduced (see figure 16) in the presence of PLC activator m-3M3FBS as well as
in the presence of its inactive analogue 0-3M3FBS. This result shows that the
introduction of the double mutation had the same if not stronger effect on

substrate efflux and that the addition of PLC activator had no effect on that.
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Figure 16 pCA-induced, SERT-mediated efflux of [3BH]MPP+ from HEK293 cells
expressing hSERT-K352A-K460A. The cells were loaded with 0.1uCi [3H]MPP+ and
superfused, and 2 min fractions were collected. 25uM m-3M3FBS or 0-3M3FBS were
added to the superfusion buffer at min 4. At min 14, pCA (3uM) was added to induce

efflux (Experiments performed by Florian Buchmayer).

Taken together, it could be proven that the phosphoinositide PIP,, which was
already reported to influence other membrane proteins, impacts SERT efflux
but not influx behaviour and that the two amino acids K352 and K460 are
essential for those changes. Still, the proof for a direct interaction of PIP, with
those amino acids is still missing, and the question how exactly PIP, manage
to change SERT flux behaviour still remains. Somehow PIP, seems to stabilize
the inward conformation of SERT and thereby facilitating substrate efflux in
the first way. Although results strongly indicate that PIP, binds directly to
those amino acids it cannot be excluded that a unknown protein could act as
scaffold protein by binding PIP, and triggering conformational change by
simultaneous binding of SERT. One possible candidate could be the MARCKS
(myristoylated alanine-rich C-kinase substrate) protein that was shown to
sequester PIP2 and also induce conformational changes in NMDA and EGF
receptors (McLaughlin and Murray, 2005). Thus, further experiments have to

be conducted to unravel the exact binding mechanism of PIP;.
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4 Materials and Methods

4.1. Mutagenesis and Cell Transfection

Transfection of HEK 293 fibroblasts

HEK293 cells were transfected following the Ca-PO, precipitation method
(Chen and Okayama, 1988).

HEK293 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) with
high glucose (4.5 g/liter) and I-glutamine (584 mg/liter) and pg/ml pen/strep
To select for cells stably integrated the transfected constructs for SERT
variants, cells were selected for 10 days in the presence of 250ug/ml G418.
Colonies found after this time were picked and tested for functional expression
of SERT. Cells stably expressing the constructs were afterwards propagated in

medium supplemented with 50ug/ml G418.

Mutagenesis

Mutation of YFP-SERT constructs were performed using Quickchange lightning

KIT (Agilent). Following primers were used:

K352A: TGGCTTTTGCTAGCTACAACGCGTTCAACAACAACTGCTACC
K460A: GTTCCCACACGTCTGCGCAGCGCGCCGGGAGCGGTT

PCR conditions:

95°C 2min
95°C 30sec
56°C 20sec 20 cycles
68°C 4min

72°C 5min
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4.2. Pharmacological Assays

Uptake and release measure the substrate influx respectively efflux per
minutes per cell. Since substrate binding and release follows the rate law of

Michaelis-Menten enzyme Kinetics:

Reaction mechanism: E+SSI[ES]—-P+E

Velocity of product formation:

d[P] _ Vinax[S]
b= -

dt — Ky +[S]
i 150 Example of uptake experiment
V //_ A |-
e 134 i
< T t
= § 100- ‘//
>‘ —
g 3 /
% E ;’ experimantal results
= Vnax/2 -~ — | g 67 - A Vimax: 134,3
5 | 8 5gd ﬁ: Km: 4,382
= |
T I [
g i !
x | ‘ | m  YhSERTwit#1
|
K |
| M
G T T T T T T
"/ 0 44 10 20 30 40 50 60

Substrate concentration [S] — cone SHT [UM]

Figure 17 Michaelis-Menten kinetics in theory and praxis. Left: schematic plot of
an enzymatic reaction. Right: experimental data of an uptake assay. Experimental
data are plotted as a function of reaction velocity (unit: pmol/mio/min) against
concentration of substrate (or ligand). The Michaelis constant (K,) is the substrate

concentration at half-maximum enzyme velocity (Vmax/2).

To measure release of neurotransmitter or other ligands, a superfusion
experiment has to be performed (see figure 16). Therefore the ligand is added
at a desired concentration to a microporous filter layered with cells in bulk.
Because released molecules would hit receptors and transporters, triggering
chain reactions and therefore a change in release of that molecule, any

released molecule is immediately removed by the superfusion medium. The



superfusion medium is applied in a constant up-down flow which prevents
reuptake and minimizes indirect effects. Concentrations of released ligands are

measured by high performance liquid chromatography (HPLC).
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Figure 18 Schematic setup of a superfusion experiment. Release of
neurotransmitter would cause a chain reaction by stimulating transporters and
receptors and therefore changing the release of that neurotransmitter. The application
of a constant up-down superfusion any releases neurotransmitter is immediately

removed. (Picture source: Nature Reviews Neuroscience 13, 22-37 (January 2012))

HEK cells stably expressing YFP tagged WT-hSERT and mutated hSERT
(K352A/K460A) respectively were used.

Uptake Assay:

Cells were plated on 24-well plates at a density of 1*10° cells per PDL-coated
well. Cells were preincubated with 0-3M3FBS (25pM) and m-3M3FBS (25uM)
respectively for 10 min. Medium was removed by aspiration and cells were

covered with 750ul KHP buffer (5mM D-glucose) at room-temperature.

Determination of non-specific uptake: cells were pre-incubated with 10 pM

paroxetine for 5 min following incubation with 60uM [3H] 5HT for 1 min at RT.

Determination of specific uptake: To determine K, and Vpax Vvalues,

nonlabeled substrate was used at increasing concentrations to dilute the
specific activity of [3H] 5HT. Therefore, 0,1-60uM [3H] 5HT (containing 30-
50nM [3H]) were added and incubated for 1min at RT.

After incubation for 1min at RT, cells were washed with ice cold uptake buffer

and immediately lysed with 1ml 1%SDS. Finally, cell suspension was
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transferred to scintillation vials and 2 ml scintillation cocktail was added and

counted in a beta counter.

Analysis of cpm (counts per minute) data was performed using following

formula:

_ (epm — BK) * df
 txTAx*CpW

BK= cpm at 10 pM paroxetine

df= dilution factor (concentration of 5HT/concentration [3H])
t= uptake time (1minute)

CpW= cells per well

X= pmol/Mio/min

TA= total activity (cpm/concentration of [3H])

Data evaluation was done using GraphPadPrism®5.0 software packages.
Thereby pmol/Mio/min values were plotted against concentration of 5-HT and

analyzed using non-linear curve fitting to calculate V.« and K.

Substrate efflux assay:

Culture medium was removed from stably or transiently transfected HEK cells
(4*10° cells per well grown on coverslips in 96-well plates), and the cells were
pre-incubated with 0.4 uM [3H]5HT or with 0.1 pM [3H]MPP+ for 20 min at
37°C in a final volume of 0.1 ml uptake buffer per well. The coverslips were
transferred into chambers and excess radioactivity was subsequently washed
out with buffer at 25°C, for 45 min at a perfusion rate of 0.7 mL/min. Once
stable efflux of radioactivity was achieved, following the initial wash, 2 min
fractions were collected and samples were counted in a beta counter.

Data evaluation was performed using Microsoft Excel and GraphPadPrism®5.0

Software packages.
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Inhibition assay:

Cells were plated on 24-well plates at a density of 1*10° cells per PDL-coated
well. After washing cells with 750ul uptake buffer, cells were incubated with
0,01-100pM pCA respectively 10uM paroxetine for 5min at room temperature.
After incubation cells were washed with ice-old uptake buffer and incubated
with same concentrations pCA in addition to 0,1uM [3H] 5HT ligand for 1min.

After incubation for 1 at RT, cells were washed with ice cold uptake buffer and
immediately lysed with 1ml 10%SDS. Finally, cell suspension was transferred
to scintillation vials and 2 ml scintillation cocktail was added and counted in a

beta counter.

Analysis of cpm (counts per minute) data was performed using following
formula:
v cpm — BK
cpm 100%
X=% uptake relative to control (OpM pCA)
BK= cpm blank (10uM paroxetine)
Cpm 100% = cpm values at 100% inhibition (at 10uM paroxetine).

Data evaluation was done using GraphPadPrism® Software. Thereby “%
uptake relative to control” values were plotted against concentration of
logarithmic concentrations of PCA and analyzed using “One site competition”

to calculate EC50 and K; values.
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4.3. Biotinylation Assay

HEK cells stably transfected with hSERT and hSERT (K352A/K460A)
respectively were used.

Cells were grown over night on 6-well plate (PDL-coated) at ~80% confluency.
Serum starvation was performed by changing DMEM (+FCS) medium against
serum-free DMEM medium followed incubation of cells for 2,5h. After
starvation, cells were immediately put on ice and washed three times with 2ml
ice-cold PBS?" buffer. Cells were incubated with 750pl sulfo-NHS-SS-biotin
(Thermo Scientific) (Img/iml PBS?") for 15 min at 4°C shaking vigorously.
After a washing step with ice-cold PBS?", incubation with biotin was repeated.
Free biotin was removed by incubating cells twice with quench solution for
15min at 4°C on a shaker. After removing quench solution by washing cells
three times with 2ml ice-cold PBS*" buffer, cells were lysed by adding 250l
RIPA buffer and scraping. Lysates were cleared by centrifugation (13,000 rpm
X 10’, 4°C) and protein concentration was determined by BCA protein assay
BSA standards in RIPA using TECAN plate reader (562nm absorbance; 24°C).
To separate biotinylated and non-biotinylated proteins a pull down of 100ug
cell lysate was performed o/n at 4°C using Streptavidin-agarose suspension
(Thermo Scientific). On the next day lysate-beads suspension was separated
via centrifugation and remaining beads have been treated with strong
reducing 2X SDS-PAGE sample buffer/100mM DTT to release bead-bound
proteins.

Purified lysate was separated on a 10% SDS-PAGE gel and plotted on
nitrocellulose membrane. ELISA was performed by using rabbit Anti-GFP
(1:10.000) for SERT-GFP and mouse anti-Tubulin antibodies (1:20.000).
Immunoreactive bands were detected using the enhanced chemoluminiscence

(Biorad) method and band densities were quantified by ImageJ.
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Figure 19 BSA standard curve. BSA standards at concentration 0,01-1 mg/ml were

measured at absorbance wave length of 562nm at 24°C.

Lysates were diluted in 96-well plate with three BSA standards at each
measurement as internal control. Absorbance of 562nm was measured in
triplicates by using TECAN infinite 200Pro plate reader. Temperature of
measurement was kept at 24°C each time. Protein concentrations were
calculated using the linear equation of BSA-Standard (see figure 16).

To calculate percentage of SERT surface expression, band density was

measured and following formula was used:

density of biotinylated band
y of y iiid

% (total =
% (tatalen surfoce) density of total lysate band )

Total lysate: The sample of 25ug lysate before loading on beads occurred
(before pull-down)

Biotinylated: Sample of << 100ug purified lysate (after pull-down).

Data evaluation was done using GraphPadPrism® Software.
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Confocal laser scanning microscopy

HEK293 cells stably expressing either YFP-SERT or mutant versions were
grown on 15 mm coverslips in DMEM plus 10% FCS. Live cell imaging was
performed using a Zeiss LSM 510 confocal microscope, equipped with an
Argon laser (30 mW) and a Helium-Neon laser (1 mW), and a 63X oil
immersion Zeiss Plan-Neofluar 1.4 objective. JHC1-64 was visualised using a
543nm HeNe laser line and a 585nm long pass filter. YFP was visualized using
a 514nm argon lazer and a 505-530nm bandpass filter at 30 to 45% input
power. The thickness of the optical sections was between 0.8 um and 1.5 um

(frame-scan) at 30 to 45% input power.
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4.4. Substances and Solutions

Compounds:

GFX: GF109203X is a potent and selective competitive inhibitor of protein
kinase C (PKC) and of glycogen synthase kinase-3 (GSK-3) (Lee and Stern,
2000). This substance was supported from Sigma-Aldrich (Milwaukee, WI,
USA).

MPP™: N-methyl-4-phenylpyridinum is a positively charged active neurotoxic
metabolite of 1-methyl-4-phenyl-1,2,3,6-terahydropyridine was found to be
specifically transported by SERT (Scholze et al., 2000; Sitte et al., 2001;
Torres-Altoro et al., 2008). This substance was supported from Sigma-Aldrich

(Milwaukee, W1, USA).

m-3M3FBS: 2,4,6-Trimethyl-N-[3-(trifluoromethyl)phenyl]benzene-

sulfonamide directly activates phospholipase C (PLC) (Bae et al., 2003). This
substance was supported from Sigma-Aldrich (Milwaukee, WI, USA).Its
inactive analogue (used as negative control) 0-3M3FBS (2,4,6-Trimethyl-N-
[2-(trifluoromethyl)phenyl] benzenesulfonamide) was supported from Tocris

Bioscience (Bristol, UK).

PAO: phenylarsine oxide (arsorosobenzene) specifically inhibits
phosphatidylinositol 4-kinase (Wiedemann et al., 1998). This substance was

supported from Sigma-Aldrich (Milwaukee, W1, USA).

pCA: para-Chloroamphetamine [1-(4-chlorophenyl)propan-2-amine] is a
chlorinated analog of ampheatmine. It is a substrate for the serotonin
transporter which also induce an outward movement or exchange of 5-HT
from the cytoplasm through SERT (Rudnick and Wall, 1992). This substance
was supported from Sigma-Aldrich (Milwaukee, WI, USA).
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Buffers

PBS?*
PBS 1,0 mM MgCl,; 0,1 mM CaCl

Quench Solution
PBS*" 100mM Glycine

RIPA Buffer
10mM Tris (pH 7.4); 150mM NaCl; 1 mM EDTA; 1% Triton-X-100; 0.1% SDS;
1% Na deoxycholate

Sulfo-NHS-SS-Biotin
Stock solutions: 200 mg/ml in DMSO.

Uptake Buffer
25mM HEPES; 120mM NaCl; 5mM KCI; 1,2mM CacCl,; 1,2mM MgSO,4; 5mM D-

glucose (pH 7,4).

Cell Culture Medium

Dulbecco’s Modified Eagle’s Medium (Sigma Aldrich); 10% FCS; 1%Pen Strep

(Penicillin Streptomycin).

Maintenance of stable cell lines: 50 pg/ml G418 was added to DMEM.



52

5.References

Bae, Y.S., Lee, T.G., Park, J.C., Hur, J.H., Kim, Y., Heo, K., Kwak, J.Y., Suh, P.G., and
Ryu, S.H. (2003). Identification of a compound that directly stimulates phospholipase
C activity. Molecular pharmacology 63, 1043-1050.

Bauman, P.A., and Blakely, R.D. (2002). Determinants within the C-terminus of the
human norepinephrine transporter dictate transporter trafficking, stability, and
activity. Archives of biochemistry and biophysics 404, 80-91.

Beck, J.E., and Shaw, D.S. (2005). The influence of perinatal complications and
environmental adversity on boys’ antisocial behavior. Journal of child psychology and
psychiatry, and allied disciplines 46, 35-46.

Benmansour, S., Cecchi, M., Morilak, D.A., Gerhardt, G.A., Javors, M.A., Gould, G.G.,
and Frazer, A. (1999). Effects of chronic antidepressant treatments on serotonin
transporter function, density, and mRNA level. The Journal of neuroscience : the
official journal of the Society for Neuroscience 19, 10494-10501.

Berg JM, T.J., Stryer L (2002). The Michaelis-Menten Model Accounts for the Kinetic
Properties of Many Enzymes. Biochemistry 5th edition.

Berridge, M.J. (2009). Inositol trisphosphate and calcium signalling mechanisms.
Biochimica et biophysica acta 1793, 933-940.

Beuming, T., Shi, L., Javitch, J.A., and Weinstein, H. (2006). A comprehensive
structure-based alignment of prokaryotic and eukaryotic neurotransmitter/Na+
symporters (NSS) aids in the use of the LeuT structure to probe NSS structure and
function. Molecular pharmacology 70, 1630-1642.

Blakely, R.D., Ramamoorthy, S., Schroeter, S., Qian, Y., Apparsundaram, S., Galli, A.,
and DeFelice, L.J. (1998). Regulated phosphorylation and trafficking of
antidepressant-sensitive serotonin transporter proteins. Biological psychiatry 44, 169-
178.

Burton, L.D., Kippenberger, A.G., Lingen, B., Bruss, M., Bonisch, H., and Christie, D.L.
(1998). A variant of the bovine noradrenaline transporter reveals the importance of
the C-terminal region for correct targeting to the membrane and functional
expression. The Biochemical journal 330 ( Pt 2), 909-914.

Busch, W., and Saier, M.H., Jr. (2002). The transporter classification (TC) system,
2002. Critical reviews in biochemistry and molecular biology 37, 287-337.

Carneiro, A.M., and Blakely, R.D. (2006). Serotonin-, protein kinase C-, and Hic-5-
associated redistribution of the platelet serotonin transporter. The Journal of biological
chemistry 281, 24769-24780.



53

Catimel, B., Schieber, C., Condron, M., Patsiouras, H., Connolly, L., Catimel, J., Nice,
E.C., Burgess, A.W., and Holmes, A.B. (2008). The PI(3,5)P2 and PI(4,5)P2
interactomes. Journal of proteome research 7, 5295-5313.

Cervinski, M.A., Foster, J.D., and Vaughan, R.A. (2005). Psychoactive substrates
stimulate dopamine transporter phosphorylation and down-regulation by cocaine-
sensitive and protein kinase C-dependent mechanisms. The Journal of biological
chemistry 280, 40442-40449.

Chan, P.H., Kerlan, R., and Fishman, R.A. (1983). Reductions of gamma-aminobutyric
acid and glutamate uptake and (Na+ + K+)-ATPase activity in brain slices and
synaptosomes by arachidonic acid. Journal of neurochemistry 40, 309-316.

Chang, J.C., Tomlinson, I.D., Warnement, M.R., Ustione, A., Carneiro, A.M., Piston,
D.W., Blakely, R.D., and Rosenthal, S.J. (2012). Single molecule analysis of serotonin
transporter regulation using antagonist-conjugated quantum dots reveals restricted,
p38 MAPK-dependent mobilization underlying uptake activation. The Journal of
neuroscience : the official journal of the Society for Neuroscience 32, 8919-8929.

Chang, S., Hemmings, H.C., Jr., and Aderem, A. (1996). Stimulus-dependent
phosphorylation of MacMARCKS, a protein kinase C substrate, in nerve termini and
PC12 cells. The Journal of biological chemistry 271, 1174-1178.

Chen, C.A., and Okayama, H. (1988). Calcium phosphate-mediated gene transfer: a
highly efficient transfection system for stably transforming cells with plasmid DNA.
BioTechniques 6, 632-638.

Daws, L.C., and Gould, G.G. (2011). Ontogeny and regulation of the serotonin
transporter: providing insights into human disorders. Pharmacology & therapeutics
131, 61-79.

Doughman, R.L., Firestone, A.J., and Anderson, R.A. (2003). Phosphatidylinositol
phosphate kinases put Pl14,5P(2) in its place. The Journal of membrane biology 194,
77-89.

El-Kasaby, A., Just, H., Malle, E., Stolt-Bergner, P.C., Sitte, H.H., Freissmuth, M., and
Kudlacek, O. (2010). Mutations in the carboxyl-terminal SEC24 binding motif of the
serotonin transporter impair folding of the transporter. The Journal of biological
chemistry 285, 39201-39210.

Farhan, H., Freissmuth, M., and Sitte, H.H. (2006). Oligomerization of
neurotransmitter transporters: a ticket from the endoplasmic reticulum to the plasma
membrane. Handbook of experimental pharmacology, 233-249.

Farhan, H., Reiterer, V., Kriz, A., Hauri, H.P., Pavelka, M., Sitte, H.H., and Freissmuth,
M. (2008). Signal-dependent export of GABA transporter 1 from the ER-Golgi
intermediate compartment is specified by a C-terminal motif. Journal of cell science
121, 753-761.

Forrest, L.R., and Rudnick, G. (2009). The rocking bundle: a mechanism for ion-
coupled solute flux by symmetrical transporters. Physiology 24, 377-386.



54

Forrest, L.R., Zhang, Y.W., Jacobs, M.T., Gesmonde, J., Xie, L., Honig, B.H., and
Rudnick, G. (2008). Mechanism for alternating access in neurotransmitter
transporters. Proceedings of the National Academy of Sciences of the United States of
America 105, 10338-10343.

Foster, J.D., Cervinski, M.A., Gorentla, B.K., and Vaughan, R.A. (2006). Regulation of
the dopamine transporter by phosphorylation. Handbook of experimental
pharmacology, 197-214.

Foster, J.D., Pananusorn, B., and Vaughan, R.A. (2002). Dopamine transporters are
phosphorylated on N-terminal serines in rat striatum. The Journal of biological
chemistry 277, 25178-25186.

Fox, M.A., Andrews, A.M., Wendland, J.R., Lesch, K.P., Holmes, A., and Murphy, D.L.
(2007). A pharmacological analysis of mice with a targeted disruption of the serotonin
transporter. Psychopharmacology 195, 147-166.

Gambhir, A., Hangyas-Mihalyne, G., Zaitseva, Il., Cafiso, D.S., Wang, J., Murray, D.,
Pentyala, S.N., Smith, S.0., and McLaughlin, S. (2004). Electrostatic sequestration of
PIP2 on phospholipid membranes by basic/aromatic regions of proteins. Biophysical
journal 86, 2188-2207.

Gamper, N., and Shapiro, M.S. (2007a). Regulation of ion transport proteins by
membrane phosphoinositides. Nature reviews. Neuroscience 8, 921-934.

Gamper, N., and Shapiro, M.S. (2007b). Target-specific PIP(2) signalling: how might it
work? The Journal of physiology 582, 967-975.

Gurezka, R., Laage, R., Brosig, B., and Langosch, D. (1999). A heptad motif of leucine
residues found in membrane proteins can drive self-assembly of artificial
transmembrane segments. The Journal of biological chemistry 274, 9265-9270.

Haider, S., Tarasov, A.l., Craig, T.J., Sansom, M.S., and Ashcroft, F.M. (2007).
Identification of the PIP2-binding site on Kir6.2 by molecular modelling and functional
analysis. The EMBO journal 26, 3749-3759.

Hartwig, J.H., Thelen, M., Rosen, A., Janmey, P.A., Nairn, A.C., and Aderem, A.
(1992). MARCKS is an actin filament crosslinking protein regulated by protein kinase C
and calcium-calmodulin. Nature 356, 618-622.

Hastrup, H., Karlin, A., and Javitch, J.A. (2001). Symmetrical dimer of the human
dopamine transporter revealed by cross-linking Cys-306 at the extracellular end of the
sixth transmembrane segment. Proceedings of the National Academy of Sciences of
the United States of America 98, 10055-10060.

Hastrup, H., Sen, N., and Javitch, J.A. (2003). The human dopamine transporter forms
a tetramer in the plasma membrane: cross-linking of a cysteine in the fourth
transmembrane segment is sensitive to cocaine analogs. The Journal of biological
chemistry 278, 45045-45048.



55

Heils, A., Teufel, A., Petri, S., Stober, G., Riederer, P., Bengel, D., and Lesch, K.P.
(1996). Allelic variation of human serotonin transporter gene expression. Journal of
neurochemistry 66, 2621-2624.

Henry, L.K., Meiler, J., and Blakely, R.D. (2007). Bound to be different:
neurotransmitter transporters meet their bacterial cousins. Molecular interventions 7,
306-3009.

Hernandez, C.C., Falkenburger, B., and Shapiro, M.S. (2009). Affinity for
phosphatidylinositol 4,5-bisphosphate determines muscarinic agonist sensitivity of Kv7
K+ channels. The Journal of general physiology 134, 437-448.

Hilgemann, D.W. (1997). Cytoplasmic ATP-dependent regulation of ion transporters
and channels: mechanisms and messengers. Annual review of physiology 59, 193-
220.

Hilgemann, D.W., Feng, S., and Nasuhoglu, C. (2001). The complex and intriguing
lives of PIP2 with ion channels and transporters. Science’s STKE : signal transduction
knowledge environment 2001, rel9.

Holton, K.L., Loder, M.K., and Melikian, H.E. (2005). Nonclassical, distinct endocytic
signals dictate constitutive and PKC-regulated neurotransmitter transporter
internalization. Nature neuroscience 8, 881-888.

Hong, W.C., and Amara, S.G. (2010). Membrane cholesterol modulates the outward
facing conformation of the dopamine transporter and alters cocaine binding. The
Journal of biological chemistry 285, 32616-32626.

Hu, X.Z., Lipsky, R.H., Zhu, G., Akhtar, L.A., Taubman, J., Greenberg, B.D., Xu, K.,
Arnold, P.D., Richter, M.A., Kennedy, J.L., et al. (2006). Serotonin transporter
promoter gain-of-function genotypes are linked to obsessive-compulsive disorder.
American journal of human genetics 78, 815-826.

Huang, C.L. (2007). Complex roles of PIP2 in the regulation of ion channels and
transporters. American journal of physiology. Renal physiology 293, F1761-1765.

Huang, C.L., Feng, S., and Hilgemann, D.W. (1998). Direct activation of inward
rectifier potassium channels by PIP2 and its stabilization by Gbetagamma. Nature 391,
803-806.

Ingram, S.L., and Amara, S.G. (2000). Arachidonic acid stimulates a novel cocaine-
sensitive cation conductance associated with the human dopamine transporter. The
Journal of neuroscience : the official journal of the Society for Neuroscience 20, 550-
557.

Jardetzky, O. (1966). Simple allosteric model for membrane pumps. Nature 211, 969-
970.

Jayanthi, L.D., and Ramamoorthy, S. (2005). Regulation of monoamine transporters:
influence of psychostimulants and therapeutic antidepressants. The AAPS journal 7,
E728-738.



56

Jayanthi, L.D., Samuvel, D.J., Blakely, R.D., and Ramamoorthy, S. (2005). Evidence
for biphasic effects of protein kinase C on serotonin transporter function, endocytosis,
and phosphorylation. Molecular pharmacology 67, 2077-2087.

Johanson, R.A., and Berry, G.T. (2009). Brain phosphoinositide extraction,
fractionation, and analysis by MALDI-TOF MS. Methods in molecular biology 579, 189-
200.

Just, H., Sitte, H.H., Schmid, J.A., Freissmuth, M., and Kudlacek, O. (2004).
Identification of an additional interaction domain in transmembrane domains 11 and
12 that supports oligomer formation in the human serotonin transporter. The Journal
of biological chemistry 279, 6650-6657.

Kalwa, H., and Michel, T. (2011). The MARCKS protein plays a critical role in
phosphatidylinositol 4,5-bisphosphate metabolism and directed cell movement in
vascular endothelial cells. The Journal of biological chemistry 286, 2320-2330.

Kilic, F., and Rudnick, G. (2000). Oligomerization of serotonin transporter and its
functional consequences. Proceedings of the National Academy of Sciences of the
United States of America 97, 3106-3111.

Kleiger, G., and Eisenberg, D. (2002). GXXXG and GXXXA motifs stabilize FAD and
NAD(P)-binding Rossmann folds through C(alpha)-H... O hydrogen bonds and van der
waals interactions. Journal of molecular biology 323, 69-76.

Koch, M., and Holt, M. (2012). Coupling exo- and endocytosis: an essential role for
PIP(2) at the synapse. Biochimica et biophysica acta 1821, 1114-1132.

Kramer, H.K., Poblete, J.C., and Azmitia, E.C. (1997). Activation of protein kinase C
(PKC) by 3,4-methylenedioxymethamphetamine (MDMA) occurs through the
stimulation of serotonin receptors and transporter. Neuropsychopharmacology : official
publication of the American College of Neuropsychopharmacology 17, 117-129.

Kristensen, A.S., Andersen, J., Jorgensen, T.N., Sorensen, L., Eriksen, J., Loland, C.J.,
Stromgaard, K., and Gether, U. (2011). SLC6 neurotransmitter transporters:
structure, function, and regulation. Pharmacological reviews 63, 585-640.

Kwiatkowska, K. (2010). One lipid, multiple functions: how various pools of
P1(4,5)P(2) are created in the plasma membrane. Cellular and molecular life sciences :
CMLS 67, 3927-3946.

L’'Hirondel, M., Cheramy, A., Godeheu, G., and Glowinski, J. (1995). Effects of
arachidonic acid on dopamine synthesis, spontaneous release, and uptake in striatal
synaptosomes from the rat. Journal of neurochemistry 64, 1406-1409.

Larsen, M.B., Fjorback, A.W., and Wiborg, O. (2006). The C-terminus is critical for the
functional expression of the human serotonin transporter. Biochemistry 45, 1331-
1337.



57

Lee, S.K., and Stern, P.H. (2000). Divergent effects of protein kinase C (PKC)
inhibitors staurosporine and bisindolylmaleimide | (GF109203X) on bone resorption.
Biochemical pharmacology 60, 923-926.

Lemmon, M.A. (2003). Phosphoinositide recognition domains. Traffic 4, 201-213.

Lenox, R.H., McNamara, R.K., Watterson, J.M., and Watson, D.G. (1996).
Myristoylated alanine-rich C kinase substrate (MARCKS): a molecular target for the
therapeutic action of mood stabilizers in the brain? The Journal of clinical psychiatry
57 Suppl 13, 23-31; discussion 32-23.

Li, L.B., Chen, N., Ramamoorthy, S., Chi, L., Cui, X.N., Wang, L.C., and Reith, M.E.
(2004). The role of N-glycosylation in function and surface trafficking of the human
dopamine transporter. The Journal of biological chemistry 279, 21012-21020.

Li, Y., Gamper, N., Hilgemann, D.W., and Shapiro, M.S. (2005). Regulation of Kv7
(KCNQ) K+ channel open probability by phosphatidylinositol 4,5-bisphosphate. The
Journal of neuroscience : the official journal of the Society for Neuroscience 25, 9825-
9835.

Loder, M.K., and Melikian, H.E. (2003). The dopamine transporter constitutively
internalizes and recycles in a protein kinase C-regulated manner in stably transfected
PC12 cell lines. The Journal of biological chemistry 278, 22168-22174.

Logothetis, D.E., Petrou, V.l., Adney, S.K., and Mahajan, R. (2010). Channelopathies
linked to plasma membrane phosphoinositides. Pflugers Archiv : European journal of
physiology 460, 321-341.

McLaughlin, S., and Murray, D. (2005). Plasma membrane phosphoinositide
organization by protein electrostatics. Nature 438, 605-611.

Mercado, C.P., and Kilic, F. (2010). Molecular mechanisms of SERT in platelets:
regulation of plasma serotonin levels. Molecular interventions 10, 231-241.

Miranda, M., Dionne, K.R., Sorkina, T., and Sorkin, A. (2007). Three ubiquitin
conjugation sites in the amino terminus of the dopamine transporter mediate protein
kinase C-dependent endocytosis of the transporter. Molecular biology of the cell 18,
313-323.

Miranda, M., and Sorkin, A. (2007). Regulation of receptors and transporters by
ubiquitination: new insights into surprisingly similar mechanisms. Molecular
interventions 7, 157-167.

Miranda, M., Sorkina, T., Grammatopoulos, T.N., Zawada, W.M., and Sorkin, A.
(2004). Multiple molecular determinants in the carboxyl terminus regulate dopamine
transporter export from endoplasmic reticulum. The Journal of biological chemistry
279, 30760-30770.

Miranda, M., Wu, C.C., Sorkina, T., Korstjens, D.R., and Sorkin, A. (2005). Enhanced
ubiquitylation and accelerated degradation of the dopamine transporter mediated by
protein kinase C. The Journal of biological chemistry 280, 35617-35624.



58

Moss, S.E. (2012). How actin gets the PIP. Science signaling 5, pe7.

Mouri, A., Sasaki, A., Watanabe, K., Sogawa, C., Kitayama, S., Mamiya, T., Miyamoto,
Y., Yamada, K., Noda, Y., and Nabeshima, T. (2012). MAGE-D1 regulates expression
of depression-like behavior through serotonin transporter ubiquitylation. The Journal
of neuroscience : the official journal of the Society for Neuroscience 32, 4562-4580.

Nishizuka, Y. (1992). Intracellular signaling by hydrolysis of phospholipids and
activation of protein kinase C. Science 258, 607-614.

Ozaslan, D., Wang, S., Ahmed, B.A., Kocabas, A.M., McCastlain, J.C., Bene, A., and
Kilic, F. (2003). Glycosyl modification facilitates homo- and hetero-oligomerization of
the serotonin transporter. A specific role for sialic acid residues. The Journal of
biological chemistry 278, 43991-44000.

Qu, Y., Chang, L., Klaff, J., Seemann, R., Greenstein, D., and Rapoport, S.l. (2006).
Chronic fluoxetine upregulates arachidonic acid incorporation into the brain of
unanesthetized rats. European neuropsychopharmacology : the journal of the
European College of Neuropsychopharmacology 16, 561-571.

Ramamoorthy, S., and Blakely, R.D. (1999). Phosphorylation and sequestration of
serotonin transporters differentially modulated by psychostimulants. Science 285,
763-766.

Ramamoorthy, S., Giovanetti, E., Qian, Y., and Blakely, R.D. (1998). Phosphorylation
and regulation of antidepressant-sensitive serotonin transporters. The Journal of
biological chemistry 273, 2458-2466.

Rao, V.D., Misra, S., Boronenkov, 1.V., Anderson, R.A., and Hurley, J.H. (1998).
Structure of type llbeta phosphatidylinositol phosphate kinase: a protein kinase fold
flattened for interfacial phosphorylation. Cell 94, 829-839.

Ravna, A.W., and Edvardsen, O. (2001). A putative three-dimensional arrangement of
the human serotonin transporter transmembrane helices: a tool to aid experimental
studies. Journal of molecular graphics & modelling 20, 133-144.

Ravna, A.W., Jaronczyk, M., and Sylte, I. (2006). A homology model of SERT based on
the LeuT(Aa) template. Bioorganic & medicinal chemistry letters 16, 5594-5597.

Rohacs, T. (2009). Phosphoinositide regulation of non-canonical transient receptor
potential channels. Cell calcium 45, 554-565.

Roux, M.J., and Supplisson, S. (2000). Neuronal and glial glycine transporters have
different stoichiometries. Neuron 25, 373-383.

Rudnick, G. (2011). Cytoplasmic permeation pathway of neurotransmitter
transporters. Biochemistry 50, 7462-7475.

Rudnick, G., and Wall, S.C. (1992). p-Chloroamphetamine induces serotonin release
through serotonin transporters. Biochemistry 31, 6710-6718.



59

Sakai, N., Kodama, N., Ohmori, S., Sasaki, K., and Saito, N. (2000). Involvement of
the actin cytoskeleton in the regulation of serotonin transporter (SET) activity:
possible mechanism underlying SET regulation by protein kinase C. Neurochemistry
international 36, 567-579.

Sakai, N., Sasaki, K., Nakashita, M., Honda, S., lkegaki, N., and Saito, N. (1997).
Modulation of serotonin transporter activity by a protein kinase C activator and an
inhibitor of type 1 and 2A serine/threonine phosphatases. Journal of neurochemistry
68, 2618-2624.

Scanlon, S.M., Williams, D.C., and Schloss, P. (2001). Membrane cholesterol
modulates serotonin transporter activity. Biochemistry 40, 10507-10513.

Schmid, J.A., Just, H., and Sitte, H.H. (2001). Impact of oligomerization on the
function of the human serotonin transporter. Biochemical Society transactions 29,
732-736.

Scholze, P., Freissmuth, M., and Sitte, H.H. (2002). Mutations within an
intramembrane leucine heptad repeat disrupt oligomer formation of the rat GABA
transporter 1. The Journal of biological chemistry 277, 43682-43690.

Scholze, P., Zwach, J., Kattinger, A., Pifl, C., Singer, E.A., and Sitte, H.H. (2000).
Transporter-mediated release: a superfusion study on human embryonic kidney cells
stably expressing the human serotonin transporter. The Journal of pharmacology and
experimental therapeutics 293, 870-878.

Seidel, S., Singer, E.A., Just, H., Farhan, H., Scholze, P., Kudlacek, O., Holy, M.,
Koppatz, K., Krivanek, P., Freissmuth, M., et al. (2005). Amphetamines take two to
tango: an oligomer-based counter-transport model of neurotransmitter transport
explores the amphetamine action. Molecular pharmacology 67, 140-151.

Singh, S.K., Piscitelli, C.L., Yamashita, A., and Gouaux, E. (2008). A competitive
inhibitor traps LeuT in an open-to-out conformation. Science 322, 1655-1661.

Singh, S.K., Yamashita, A., and Gouaux, E. (2007). Antidepressant binding site in a
bacterial homologue of neurotransmitter transporters. Nature 448, 952-956.

Sitte, H.H., and Freissmuth, M. (2003). Oligomer formation by Na+-Cl--coupled
neurotransmitter transporters. European journal of pharmacology 479, 229-236.

Sitte, H.H., and Freissmuth, M. (2010). The reverse operation of Na(+)/CI(-)-coupled
neurotransmitter transporters--why amphetamines take two to tango. Journal of
neurochemistry 112, 340-355.

Sitte, H.H., Hiptmair, B., Zwach, J., Pifl, C., Singer, E.A., and Scholze, P. (2001).
Quantitative analysis of inward and outward transport rates in cells stably expressing
the cloned human serotonin transporter: inconsistencies with the hypothesis of
facilitated exchange diffusion. Molecular pharmacology 59, 1129-1137.

Sucic, S., Dallinger, S., Zdrazil, B., Weissensteiner, R., Jorgensen, T.N., Holy, M.,
Kudlacek, O., Seidel, S., Cha, J.H., Gether, U., et al. (2010). The N terminus of



60

monoamine transporters is a lever required for the action of amphetamines. The
Journal of biological chemistry 285, 10924-10938.

Sucic, S., El-Kasaby, A., Kudlacek, O., Sarker, S., Sitte, H.H., Marin, P., and
Freissmuth, M. (2011). The serotonin transporter is an exclusive client of the coat
protein complex Il (COPIl) component SEC24C. The Journal of biological chemistry
286, 16482-16490.

Sucic, S., Koban, F., El-Kasaby, A., Kudlacek, O., Stockner, T., Sitte, H.H., and
Freissmuth, M. (2013). Switching the Clientele: A LYSINE RESIDING IN THE C
TERMINUS OF THE SEROTONIN TRANSPORTER SPECIFIES ITS PREFERENCE FOR THE
COAT PROTEIN COMPLEX Il COMPONENT SEC24C. The Journal of biological chemistry
288, 5330-5341.

Suh, B.C., and Hille, B. (2008). PIP2 is a necessary cofactor for ion channel function:
how and why? Annual review of biophysics 37, 175-195.

Torres-Altoro, M.l., White, K.J., Rodriguez, G.J., Nichols, D.E., and Barker, E.L.
(2008). Helix XI contributes to the entrance of the serotonin transporter permeation
pathway. Protein science : a publication of the Protein Society 17, 1761-1770.

Torres, G.E., Carneiro, A., Seamans, K., Fiorentini, C., Sweeney, A., Yao, W.D., and
Caron, M.G. (2003a). Oligomerization and trafficking of the human dopamine
transporter. Mutational analysis identifies critical domains important for the functional
expression of the transporter. The Journal of biological chemistry 278, 2731-2739.

Torres, G.E., Gainetdinov, R.R., and Caron, M.G. (2003b). Plasma membrane
monoamine transporters: structure, regulation and function. Nature reviews.
Neuroscience 4, 13-25.

Volterra, A., Trotti, D., Cassutti, P., Tromba, C., Salvaggio, A., Melcangi, R.C., and
Racagni, G. (1992). High sensitivity of glutamate uptake to extracellular free
arachidonic acid levels in rat cortical synaptosomes and astrocytes. Journal of
neurochemistry 59, 600-606.

Wang, C.I., and Lewis, R.J. (2010). Emerging structure-function relationships defining
monoamine NSS transporter substrate and ligand affinity. Biochemical pharmacology
79, 1083-1091.

Wang, J., Huang, Y., and Ning, Q. (2011). Review on regulation of inwardly rectifying
potassium channels. Critical reviews in eukaryotic gene expression 21, 303-311.

Wendeler, M.W., Paccaud, J.P., and Hauri, H.P. (2007). Role of Sec24 isoforms in
selective export of membrane proteins from the endoplasmic reticulum. EMBO reports
8, 258-264.

Wiedemann, C., Schafer, T., Burger, M.M., and Sihra, T.S. (1998). An essential role
for a small synaptic vesicle-associated phosphatidylinositol 4-kinase in
neurotransmitter release. The Journal of neuroscience : the official journal of the
Society for Neuroscience 18, 5594-5602.



61

Yamashita, A., Singh, S.K., Kawate, T., Jin, Y., and Gouaux, E. (2005). Crystal
structure of a bacterial homologue of Na+/Cl--dependent neurotransmitter
transporters. Nature 437, 215-223.

Zhang, L., and Reith, M.E. (1996). Regulation of the functional activity of the human
dopamine transporter by the arachidonic acid pathway. European journal of
pharmacology 315, 345-354.

Zhou, Z., Zhen, J., Karpowich, N.K., Goetz, R.M., Law, C.J., Reith, M.E., and Wang,
D.N. (2007). LeuT-desipramine structure reveals how antidepressants block
neurotransmitter reuptake. Science 317, 1390-1393.

Zomot, E., Bendahan, A., Quick, M., Zhao, Y., Javitch, J.A., and Kanner, B.l. (2007).
Mechanism of chloride interaction with neurotransmitter:sodium symporters. Nature
449, 726-730.



62

6.Appendix

ABSTRACT GERMAN

Serotonin zahlt neben Dopamin u. Noradrenalin zu den wichtigsten
Neurotransmittern im menschlichen Gehirn. Eine strikte Regulation von
Serotonin (5-HT) ist essentiell um Prozesse wie Schilaf, Stimmung, Antrieb und
Gedachtnis zu steuern. Neben Synthese u. Transmission von Serotonin zahlt
Wiederaufnahme von 5-HT zu den wichtigsten regulatorischen Prozessen,
welche Uber den Serotonin Transporter (SERT) bewerkstelligt wird. Selektive
Serotonin-Wiederaufnahmehemmer inhibieren SERT u. unterstreichen damit
seine dominante Rolle in psychiatrischen Erkrankungen wie Depression,
Angststorung und Personlichkeitsstorung. Jedoch ist wenig uber die genauen
Regulationsmechanismen von SERT bekannt. Diese Arbeit untersucht den
Einfluss eines wichtigen Membranlipids, Phosphoinositol-2-Phosphat (PIP,), auf
die Funktion von SERT. Unter Verwendung eines heterologen
Expressionssystem konnte gezeigt werden, dass eine drastische Reduktion von
PIP, zu einer Reduktion in SERT-Efflux fihren wobei die Influx-Raten
unverandert bleiben. Eine Reduktion von PIP, konnte Uber die Aktivierung der
Proteinkinase C (PLC) mittels der Substanz m-3M3FBS erreicht werden, wobei
ausgeschlossen werden konnte, dass PLC selbst zu einer Verminderung des
SERT-Efflux beitragt. Demnach konnte gezeigt werden, dass PIP, SERT mit
grolBer Wahrscheinlichkeit via direkter Interaktion reguliert. Mdgliche
Positionen an welchen diese Interaktion stattfinden koénnte wurden mittels
bioinformatischer Analysen ermittelt. Zwei Aminoséaurereste K352 (Helix6) und
K460 (Helix 9) kamen aufgrund ihrer Position und Ladung in Frage. In einem
nachsten Schritt wurden beiden Aminosauren mutiert. Die Untersuchung
dieser K352A/K460A hSERT Doppelmutante bestéatigte unsere Annahme
insofern als dass Efflux Raten in der Mutante erniedrigt waren, Influx Raten
sich jedoch unbeeinflusst im Vergleich zum Wildtyp hSERT zeigten. Damit
konnte gezeigt werden, dass PIP, den Flux von SERT selektiv moduliert indem
es nur den Efflux beeinflusst, jedoch nicht den Influx. Diese Modulation
geschieht hochstwahrscheinlich durch eine direkte Bindung von PIP, an die

Aminosaurereste K352 und K460 von hSERT.
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ABSTRACT ENGLISH

The serotonin transporter (SERT) as a member of the sodium-coupled
neurotransmitter transporters (NSS) plays a crucial role in the termination of
serotonin signalling. Alterations of intrinsic transporter function and regulation
are associated with psychiatric diseases and physiological disorders. A great
deal of effort has been taken to unravel SERT regulation and transport
mechanism. Phosphatidylinositol-4,5-bisphosphate (PIP,) is involved in several
major cellular regulatory processes and was also shown to play a role in the
regulation of integral membrane proteins, like ion channels (Gamper and
Shapiro, 2007a). PIP, as well as cholesterol have been found to be enriched in
membrane microdomains where also SERT was found to be located and
regulated (Chang et al., 2012). Nevertheless, a regulatory effect of PIP, on
SERT fluxes has never been investigated before. This work examined the role
of PIP, on SERT transport flux by using a heterologous expression system. It
could be shown that the PLC activator m-3M3FBS was able to deplete PIP, in
HEK-hSERT cells resulting in reduced amphetamine-induced efflux rates but
unchanged ligand influx. To preclude the possibility that observed reduction of
efflux rates is caused by activation of second messengers due to cleavage of
PIP, via PLC, inhibition of PIP, synthesis via the substance PAO was
investigated. Indeed, the same reduction in efflux but without affecting influx
rates could be demonstrated which verified that this effect was caused by PIP,
depletion rather than via activation of second messengers. These results
indicate that PIP, directly effects amphetamine induced transporter efflux
indicating that this could be mediated via direct binding of PIP, to SERT.
Computational analysis revealed two positively charged amino acids K352
(helix 6) and K460 (helix 9), located in the intracellular loops of SERT, as
potential binding sites for PIP,. Mutagenesis of both amino acids did not alter
intrinsic transporter function but displayed the exact same effect as was
observed for PIP, depletion. K352A/K460A double mutation in hSERT did affect
neither substrate influx nor trafficking to the surface, but was shown to
markedly reduce amphetamine induced efflux rates. Therefore it could be
demonstrated that PIP, modulates SERT flux selectively, by only affecting
efflux and that this modulation occurs most likely via direct binding of PIP, to

the amino acids K352 K460.
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