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ABSTRACT 

Neurotransmitter transporters are responsible for the reuptake of released neurotransmitters 

into the presynaptic interior. There, synaptic vesicles can be filled with the retrieved 

neurotransmitter to participate in another round of neurotransmission. Hence the essence of 

these transporters consists in the termination and the maintenance of neurotransmission. In 

order to fulfill this function, transporters have to be synthesized and integrated into the 

membrane of the endoplasmic reticulum (ER); in the next step they are exported from the ER 

by the action of COPII proteins. Prior to ER export, proteins are examined for correct folding 

by a stringent quality control machinery, consisting of molecular chaperones. A hypothetical 

chaperone/COPII exchange model posits that cytosolic chaperones occupy the same or 

adjacent segments of the proteins, which are required for binding of the COPII coat. Thus 

chaperones must be released first before the COPII coat can be recruited. This arrangement 

precludes the export of misfolded or partially folded membrane proteins. This model is based 

– in part – on the observation that the carboxyl-terminus of monoamine transporters is 

essential for protein folding and ER export. Mutations in the C-terminus of the serotonin 

transporter (SERT) lead to folding defects and a C-terminal R/K-I/L motif was identified as 

recognition site for the COPII-subunit SEC24. The SEC24 family comprises 4 isoforms 

(SEC24A-D) and the serotonin transporter (SERT) is exclusively recognized by SEC24C. 

The present thesis describes distinct motifs in the human SERT carboxyl-terminus, which are 

essential for protein folding and trafficking: (i) A hydrophobic motif provides a landing 

platform for the molecular chaperone HSP70-1A. (ii) An amphipathic helix and a salt bridge 

facilitate and stabilize the native conformation of the transporter. (iii) A lysine downstream of 

the R/K-I/L export signal mediates the exclusive recruitment of SEC24C. 

This work provides insights into folding and trafficking of SERT, but it is applicable to 

related transporters, e.g., the dopamine transporter or the glycine transporter-2. Mutations in 

these two transporters cause diseases, which are mechanistically accounted for by misfolding 

of the transporters. It is hoped that the insights generated in this thesis may eventually 

translate into therapeutic strategies, which correct the folding defect. 
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ZUSAMMENFASSUNG 

Die Aufgabe der Neurotransmittertransporter besteht in der Wiederaufnahme freigesetzter 

Neurotransmitter in das Innere der präsynaptischen Endigung. In diesem Raum können 

synaptische Vesikel mit dem zurückgewonnen Neurotransmitter gefüllt werden, so dass 

ausreichende Mengen des Neurotransmitters für die Signalübertragung zur Verfügung stehen. 

Neurotransmittertransporter sind daher sowohl für die Beendigung als auch für die 

Aufrechterhaltung der Neurotransmission entscheidend. Um ihre Funktion wahrzunehmen, 

müssen Transporter zunächst synthetisiert und in die Membran des Endoplasmatischen 

Retikulums (ER) eingebaut werden. Im nächsten Schritt werden sie mit Hilfe von COPII-

Proteinen, aus dem ER exportiert. Bevor dies geschieht, werden Proteine auf Faltungsfehler 

geprüft. Diese Qualitätskontrolle wird mittels molekularer Chaperone durchgeführt. Der 

Arbeitshypothese dieser Dissertation liegt ein Chaperon/COPII-Austauschmodell zugrunde. 

Dieses schlägt vor, dass cytosolische Chaperone an diejenigen Segmente der 

Transportproteine bzw. in deren Nähe binden, die auch für die Bindung der COPII-Proteine 

notwendig sind. Daher müssen die Chaperone zuerst von den korrekt gefalteten Substraten 

freigesetzt werden, bevor COPII-Proteine mit dem Transporter assoziieren können. Dieses 

Modell beruht unter anderem auch auf der Beobachtung, dass der Carboxy-Terminus von 

Monoamintransporter essenzielle Bedeutung für die Faltung und den ER-Export des gesamten 

Proteins hat. Mutationen im C-terminus des Serotonintransporters (SERT) führen zu 

Faltungsfehlern. Des weiteren wurde ein R/K-I/L Motiv als Kontaktstelle für die COPII-

Untereinheit Sec24 identifiziert. Die SEC24-Familie besteht aus vier Mitgliedern (SEC24A-

D) und interessanterweise wird SERT ausschließlich von SEC24C erkannt.  

Die vorliegende Arbeit beschreibt definierte Proteinmotive im C-terminus des humanen 

Serotonintransporters, die sich maßgeblich auf die Proteinfaltung und den ER-export 

auswirken: 

(i) Ein hydrophobes Proteinmotiv bildet die Bindungsstelle für das molekulare Chaperon 

HSP70-1A. (ii) Eine amphipathische Helix und eine intramolekulare ionische Bindung 

begünstigen und stabilisieren die native Proteinkonformation. (iii) Ein Lysin, das  zwei 

Positionen distal des R/K-I/L-Motivs liegt, vermittelt die spezifische Rekrutierung von 

SEC24C. 

Diese Arbeit bietet einen Einblick in Faktoren, welche die Faltung und den Export des 

Serotonintransporters beeinflussen, aber sie sind auch auf andere verwandte Proteine 

übertragbar, z.B., den Dopamintransporter und den Glyzintransporter-2. Mutationen in diesen 
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Transportern führen zur Fehlfaltung der Proteine und lösen damit klinisch relevante 

Erkrankungen aus. Es ist zu hoffen, dass das in dieser Dissertation gewonnene Verständnis 

der Faltung und des ER Exports zur Entwicklung von Strategien führt, mit denen die 

Fehlfaltung korrigiert werden kann und damit in Zusammenhang stehende Erkrankungen 

behandelt werden können. 
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1. INTRODUCTION 

1.1 Neurotransmitters and Neurotransmitter Transporters 

Afferent neurotransmission is the process by which external stimuli, received by our sensory 

organs, are transmitted via nerve cells and relayed to the brain for further interpretation. In 

reaction to this input, an output is produced by neuronal circuits in the brain and transmitted 

via efferent nerve cells to an executing tissue, e.g. muscles, heart, internal organs. 

Since the late 18
th

 century, and based on the seminal experiments of Luigi Galvani, it is 

believed that neurons communicate by electrical signaling. Since the mid 19
th

 century and due 

to Emil du Bois-Reymond, we know that these electrical signals propagate along the neuronal 

membrane as action potentials. The work of Alan Hodgkin and Andrew Huxley in 1952 

(Hodgkin and Huxley, 1952) provided the fundamental insights, how action potentials are 

carried by ion permeation through the nerve cell membrane. In myelinated nerves, the 

insulating myelin sheath accelerates nerve conduction by allowing the depolarization to 

propagate in  saltatory manner to the end of the axon. This end is organized as a chemical 

synapse, i.e., a close contact with another nerve cell or a target cell, which result in the 

separation by a small gap (the synaptic cleft) of around 20-40 nm. When the presynaptic 

membrane becomes depolarized, the signals are transmitted across the synaptic cleft to the 

postsynaptic neuron. It took until 1921 and the first groundbreaking description of a 

neurotransmitter by Otto Loewi (1921), to understand that the communication between nerve 

cells is not only of electrical but also of chemical nature. The discovered neurotransmitter, 

initially referred to as “Vagusstoff”, was identified as acetylcholine and described as a body 

constituent by Henry Dale in 1929 (Dale and Dudley, 1929). In recognition of the 

significance of this discovery, Loewi and Dale shared the 1936 Nobel Prize for Medicine or 

Physiology.  

In general, neurotransmitters are small chemical compounds, responsible for the transmission 

of signals from one nerve cell to another neuron or an effector target cell, which are 

connected by a chemical synapse. Prominent groups of neurotransmitters are amino acids 

(e.g., γ-aminobutyric acid, glutamate, glycine), biogenic amines (e.g., dopamine, serotonin, 

norepinephrine), purines (e.g., ATP) and peptides (e.g., somatostatin, substance P). 

When an action potential of an excited neuron reaches the synapse, depolarization of the 

presynaptic membrane leads to the influx of Ca
2+

 into the intracellular compartment. This 

triggers neurotransmitter-filled small vesicles to fuse with the presynaptic membrane and to 
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release their content into the synaptic cleft (Südhof, 2012). At the postsynaptic membrane, 

neurotransmitter receptors engage the released neurotransmitter, which allows the signal of 

the first neuron to be received by the target cell. Receptor-mediated responses are versatile, 

they may arise from the influx of ions through ionotropic receptors or result from the 

regulation of membrane-delimited and intracellular pathways via G protein-coupled receptors 

(metabotropic receptors). 

Neurotransmission is a process which requires a very high degree of fine tuning. Therefore 

the presence of neurotransmitters within the synaptic cleft needs to be tightly controlled and 

quickly terminated. If we ignore the trivial possibility of passive diffusion, two ways exist by 

which the content of neurotransmitters in the synaptic cleft can be controlled.  

1. Enzymatic degradation of the neurotransmitter. 

2. Reuptake of transmitters into the presynaptic compartment. 

(Masson, 1999) 

Initially neurotransmitters were generally thought to be subject to enzymatic degradation. In 

fact, this is only true for acetylcholine, ATP and neuropeptides (Burnstock, 2006; 

Zimmermann, 2008). The advent of radioactively labeled neurotransmitters allowed for the 

pioneering work of Hertting and Axelrod (Hertting and Axelrod, 1961). Based on these 

insights, it is clear that virtually all other transmitters are recycled by special transporters, 

which drive the transmitters back into the compartment from where they were originally 

released or clear them via glial reuptake. This is accomplished by neurotransmitter 

transporters, which reside at the presynaptic membrane (Masson, 1999) or on the astrocytes. It 

took another 30 years, until the first neurotransmitter transporters were identified at the 

molecular level: in 1990/1991, the cDNAs were sequenced, which coded for the γ-

aminobutyric acid transporter 1 (GAT1), the norepinephrine transporter (NET), the dopamine 

transporter (DAT) and the serotonin transporter (SERT) (Guastella et al., 1990; Pacholczyk et 

al., 1991; Shimada et al., 1991; Kilty et al., 1991; Hoffman et al., 1991).  Nowadays, these 

transporters are classified as representatives of the solute carrier 6 class (SLC6). The current 

thesis focuses on this class of transporters. 

For SLC6, the transport of substrate is coupled to the import of sodium- and chloride-ions 

downhill their electrochemical gradient (Chen et al., 2003). Therefore this group is also 

referred to as neurotransmitter:sodium symporters (NSS). After their translocation to the 

intracellular side of the membrane, neurotransmitters are transported into small vesicles by 

the action of vesicular neurotransmitter transporters. From this point, the retrieved 

neurotransmitters are available for another round of neurotransmission. 
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A further classification among SLC6 transporters can be made depending on their specific 

substrates. Proteins, responsible for the uptake of biogenic amines are called monoamine 

transporters. This category includes the serotonin transporter (SERT), the dopamine 

transporter (DAT) and the norepinephrine transporter (NET). 

1.1.1 Monoamine transporters 

The present thesis, deals with the folding, ER export and surface expression of monoamine 

transporters, in particular the serotonin transporter (SERT). The next section gives an 

overview of these proteins.  

Monoamine transporters share the same overall structure (Kristensen et al., 2011). They 

consist of more than 600 amino acids, which form twelve hydrophobic membrane-spanning 

segments (Blakely et al., 1991). The transmembrane segments are connected by short intra- 

and extracellular loops; the exception is extracellular loop 2, which is large (almost 80 aa) and 

contains motifs for N-linked glycosylation. In comparison to their prokaryotic counterparts, 

eukaryotic NSS harbor large N- and C-termini, which are both oriented into the cellular 

interior; they represent platforms for recruiting intercellular proteins and thus allow for 

regulatory input (Torres, 2006).  

The impact of C-terminal sequences for protein folding and ER export is the key issue of this 

work. Figure 1 shows a scheme of the NSS topology. 

 

 

Kristensen et al., 2011, modified 

Fig. 1: Schematic topology of sodium- and chloride-dependent transporters 

 

SERT is predominantly found on the presynaptic membrane of neurons of the tegmental and 

pontine raphe nuclei. Neurons originating from these nuclei elaborate large axonal 

arborizations, which project to virtually all other brain regions (Hoffman et al., 1998) (fig. 3). 
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The transport of serotonin requires the symport of 1 Na
+
, 1 Cl

-
 and the antiport of 1 K

+ 
(fig. 

2). By tuning the amount of serotonin in the synaptic cleft, SERT plays a major role in all 

neuronal circuits dependent on serotonin.  Serotonin, also known as “happiness hormone” in 

colloquial speech, is best described for its major influence on mood and mood disorders, like 

depression. The mood elevating mechanism of tricyclic antidepressants (like imipramine) or 

selective serotonin reuptake inhibitors (SSRIs, like fluoxetine) relies on the inhibition of 

SERT, which results in an increase of serotonin in the synaptic cleft. This in turn leads to 

increased serotonergic signaling and consequently to a repressing effect on the progress of 

mood disorders. 

 

 

 

             

  

                               

Kristensen et al., 2011, modified                    www.dartmouth.edu, modified 

 

 

 

 

 

 

 

Fig. 2: Chemical structure of 
norepinephrine, dopamine and 
serotonin and the stoichiometry of co-
transported ions 

Fig. 3: Projection of serotonergic raphe 
neurons to virtually all brain regions. 
RN = raphe nuclei 

http://www.dartmouth.edu/
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1.1.2 LeuTAa 

 

In 2005, the group of Eric Gouaux provided a crystal structure of LeuTAa a bacterial (Aquifex 

aeolicus) leucine transporter homologous to the eukaryotic neurotransmitter:sodium 

symporters (to which SERT, DAT, NET belong). The overall sequence identity between 

LeuT and the eukaryotic transporters amounts to only 20-25%. However, the highest identity 

was found in positions required for substrate and sodium binding. It can be assumed that the 

principle architecture and the mode of function are equivalent for these molecules (Yamashita 

et al., 2005). The analysis of the structure came along with a detailed description of the 

substrate binding site and the sodium binding site of LeuT, which represent two central topics 

in the field of neurotransmitter transporters. Figure 4 shows a 2-dimensional schematic 

representation of the crystallized transporter. 

 

  

Yamashita et al., 2005 

Fig. 4: Two-dimensional presentation of the LeuT structure in the membrane. Blue dots = 

ions, triangulated L = substrate 

 

First of all, the work unequivocally confirmed that LeuT and – by inference – homologous 

transporters consist of twelve transmembrane helices (TMs), and the N- and C-termini reside 

in the cytoplasm. Strikingly, LeuT is constructed of two major building blocks (indicated as 

pink and blue triangles) consisting of helices 1-5 and helices 6-10. Moreover, these blocks 

show a high degree of symmetric similarity, especially if one block is inverted relative to the 

other. The binding sites for substrate and sodium are provided by the juxtaposition of TM1 

and TM6. Interestingly, both of these TMs are not continuous helices, but consist of 2 helices 

separated by a break. The high degree of conserved residues in these segments emphasizes 

their significance for transporter function. The active transport of substrate through the 
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transporter is probably driven by the movement of a helical bundle, consisting of TM 1,2,6,7 

(“rocking bundle”) (Forrest and Rudnick, 2009). As shown in fig. 5, the transport cycle 

follows the mechanism, which was already proposed by Peter Mitchell 1957 (Mitchell P, 

1957): it consists of an outward-facing state, which engages the substrate on the environment, 

and an inward-facing state, which releases the substrate into the cellular interior. 

 

 

Yamashita et al., 2005 

Fig. 5: Speculative transport mechanism of substrate through LeuT 

 

TM1-10 appear to be the core unit for substrate transport. TM11 and 12 are located at a 

distance from this substrate binding core. In fact, although most transporters of this class 

consist of twelve transmembrane helices, other transporters were described to consist only of 

eleven or ten helices (Androutsellis-Theotokis et al., 2003) 

Another striking feature is the fact that LeuT dimerized during crystallization, for which TM9 

and TM12 represented the dimerization interface.  

In contrast to LeuT, eukaryotic homologues contain N- and C-termini of substantial length. 

As mentioned above, these termini provide a platform for regulatory proteins, which control 

surface expression and the function of the protein (Torres, 2006). Bacteria do not require such 

a sophisticated level of regulation. Therefore the information which can be obtained from the 

LeuT crystal is rather limited to understand the function of the termini of monoamine 

transporters. 

In 2013, again the group of Eric Gouaux published a crystal structure showing the dopamine 

transporter of Drosophila melanogaster (dDAT), in complex with the inhibitor nortriptyline 

(Penmatsa et al., 2013). This protein bears substantial resemblance with human monoamine 

transporters, including a C-terminus of comparable length and sequence. The structure of this 
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carboxyl-terminus shows some surprising properties and it bears some relation to one set of 

observations, which will be described in the “Results” section.  

 

1.1.3 Drosophila DAT  

 

DAT from Drosophila melanogaster shares only around 50% protein sequence identity with 

the human serotonin transporter. However, it can be assumed that many functional and 

structural features are shared between the two proteins. Therefore, dDAT is currently by far 

the best model for monoamine transporters. It was not surprising that dDAT and LeuT show 

the same overall architecture. Drosophila DAT also consists of 12 transmembrane helices, 

which display a pseudosymmetry between helices 1-5 and 6-10. The substrate binding site is 

located half-way between the antiparallel transmembrane domains 1 and 6. One feature, 

which is distinct from LeuT, is a kinked TM12; the kink is due to a proline in the middle of 

this TM. The authors, therefore, assume that the oligomerization interface of dDAT differs 

from the one in LeuT, because the kink sterically interferes with dimerization. Interestingly, 

in contrast to LeuT, dDAT is monomeric in the crystal, suggesting that additional factors are 

required for DAT oligomerization.  

Unlike LeuT, dDAT carries a C-terminal domain of considerable size (53 amino acids), which 

shows some interesting structural properties. Adjacent to the membrane, the C-terminus bends 

to form a tight turn, which precedes in an α-helix of 2.5 turns between residues 586 and 595. 

This structure is followed by a cation-π interaction between tryptophan 597 (W
597

) and 

arginine 101 (R
101

). R
101

 is located in the intracellular loop 1 (IL-1) (Penmatsa et al., 2013). 

As will be shown in the “Results” section, this interaction is critical for stabilizing the 

upstream C-terminal helix and that this, in turn, allows for ER export of the transporter. 

Figure 6 shows a schematic presentation of the crystal and the C-terminal interaction. 
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Penmatsa et al., 2013 

Fig. 6: Right; Scheme of the dDAT structure in the membrane. Left;  cation-π-interaction 

between the dDAT C-terminus and the first intracellular loop 

1.1.4 Monoamine transporter oligomerization 

Though dDAT appears as monomer in the crystal, it was shown that neurotransmitter:sodium 

symporters form oligomers (Schmid et al., 2001; Sorkina et al., 2003; Kilic et al., 2000; 

Hastrup et al., 2001). In the crystal structure, the dimer interface of LeuT is comprised by 

transmembrane helices 9 and 12. In contrast, the dimerization interface of eukaryotic 

transporters is still a matter of debate. Potential interfaces already have been identified in 

TM2 of DAT and GAT1 in form of a leucine heptad repeat (Torres et al., 2003; Scholze et al., 

2002), in TM6 of DAT in a sequence similar to the dimerization motif of glycophorin A 

(Hastrup et al., 2001) and in TM11-12 in SERT (Just et al., 2004). If we assume that Na
+
/Cl

-
 

dependent transporters do not only form dimers but oligomers, it is extremely likely that all of 

these motifs are effective contact sites for homooligomerization. A single contact site would 

only allow for dimers and inevitably prohibit higher order oligomers, as one molecule 

saturates the contact site of the other and vice versa. 

The oligomerization already takes place on the level of the ER and is a prerequisite for ER 

export (Scholze et al., 2002; Farhan et al., 2006). Presumably, both molecules of a dimer, and 

maybe even all molecules in an oligomer, have to adopt the native folding state in order to be 

exported from the ER. This has the interesting consequence that mutations in only one allele 

of the transporter gene (heterozygous) lead to proteins, which have a dominant negative effect 

on the protein expressed from the wild type gene. In fact, this was shown shown for the 

human norepinephrine transporter (hNET): a single mutation (A457P) does not only lead to 

ER retention of the mutant protein, but also causes substantial retention of the wild type 

hNET (Hahn et al., 2003). This can only be accounted for by oligomerization. The biological 
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relevance of oligomerization for ER export can also be gauged from the fact that startle 

disease/hyperekplexia can result from a mutation in one allele of the glycine transporter-2 

(GlyT2); again the dominant negative action of the mutated transport results from ER 

retention of the product of the normal allele (Arribas-González et al., 2015). In a recent study 

Pagant et al. hypothesize that oligomerization of monomers leads to concentration of simple 

export signals, which in turn promotes COPII binding (Pagant et al., 2015). In such a way 

ERGIC53 hexamerizes to correctly orient export signals, prior to COPII recruitment (Nufer et 

al., 2003). However, to the best of my knowledge, the precise mechanism, why ER export 

transporter is contingent on oligomerization, still remains elusive. 
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1.2 Synthesis and Trafficking of Membrane Proteins 

In order to fulfill their function, transmembrane proteins need to be integrated into specific 

compartments of the plasma membrane. In case of neuronal SERT, this would be the 

membrane surrounding the presynaptic specialization. In 2013, James Rothman, Randy 

Schekman and Thomas Südhof shared the Nobel Prize for Medicine or Physiology for 

clarifying the mechanisms by which proteins are exported from the endoplasmic reticulum 

(ER), transported along the cellular interior and integrated into exactly that membrane area 

where they are required. Prior to these events, transmembrane proteins need to be synthesized 

and incorporated into the ER-membrane. 

1.2.1 Synthesis and translocation of membrane proteins  

Intrinsic membrane proteins are inserted into the endoplasmic reticulum. This requires the 

translocation of the nascent polypeptide into a hydrophilic channel (Palade, 1975; Simon and 

Blobel, 1991). The very same channel releases the membrane spanning segments of the 

protein laterally into the lipid bilayer (Matlack et al., 1998). This process is directly coupled 

to the synthesis of the protein by the ribosome and thus occurs in a co-translational manner: 

Cytosolic ribosomes translate the mRNA of a membrane protein, until the first hydrophobic 

segment emerges from the ribosomal peptide channel. The emerging hydrophobic segment 

acts as in manner analogous to the signal sequence of secreted protein/peptide and recruits the 

signal-recognition particle (SRP) (Walter et al., 1981a; Walter and Blobel, 1981b,c). Binding 

of SRP stalls ribosomal translation and allows the complex to associate with the membrane of 

the ER via the interaction between the bound SRP and an SRP-receptor, an integral 

membrane protein of the rough ER. This receptor guides the complex to the translocon 

SEC61, which represents an aqueous channel through the ER membrane. SRP and the SRP-

receptor are released from the complex, the ribosome attaches to SEC61 and protein synthesis 

resumes upon release of SRP (Rapoport, 2007). SEC61 binds the N-terminal hydrophobic 

segment and translocates the protein across the ER membrane in a co-translational manner. 

The presence of translocated hydrophobic segments within the channel trigger the lateral 

opening of SEC61, creating a gap in the translocon, which exposes the translocated parts of 

the protein to the phospholipids of the membrane (Rapoport, 2007; Shaw et al., 1988). This 

process allows for the transfer of transmembrane domains into the ER membrane.   

In case of a multipass transmembrane protein the hydrophobic membrane segments are 

interspersed with hydrophilic segments. This sophisticated arrangement results in a protein 
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whose lipophilic parts are integrated into the membrane whereas its hydrophilic parts are 

either on the cytoplasmic or on the luminal side of the ER. The interplay between the protein 

and the hydrophobicity of the membrane as well as the hydrophilic forces on both sides of the 

membrane are of fundamental importance for the orientation of the protein stretches to each 

other.  

This mechanism applies to about 6000 membrane proteins, which are encoded by the human 

genome. The vast majority of these proteins is destined to reach membrane compartments 

other than the ER. 

 

1.2.2 ER export – the coatomer protein II (COPII) complex 

Membrane proteins, which have been inserted into the ER membrane and are correctly folded, 

need to be exported from the ER, if they are not ER-resident proteins. This anterograde 

trafficking is accomplished by the components of the secretory pathway.  

The components of the secretory pathway were originally identified by genetic 

complementation in yeast (Novick et al., 1980). Since then, groundbreaking advances have 

been made. Accordingly, the structure and function of proteins, which participate in ER 

export, is understood in considerable detail. Five cytosolic proteins are necessary to drive ER 

export of cargo proteins. These proteins form the coatomer protein II (COPII) complex. 

COPII assembles at specific positions of the ER membrane, referred to as ER exit sites 

(ERES). The COPII proteins allow for increased membrane curvature, which destines these 

sites to bulge out and to eventually bud from the ER as COPII coated vesicles. Soon after 

budding the COPII coat disassembles, resulting in uncoated vesicles (Jensen and Schekman, 

2011). In addition and importantly, these vesicles contain all those transmembrane proteins, 

which were present at the ERES at the time of COPII packaging, and the soluble proteins 

residing in the ER lumen, which were trapped at the ERES. Collectively, these proteins 

represent the cargo destined for trafficking. 

In addition to the 5 soluble COPII proteins, some ER membrane proteins are decisive for the 

position and the assembly of COPII coats. 

Table 1 gives an overview of the relevant proteins, their subunits and their function. Figure 7 

shows the sequence of events during COPII assembly and vesicle budding. A description of 

the sequence of events during COPII budding is listed below.  
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1. GDP-bound SAR1 interacts with its guanine nucleotide exchange factor (GEF) Sec12 

in the ER membrane. When GDP is exchanged for GTP, SAR1 adopts its active 

conformation and the N-terminal amphipathic helix is released rom the protein core. 

The amphipathic nature of this helix refers to the fact that it consists of a hydrophilic 

and an opposite hydrophobic surface. This drives the interaction of SAR1 with the ER 

membrane in close vicinity of Sec12 (Lee et al., 2005). It is generally believed that the 

Sar1 amphipathic helix does not penetrate both leaflets of the membrane, but rather 

remains on the side, which faces the cytoplasm. Since this increases the surface area of 

one leaflet only, the membrane tends to curve in order to compensate for this effect. 

Hence, membrane deformation is already initiated upon SAR1 integration. 

 

2. A heterodimer consisting of SEC23 and SEC24 (SEC23/SEC24) is recruited to the 

site of SAR1-GTP insertion. SEC23 is the GTPase activating protein (GAP) for 

SAR1, both proteins bind to each other but the GAP activity remains inactive until the 

COPII-vesicle complex is fully generated. SEC24 recognizes cargo proteins (Miller et 

al., 2002) in the ER membrane, as they present special export signals, which bind to 

distinct sites on the SEC24 molecule (Miller et al., 2003). It is not known, if the 

associations between SEC23 and SAR1 and between SEC24 and cargo must happen 

simultaneously or if the reaction is sequential, i.e. one binding partner (SAR1 or 

cargo) captures the SEC23/SEC24 dimer first and the second binding partner is 

subsequently recruited. SEC23 and SEC24 are homologous proteins; it is therefore not 

surprising that some cargo proteins also interact with SEC23 (Mancias and Goldberg,  

2007). 

 

3. The spherical deformation of the membrane is stabilized by assembly of 

SEC13/SEC31 heterotetramers around the SEC23/SEC24 surface. The ability of 

SEC13/SEC31 to form empty globular cages in vitro (Stagg et al., 2006), gives an 

impression of their in vivo function. For cage formation on COPII-vesicles, SEC31 

directly interacts with SEC23 and SAR1. This has an important functional implication, 

as SEC31 acts as a stimulator of the SEC23 GAP activity. From this point SAR1-GTP 

is converted to SAR1-GDP; the conformational switch results in retraction of the 

amphipathic helix and thus promotes the release of SAR1 (Bi et al., 2007), which 

initiates coat disassembly (see below).  
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4. Progressive assembly of the outer shell by recruitment of SEC13/SEC31 subunits, 

drives globular membrane curvature resulting in fission of the vesicle from the ER. 

Although structurally unrelated, the SEC13/SEC31 mesh phenocopies the 

arrangement of the clathrin triskelion. However, because the SEC13/SEC31 outer 

shell has a flexible solenoid element, the vesicles can accommodate elongated cargo 

proteins such as procollagen fibers. After membrane fission, it is probably the 

complete loss of SAR1, in the form of Sar1-GDP, which destabilizes the COPII 

complex (Venditti et al., 2014). The complex disassembles and leaves an uncoated 

membrane vesicle behind. This vesicle contains the cargo proteins and is ready for the 

next fusion event in the secretory pathway, i.e. the delivery of the cargo to the ERGIC 

(ER-Golgi intermediate compartment also referred to as the vesicular-tubular 

cluster/VTC). The disassembled COPII proteins are ready for the formation of a new 

complex 

 

Gene Subunits Function 

Soluble COPII proteins 

SAR1 Sar1A 

Sar1B 

G-protein; Initiation of membrane curvature by intercalation of 

an amphipathic helix into the ERES membrane. Interaction 

with Sec23. Coat disassembly by hydrolysis of GTP. 

SEC23 Sec23A 

Sec23B 

Heterodimer with Sec24; association with Sar1 and controlling 

its GTPase activity (GTPase activating protein, GAP). 

SEC24 Sec24A 

Sec24B 

Sec24C 

Sec24D 

Heterodimer with Sec23; direct recognition of and association 

with cargo proteins at ERES. 

SEC13/SEC31 Sec13 

Sec31A 

Sec31B 

Heterotetramer; Driving membrane curvature and supporting 

COPII cage stability by creating a solid lattice. (Copic et al., 

2012). Sec31 stimulates Sec23 GAP activity. 

ER membrane proteins 

SEC12 Sec12 Guanine nucleotide exchange factor (GEF) for SAR1. 

SEC16 Sec16A 

Sec16B 

Definition of ER exit sites. Supporting role in COPII coat 

assembly. 

Table 1: COPII components  
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Venditti et al., 2014  

Fig. 7: Sequential events of COPII assembly 

 

As outlined in Table 1, the family of mammalian SEC24 comprises 4 subunits, SEC24A-D.  

All SEC24-isoforms are directly involved in the selection of cargo into COPII vesicles (Miller 

et al., 2002). Sec24 contains at least 3 binding sites for cargo proteins, recognizing different 

cargo motifs (Miller et al., 2003). Fig. 8 shows the molecular arrangement of yeast Sec24-

Sec23-Sar1 and 2 cargo biding sites on Sec24. 

 

 

Miller et al, 2003  

Fig. 8: Sec24 shows distinct binding sites for different cargos 

 

The different Sec24 binding sites recognize different cargo export signals. The A-site (not 

shown in Fig. 8) binds to the YXXXNPF (X is any amino acid) motif of the SNARE protein 

Sed5. The site, which binds the SNAREs Bet1 via an LXXLE motif, is referred to as the B-

site. The same site recognizes the di-acidic D/E-X-D/E on other cargo proteins like SYS1. 

The C-site binds SEC22 by recognition of a conformational epitope (Mancias and Goldberg, 

2007). 
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Gillon et al., 2012 

Fig 9: Specificity of three Sec24 binding  

sites for protein sequences 

 

Considering the existence of 4 Sec24 isoforms in mammals, it is reasonable to assume that 

each isoform has distinct preferences for recognizing different export signals. Sec24A, for 

example, is indispensable for the sorting of cargo molecules carrying a di-hydrophobic 

leucine-leucine-motif. It is likely that Sec24A plays a major role in the detection of all di-

hydrophobic motifs (e.g., FF, YY, II, VV), however, except for the LL-motif, other Sec24 

isoforms can compensate for the loss of Sec24A (Wendeler et al., 2007).  

Basing on sequence homology, the four isoforms can be grouped into Sec24A/B and 

Sec24C/D. One recent work shows that Sec24C/D interacts with a triple-arginine motif in the 

3rd intracellular loop of α2B-adrenergic receptor, belonging to the family of GPCRs (Dong et 

al., 2012). Another work describes a ΦxΦxΦ motif (for which Φ is a hydrophobic amino acid 

and x any amino acid) to be selective for Sec24C (Otsu et al., 2013).  

Taken together it seems that all Sec24 isoforms have a certain degree of functional overlap, in 

particular Sec24A-Sec24B and Sec24C-Sec24D. Nevertheless all isoforms have a certain set 

of substrates for which they are selective. The selectivity for neurotransmitter transporters is 

the focus of the next section. 

1.2.3 Neurotransmitter transporters and Sec24 selectivity 

In 2007, Farhan et al. identified an R/K-L/I motif as export signal, located on C-terminus of 

neurotransmitter transporters. Fig. 10 shows an alignment of the C-terminal amino acid 

sequences of different SLC6 members; the Sec24 sorting signal is framed (Farhan et al., 

2007).  
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Farhan et al., 2007 

Fig. 10: Sequence alignment of NSS C-terminal regions; in frame: Sec24 recognition site 

 

The focus was on ER export of γ-aminobutyric acid (GABA) transporter 1 (GAT1). But, as 

evident from the alignment, the RL-motif is very well conserved throughout all other SLC6 

family members (if we consider that R and K as well as L and I have very similar chemical 

properties). Furthermore, it was shown that GAT1 interacts with the Sec24D isoform and that 

this interaction was lost under two circumstances: (i) The RL-motif in the GAT1 C-terminus 

was mutated in a way disrupting its chemical properties. (ii) A di-aspartate (DD) motif on the 

surface of Sec24D was mutated to valine/asparagine (DD-VN). This allows for the conclusion 

that SLC6 neurotransmitter transporters and Sec24 interact via an ionic interaction between 

the C-terminal RL- motif of the transporter and a DD-motif on the surface of Sec24. More 

recently, the serotonin transporter SERT was moved into the spotlight and its ER export 

studied.  The plausible rationale for focusing on SERT was the hypothesis that variations in 

the surface expression of SERT may be connected to the susceptibility of people to mood 

disorders. Analogously to the RL-motif in GAT1, mutations in the corresponding RI-motif of 

SERT lead to ER retention of the transporter (El-Kasaby et al., 2010). This, presumably, by 

the loss of interaction with Sec24. Interestingly, SERT exclusively interacts with SEC24C 

(Sucic et al., 2011). This conclusion is based on the observation that only siRNA mediated 

knock down of Sec24C reduces surface expression of SERT. In the same manner, the SEC24 

selectivity was tested for 3 other transporters: GAT1, DAT and NET. It was found that all 

these transporters were exclusively reliant on Sec24D. This raises the question, how the 

discrimination between Sec24C and Sec24D is accomplished by cargo proteins, which have 

very similar SEC24 binding sites. This question was addressed by experiments undertaken in 

the current thesis.  

1.3 Protein Folding and Molecular Chaperones 

Proteins are, by far, the structurally most diverse macromolecules. They are synthesized on 

ribosomes as unstructured chains of amino acids and myriads of research articles exist to 
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describe the biophysical transition to the highly structured molecular architecture, which gives 

proteins their particular properties. The final folding state of a protein is solely determined by 

its amino acid sequence. During the early 1960s, Christian B. Anfinsen and his colleagues 

carried out pioneering work to understand the folding behavior of ribonuclease A (Haber and 

Anfinsen, 1961; Epstein and Anfinsen, 1962; Givol et al., 1964, 1965). In the first step, cystin 

bridges within the ribonuclease where reduced and thereby disassembled; this manipulation 

did not affect the primary sequence of the protein. Reformation of the cystin bridges by 

oxidation led to a protein indistinguishable from the original ribonuclease. Ribonuclease 

contains 8 cysteins which participate in disulfide bridges, in other words, each cysteine would 

have had 7 different binding partners during oxidative reassembly. Interestingly each cysteine 

rebound to its original partner-cysteine, resulting in the original protein conformation. This 

indicates that unfolded proteins possess intrinsic properties which direct folding into their 

three-dimensional conformation. The driving forces of this process are the chemical nature of 

their environment and intramolecular interactions between amino acids of the same molecule. 

Proteins integrated within a biological membrane (transmembrane proteins), are in contact 

with 2 surroundings, which differ substantially in their physical properties: the lipophilic 

compartment of the lipid bilayer and the aqueous compartment on both sides of the 

membrane. This leads to the incorporation of hydrophobic protein segments into the 

membrane and to the exposure of hydrophilic segments to water. The resulting effects on the 

conformation of the protein are fundamental for its function. 

As elegant as the idea of autonomous protein folding appears, in 1989 the group around 

Arthur L. Horwich discovered a protein, which assisted the folding of other proteins (Cheng 

et al., 1989). Since then, many proteins of this type were discovered and they are commonly 

known as molecular chaperones. This section seeks to summarize the current understanding 

of protein folding and the nature of chaperones, which support this process. One article in the 

“Results” section of this thesis is directly related to this topic. 

1.3.1 Anfinsen’s dogma, the energetic path 

Anfinsen’s dogma, also referred to as the “thermodynamic hypothesis”, describes the native 

state of a protein, as the minimum of the Gibbs free energy of the whole system (Anfinsen, 

1973). In other words, the protein is in its final native state when the amount of its energy is 

lowest. This in turn requires that hydrophilic parts are exposed to the aqueous solution and 

that the hydrophobic parts are extensively shielded from it, either by a membrane or the 
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interior of the protein itself.  

Folding of complex proteins is a non-linear progression down an energetic path. As pointed 

out (Hartl et al., 2011), it is a “rugged” process, with folding intermediates whose free energy 

is even higher than that of the previous one. The reason for that might be that native folding 

of some parts of the protein drives other parts into states of higher energy. This can either lead 

to productive folding intermediates from where the energetic path can proceed. Alternatively, 

it may lead to a trap along the pathway from where the native structure cannot be reached 

(Jahn and Radford, 2005). This stalling of the folding trajectory, presumably explains the 

requirement for molecular chaperones in living systems, because they accelerate the 

conformational search. Chaperones bind to partially folded or unfolded proteins and establish 

a shielded space of lower free energy, in which folding can proceed. Once the protein passes 

this transition point, the chaperone is released and the protein proceeds on its folding 

trajectory, until the native state is reached. 

 

Hartl et al., 2011 

Fig. 11: Energy landscape of protein folding 

 

 

The progression from a partially folded state into the native state is only one way of 

decreasing the free energy of the system. Another is packing together with other protein 

molecules, which also persist in an unfolded state. Extensive clustering of these intermediates 

leads to aggregate formation, which not only abolishes the function of the particular protein 

but also implies a massive burden for the cellular homeostasis. Inheritable Parkinson’s 

disease, Alzheimer’s disease or Huntington’s disease are prominent examples that result from 
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aggregation of different proteins (Tyedmers et al., 2010). Even though these diseases are 

caused by mutations, which render the appropriate proteins more susceptible to aggregation, 

they are characterized by a very late disease onset. One explanation is that the reliability of 

the cellular quality control system (consisting of molecular chaperones), subsides with age 

(Morley and Morimoto, 2004). This massively increases the frequency of aggregation of 

erroneous proteins. This highlights the significance of molecular chaperones for supporting 

correct protein folding and inhibiting the accumulation of presumably cytotoxic protein 

aggregates. 

1.3.2 Different types of molecular chaperones 

Molecular Chaperones are often upregulated as a response to cellular stress, like high 

temperature, which aggravates the problem of protein folding. Therefore several classes of 

molecular chaperones are also referred to as “heat shock proteins (HSPs)”. The nomenclature 

of this family is based on appending the molecular weight (in kDa) of the founding member 

of the HSP subclass. Table 2 summarizes the most important HSPs and their cofactors (co-

chaperones), some of these molecules will be the subject of the investigations summarized in 

the “Results” section, in particular HSP70 and HSP90. 

 

1.3.2.1 HSP70 

Isoforms of HSP70 are found in virtually all species, from bacteria to man. Whereas bacteria 

express a single version (DnaK), higher organisms have at least four different isoforms of 

which two are of major importance for the present work: the inducible form (HSP70) and the 

constitutively expressed form (HSC70, heat shock cognate 70kDa protein). The requirement 

of a constitutive version underlines the significance of this protein class also under non-stress 

Whitesell et al., 2005 

Table 2: The HSP family 
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conditions, in particular because HSC70 accounts for up to three percent of the total cellular 

protein (Aquino et al., 1993). 

HSP70 consists of two domains, a C-terminal substrate binding domain (~15 kDa) and an N-

terminal ATPase domain (~45 kDa) (Rüdiger et al., 1997). The substrate binding domain 

consists of two subdomains, a β-sandwich and an α-helical lid domain, which is widely open 

in the unbound state and closes into the locked state in order to grasp a substrate peptide. The 

ATPase cycle is decisive for the transition between the open and the locked state of the 

substrate binding domain (see below).  

Figure 12 shows the standard model of substrate recognition by the bacterial HSP70 homolog 

DnaK. The β-sandwich subdomain recognizes a peptide with a hydrophobic core (Leu-Leu-

Leu), in particular if this core is flanked by positive charges (Hartl et al., 2011). As shown in 

the “Results”-part, I identified a sequence (
596

RLIITPG
602

), which meets these requirements 

in the C-terminus of the serotonin transporter and I proved that this sequence is recognized by 

HSP70 at the level of the endoplasmic reticulum.  

 

Tapley et al., 2005 

Fig. 12: Bacterial HSP70 homolog DnaK binding to NRLLLTG peptide 

 

1.3.2.2 The HSP70 ATPase cycle 

As already indicated above the binding and hydrolysis of ATP by the ATPase domain of 

HSP70 plays a critical role for the interaction with the substrate peptide. In the first step, the 

substrate-binding domain of HSP70 recognizes an exposed hydrophobic segment of an 

unfolded or partially folded protein. In this state HSP70 is loaded with ATP and the “jaws” of 
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the domain are open. Substrate binding itself - but in particular the interaction with the co-

chaperone HSP40 - stimulates the ATPase activity of HSP70 (Qiu et al., 2006). When ATP is 

hydrolyzed, the substrate binding domain closes and stabilizes the interaction with the 

substrate. Another co-factor, HSP110, works as a nucleotide exchange factor: ADP is released 

and HSP70 is loaded with ATP. This leads to the opening of the substrate-binding domain 

and to the release of the substrate. The release and the resulting exposure to the aqueous 

solution potentially allow the substrate to refold in a manner that results in buried 

hydrophobic residues (Hartl FU et al., 2011).  

It is noteworthy that the mere association between ATP-HSP70 and substrate peptide 

stimulates the ATPase activity (Zahn et al., 2013). Hydrolysis of ATP leads to the release of 

inorganic phosphate (Pi), which can be readily measured. This provides us with a tool to 

analyze if recombinant HSP70 loaded with ATP binds a specific substrate in vitro. 

 

 https://idw-online.de/de/image?id=69964&size=screen 

Fig. 13: The HSP70 ATPase cycle 

 

1.3.2.3 Drugs influencing HSP70 activity 

Small molecules inhibiting the activity of HSP70 (and molecular chaperones, in general) have 

become of interest, since it was realized that these drugs are potentially suitable to stop the 

growth of cancer cells (Ma et al., 2014). In addition, these compounds are important scientific 

tools, as they allow for targeted inhibition of HSP70 and thus for probing the role of HSP70 
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in a cellular context. Two commercially available HSP70 inhibitors were used in the present 

studies: pifithrin-µ and VER155008. 

 

Pifithrin-µ    VER155008 

  

 

Fig. 14: Chemical structures of pifithrin-µ and VER155008 

 

In 2009, pifithrin-µ, also referred to as 2-phenylethynesulfonamide (PES), was discovered to 

be an inhibitor of HSP70 (Leu et al., 2009). The authors noticed that PES binds to the C-

terminal substrate binding domain and has an inhibitory effect on the interaction between 

HSP70 and many of its co-factors like HSP40. It is therefore conceivable that the mechanism 

of action consists in an alteration of the ATPase activity, reducing the affinity between HSP70 

and its substrates.  

In the same year, adenosine-derived inhibitors of HSP70 were synthesized (Williamson et al., 

2009), resulting in compounds, which selectively bind the nucleotide binding domain (NBD) 

of HSP70 – one of those is VER155008. The substance binds the (NBD) with an affinity of 

0.3 µM and directly competes with the reloading of ATP at the end of the ATPase cycle 

(Schlecht et al., 2013). Loading of VER155008, instead of ATP, results in incomplete 

opening of the substrate binding domain. This leads to stable complexes between HSP70 and 

its substrates and therefore interferes with HSP70 function. 

1.3.2.4 HSP90  

HSP90 is a 90 kDA molecular chaperone acting in protein folding, downstream of HSP70 

(Karagöz et al., 2014; Karagöz and Rüdiger, 2015). The human genome contains 5 functional 

genes, which fall into four subclasses (hsp90AA1, hsp90AA2, hsp90AB1, hsp90B1, trap1) and 

drive the expression of different HSP90 isoforms. The gene products of hsp90AA and 

hsp90AB are referred to as HSP90-α and HSP90-β. Similar to HSP70 and HSC70, HSP90-α is 

the inducible and HSP90-β the constitutive version (Chen et al., 2005). The present work only 
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deals with these two isoforms. 

HSP90 has a large array of client proteins; accordingly, apart form assisting protein folding 

HSP90 participates in a multitude of pathways in living cells, including signal transduction, 

cell cycle progression, apoptosis and protein degradation (McClellan et al., 2007; Hartl et al., 

2011; Imai et al., 2003; Denis et al., 1988). Structurally, the protein consists of an ATP 

binding N-terminal domain (Prodromou et al., 1997), a middle domain and the co-chaperone 

binding C-terminal domain (Harris et al., 2004). Although the activity of HSP90 depends on 

the hydrolysis of ATP, the affinity for substrate peptide is apparently independent of the 

nucleotide state (Karagöz and Rüdiger, 2015). The middle domain plays a major role in 

substrate binding, which in turn influences the ATPase activity of the N-terminal domain 

(Meyer P et al., 2003). Active HSP90 exists as a homodimer of two HSP90 molecules, which 

in the open conformation (substrate un-bound) dimerize via their C-terminal domains. Not 

much is known about how protein substrates are recruited, however it is likely that (like 

HSP70) HSP90 exposes amino acids which interact with exposed hydrophobic residues of 

unfolded proteins. Importantly, HSP90 cannot compete with the affinity of HSP70 for 

exposed short hydrophobic stretches. This is the reason why HSP90 binds client proteins after 

HSP70 has exerted its function on them. Therefore HSP70 and HSP90 work in a relay 

(Karagöz and Rüdiger, 2015). Binding of ATP to the N-terminal domain of HSP90 domains 

leads to a conformational rearrangement of the open HSP90 dimer and to a second 

dimerization event at the N-termini. This leads to a “twisting” of the monomers around each 

other. Hydrolysis of ATP, stimulated by substrate binding, leads to the re-dissociation of the 

N-terminal domains and the potential release of active substrate. The HSP90 dimer is 

converted to the fully open state when ADP leaves the complex. How these rearrangements 

confer structural maturation to a client protein is not well understood (Hartl et al., 2011).  

 



 24 

 

  Hartl et al., 2011 

  Fig. 15: The ATPase cycle of HSP90 

As shown in Fig. 15, HSP90 function is dictated by numerous cofactors. Many of them bind 

the HSP90 at its C-terminus in a region, which recognizes specific structural motifs, referred 

to as tetratricopeptide repeats (TPRs) (Young et al., 1998). The HSP70/HSP90 organizing 

protein (HOP) is an adapter, which connects HSP70 and HSP90. HSP70 substrates are 

thereby guided to HSP90 (Odunuga et al., 2004) It moreover inhibits the dimerization of the 

N-termini. AHA1 stimulates the HSP90 ATPase activity, while CDC37 inhibits it. The co-

factor p23 stalls the ATPase cycle and stabilizes the substrate-bound state (McLaughlin et al., 

2006). 

1.3.2.5 Drugs influencing HSP90 activity 

In 1994 Whitesell et al. (1994) showed that benzoquinone ansamycins exerted cytotoxic 

actions on cancer cells by inhibiting HSP90. Accordingly HSP90 appears to have a 

protooncogenic effect, which can be explained by the stabilization of certain kinases, which 

foster cellular transformation (Whitesell et al., 1994). Therefore HSP90 provides a drug target 

of potential clinical relevance. Basic research reaped windfall profits from these insights, 

because the search for specific inhibitors led to useful compounds, which allow to interrogate 

cellular model systems and to delineate the functional role of HSP90 by chemical means. 

Useful specific inhibitors include geldanamycin and its derivatives 17-DMAG and 17-AAG.  
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Geldanamycin   17-DMAG 

  

Fig. 16: Chemical structures of Geldanamycin and 17-DMAG 

 

Geldanamycin specifically binds the nucleotide binding pocket of HSP90 and blocks its 

ATPase activity, this in turn leads to the inhibition of the whole protein. The derivative 17-

DMAG turned out to be the more attractive drug, because it is less hepatotoxic than 

geldanamycin (Neckers et al., 2007). The mechanism of action, however, is the same. 

1.3.3 Small molecules promoting the native conformation – pharmacological chaperones 

Several diseases - e.g., diabetes insipidus, certain types of juvenile Parkinsonism or cystic 

fibrosis – are caused by mutations of a gene, which leads to misfolding of the encoded 

protein. The phenotypic consequence of the mutation may result from two scenarios: (i) the 

mutation results in a complete loss of function. (ii) The mutation may per se only have a 

modest effect on protein function, but render the protein more susceptible, because folding is 

delayed and the protein is subject to recognition by the quality control system. In this 

instance, loss of function is a consequence of the rapid degradation of the protein. This 

recognition and disposal already takes place on the level of the ER, thus this process is 

referred to as endoplasmic reticulum associated degradation (ERAD). In recent years, it has 

been appreciated that many mutations do not lead to a complete los of function but that they 

channel the protein to ERAD. Thus, if folding is accelerated, the mutant protein may be 

protected against ERAD and rescued by promoting its ER export. This can be achieved by 

small molecules, which permeate into the cell, bind their cognate target in the ER membrane 

and thus shift the equilibrium to the folded state, i.e. they chaperone their cognate target 

proteins to their folded state. Therefore, these small molecules are referred to as 

“pharmacological chaperones” or “pharmacochaperones” (Morello et al., 2000a).  
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In recent years numerous pharmacological chaperones for different proteins were identified, 

like SR121463A, which acts on the (mutated) V2 vasopressin receptor (Morello et al., 

2000b), or VX-809, which supports surface targeting of the cystic fibrosis transmembrane 

conductance regulator (CFTR) ΔF508 (Ren et al., 2013). Monoamine transporters are highly 

relevant to pharmacotherapy; in addition, they are targeted by many elicit drugs (e.g., 

amphetamines, cathinones, cocaine). Hence, there are many small molecules, which bind to 

monoamine transporters and their structures cover a large chemical space. Surprisingly, most 

of these failed to exert a pharmacochaperoning effect on mutated versions of the monoamine 

transporters. In 2010, El-Kasaby et al., described that ibogaine drove surface expression of 

mutated SERT, which was misfolded because of mutations in the C-terminus (El-Kasaby et 

al., 2010). As indicated in the “Results” section, noribogaine (12-hydroxyibogaine) was 

identified as a derivative of ibogaine that has a 10-fold higher affinity for SERT and therefore 

rescues surface expression of SERT mutants at non-toxic concentrations. 

 

Ibogaine     Noribogaine 

      

Fig. 17: Chemical structures of ibogaine and noribogaine 

 

Interestingly, several years before ibogaine was discovered as a SERT pharmacochaperone, it 

was shown that it converts SERT into the conformation at which substrate is released into the 

cytosol (Jacobs et al., 2007), this is the inward facing conformation (see Fig. 5). Therefore it 

can be assumed, that the inward facing conformation of SERT is at least an intermediate on 

the way to the native state, and probably the preferred state for ER export. Another 

explanation is that inward facing SERT cannot be recognized by the quality control system of 

the ERAD machinery, leading to a higher passive export (bulk flow) of non-degradable 

SERT. Ibogaine enriches C-terminally mutated SERT on the plasma-membrane. Importantly, 

these mutants show marked substrate uptake, when delivered to the surface; in fact, their 

turnover number is similar to that of wild type SERT. Finally, their ER export is reduced, if 

cellular levels of SEC24 are reduced by siRNA-mediated knockdown. Taken together, these 
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findings argue for effective pharmacochaperoning by ibogaine or noribogaine and rule out 

escape of a misfolded protein by bulk flow (Koban et al., submitted manuscript)   
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2. RESULTS 

2.1 A cytosolic relay of heat shock proteins HSP70-1A and HSP90β monitors the 

folding trajectory of the serotonin transporter. 

The working hypothesis underlying the current thesis is based on the chaperone/COPII-

exchange model (Chiba et al., 2014). This model posits that the C-terminus of SERT and 

other SLC6 transporter is shielded by recruitment of one ore several HSPs until the 

transporter has adopted its stable conformation. Upon release of the HSP, the SEC24-binding 

site becomes accessible. This arrangement precludes the premature ER export of misfolded or 

partially folded SERT (or other SLC6 family members). The experiments undertaken during 

my thesis were designed to confirm predictions of this model: I specifically focused on the 

sequence 
595

YRLIITPG
602

, because I realized that this conformed to the canonical DnaK 

binding sequence NRLLLTG (Zhu et al., 1996). Accordingly, I postulated that this segment 

was the binding site of one of the human orthologues of DnaK, i.e. an HSP70-isoform. The 

sequence 
595

YRLIITPG
602

 is adjacent to transmembrane helix 12 and may actually be buried 

in part in the membrane. However, it must also be accessible - at least in some conformational 

states of SERT - to cytosolic proteins, because this segment is also engaged by calcineurin.  

The following original article shows that (i) my hypothesis was correct: the segment RLIIT in 

the C-terminus of SERT recruits HSP701A. (ii) Consistent with the chaperone/COPII-

exchange model, this interaction occurs exclusively at the level of the endoplasmic reticulum. 

(iii) HSP701A is part of a chaperone relay; SERT folding intermediates are transferred to 

HSP90-β. (iv) Accordingly, folding-defective mutants of SERT can be rescued by HSP-

inhibitors.  

In this series o experiments, I performed the GST-pulldown assays and the ATPase activity 

assays (Fig. 1), measured Förster resonance energy transfer (Figs. 2 and 4) and co-

immunoprecipitated SERT in complex with HSP70 after pretreating cells with VER-155008 

treatment (Fig. 4) and verified siRNA-mediated knock down of HSP70 and HSP90 (Fig. 5C). 

Given the equal contribution of two authors, the “first-authorship” was shared between Ali 

El-Kasaby and me. 
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2.2. A salt bridge linking the first intracellular loop with the C-terminus 

facilitates the folding of the serotonin transporter 

The findings summarized in section 1, were consistent with the hypothesis that the C-

terminus of SERT participated in the conformational search associated with folding of the 

protein. This conjecture was examined by creating additional mutations in the C-terminus.   

These mutations were introduced into the segment of the C-terminus, which was assumed to 

be an α-helix. The mutations were designed to disrupt the amphipathic nature of the α-helix. 

Consistent with the underlying hypothesis, these mutations resulted in a folding defect, which 

was rescued by pharmacochaperoning with noribogaine and by introducing mutations, which 

trap SERT in the inward facing conformation. These mutations acted as second site 

suppressor and thus restored surface expression of the resulting SERT double mutants.  If the 

C-terminus participated in the conformational search, it ought to interact with another 

segment of SERT. This prediction was verified by identifying an ion bridge between a E
615

 

(which resides at the distal end of the α-helix) and R
152

 (which resides in the first intracellular 

loop). While the experiments were in progress, the crystal structure of a monoamine 

transporter (Drosophila melanogaster dopamine transporter, dDAT) became available 

(Penmatsa et al., 2013). Although the sequence conservation of dDAT and human SERT is 

modest in the pertinent parts of the protein, the essential elements are also seen in dDAT: (i) 

the C-terminus contains an amphipathic α-helix of 2.5 turns. (ii) The C-terminus interacts 

with the first intracellular loop. However, this interaction is not supported by a salt bridge but 

by a cation-π-interaction between a tryptophan in the C-terminus a (at the position equivalent 

to that of E615 of human SERT) and an arginine in the first intracellular loop.  

I contributed to these experiments by creating SERT mutants by site-directed mutagenesis, 

measuring their substrate uptake, determining their cellular distribution by confocal 

microscopy and by immunoblotting for SERT mutants to assess the proportion of core 

glycosylated and mature, complex glycosylated protein. I did this work in close collaboration 

with Ali El-Kasaby. Because our contribution was equal, the manuscript was submitted with 

our sharing first-authorship. 

 

This work was submitted to “The Journal of Biological Chemistry” on Jan. 27
th

 2015. 
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FIGURE 1. SERT requires a C-terminal amphipathic helix for correct surface expression. A, 

The C-terminus of SERT contains an amphipathic helix. The amino acid sequence between Gly602 and 

Thr613 was plotted using a computational helical wheel projection tool http://heliquest.ipmc.cnrs.fr/. 

This results in an amphipathic α-helix in which the hydrophobic residues F604, I608, I612 are located on 

one side of the helix during polar and charged amino acids are located on the other side. Mutations on 

the hydrophobic side of the helix lead to reduced substrate uptake (B) and reduced ligand engagement 

(C). Uptake of [3H]5-HT and binding of [3H] imipramine was determined in three independent 

experiments as described in Experimental Procedures. Error bars represent s.e.m. 
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FIGURE 2. Mutations in the C-terminal amphipathic helix lead to intracellular retention of 

SERT. A, B, for confocal microscopy and immunoblotting HEK293 cells were transfected with 

plasmids encoding CFP-SERT and mutants thereof. After 24 h cells were split to perform the assays 

mentioned above. A, for confocal microscopy transfected cells were seeded onto poly-D-lysine coated 

ibidi® glass bottom chambers. After 24 h confocal images were taken, showing CFP-tagged SERT 

and trypan blue (0.05% in PBS) to visualize the plasma membranes. Overlay images were produced to 

show colocalization between the signals. The signal distribution (pixel intensity) over the cellular 

cross section was determined by Image J in at least 10 cells from three or more independent 

transfections. The data B, membranes were prepared from HEK293 cells transfected with SERT 

mutants. Samples were separated by SDS-PAGE, blotted onto nitrocellulose and subjected to 

immunoblotting using an anti-GFP antibody. The immunoblot is representative of three independent 

experiments. 
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FIGURE 3. Noribogaine restores surface expression of helix-mutants. HEK293 cells were 

transfected with plasmids encoding CFP-SERT and mutants thereof. After 24 h cells were split to 

perform the assays. A, for [3H]5-HT uptake transfected cells were seeded onto 48-well plates and 

incubated for another 24 h in DMEM containing either 10 μM noribogaine (nor) or water (untreated 

control). Subsequently, cellular uptake of 0.2 μM [3H]5-HT was measured in Krebs-Hepes buffer as 

outlined under “Experimental Procedures”. B, Membranes (20 μg) prepared from transfected cells 

were incubated in the presence [3H]imipramine (4 nM) as outlined under Experimental Procedures. C, 

Images were captured by confocal microscopy as described under Experimental Procedures and in the 

legend to Fig. 2. The signal distribution (pixel intensity) over the cellular cross section was 

determined by Image J in at least 10 cells from three independent transfections. Error bars in uptake 

(A) and binding experiments (B) represent s.e.m.; Student’s paired t-tests were used to assess the 

statistical significance of the difference between control and noribogaine-treated cells (*, p < 0.05; 

(**, p < 0.01). 
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FIGURE 4. Surface expression of helix mutants is SEC24C-dependent. HEK293 cells were 

transfected with three different siRNAs targeting different portions of the mRNA encoding SEC24C 

or a mixture of control siRNAs. After 48 h, the cells were transfected with plasmids encoding CFPSERT 

mutants. Surface localization of CFP-SERT was measured by [3H]5-HT uptake (A, C) and by 

confocal microscopy (B) as described in the legends to Fig. 3 and Fig. 2, respectively. Where 

indicated, cells expressing SERT P601A/G602A were preincubated with 10 μM noribogaine as 

outlined in the legend to Fig. 3. Experiments were carried out at least three times; error bars represent 

s.e.m. Student’s paired t-test was used to assess the statistical significance of the difference between 

control and SEC24C siRNA-transfected cells (*, p < 0.05). 
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FIGURE 5. E136A second site suppressor mutation rescues helix mutants. The E136A mutation was 

introduced in addition to the indicated C-terminal mutations. HEK293 cells were transfected with the 

appropriate plasmids and confocal microscopy was performed as outlined under “Experimental 

Procedures” and in the legend to Fig. 2. The signal distribution (pixel intensity) over a cellular cross 

section was determined by Image J in at least 10 cells from three or more independent transfections.  
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FIGURE 6. The T81A-mutation drives SERT-I608Q to the cell surface. The T81A mutation was 

introduced into SERT constructs harboring the indicated C-terminal mutations. HEK293 cells were 

transfected with the appropriate plasmids. A, Detergent lysates (20 μg) were prepared from these cells 

after 24 h, subjected to denaturing gel electrophoresis, transferred onto nitrocellulose membranes and 

immunoblotted for the YFP-moiety of SERT (upper blot in A) and of the G protein β-subunit (lower 

blot in A, as a loading control). The intensity of the immunoreactive bands M and C from three 

independent experiments was quantified using the ImageJ software. The bar diagram shows the 

quantification of the M band corrected for the immunorecativity of Gβ used as a loading control. The 

level of M seen in wild type SERT was set 1 and the levels of M in the SERT mutants were expressed 

as fold-change; error bars indicate s.e.m. B-D, Images were captured by confocal microscopy as 

outlined under Experimental Procedures and in the legend to Fig. 2. The signal distribution (pixel 

intensity) over the cellular cross section was determined by Image J in at least 10 cells from three or 

more independent transfections. 
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FIGURE 7. Simulation of an interaction between the first intracellular loop and the C-terminus 

of SERT. A, Snapshot of the cytosolic face focusing on the C-terminus of the membrane-inserted and 

equilibrated structure of SERT. The membrane is indicated in white using semitransparent rendering. 

The backbone of SERT is color-coded by its fluctuations displayed as crystallographic β-factors. The 

color scale shows low mobility in red, intermediate in white and large β-factors in blue. B, Time 

evolution of the side chain distance between E615 and R152, measured as the distance between Cδ of 

E615 and Cζ of R152 of 4 independent simulations. We observed the formation of salt bridges in 3 

simulations, two of which were stable. C, Time evolution of the side chain distance between E615 and 

R596, measured as the distance between Cδ of E615 and Cζ of R596 of 4 independent simulations. The 

formation of salt bridges was observed in those 2 simulations, which did not result in a stable salt 

bridge to R152. 
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FIGURE 8. The first intracellular loop and the C-terminus of SERT interact via E615/R152. The 

indicated single and double mutations (R152E, K153E and E615K) were introduced into the coding 

sequence of YFP-SERT and appropriate plasmids were transiently transfected into HEK293 cells. A 

& B, [3H]5-HT uptake assays were conducted 48 h after transfection as described in Experimental 

Procedures and Fig. 1. Data are means ± s.e.m. from three independent experiments carried out in 

duplicate. C-F, For confocal microscopy, plasmids driving the expression of YFP-tagged wild SERT 

(C), SERT-R152E (D), SERT-E615K (E) and SERT-R152E/E615K were transiently cotransfected (at 

a ratio of 4:1) with a plasmid encoding MyrPalm-CFP, as a surface marker. Confocal microscopy was 

performed as outlined under Experimental Procedures. 
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2.3. Switching the clientele: a lysine residing in the C terminus of the serotonin 

transporter specifies its preference for the coat protein complex II component 

SEC24C. 

Sucic et al. (2011) documented that the serotonin transporter exclusively relies on Sec24C for 

export from the ER.  

The aim of the following work was to identify the basis underlying this stringent specificity. 

By using a combination of approaches (siRNA-mediated knockdown, GST-pulldown and 

dominant negative versions of SEC24-isoforms), a residue was identified 2 positions 

downstream of the Sec24 interaction site (R/K-I/L), which specified the interaction with 

either SEC24C or SEC24D: SERT carries a lysine, whereas Sec24D dependent transporters 

(like NET or DAT) carry a tyrosine at this position. Mutating the lysine to a tyrosine 

(K610Y), switches the isoform specificity of SERT to Sec24D. Conversely, exchanging 

tyrosine for lysine in NET (Y590K) renders the transporter Sec24C-dependent. As suggested 

by testing further transporters, a general rule was deduced: hydrophilic residues at +2 from 

the export signal specify interaction with Sec24C; hydrophobic residues at this position result 

in the recruitment of SEC24D.  

In this part of the project, I performed the following experiments: GST pulldown assays (Fig. 

2B) and confocal microscopy (Fig. 4A); in addition I created the NET-Y590K mutant and 

carried out the pertinent siRNA mediated knock-down and measured substrate uptake to 

monitor its effect on surface expression (Fig. 6A). 
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2.4. Axonal targeting of the serotonin transporter in cultured rat dorsal raphe 

neurons is specified by SEC24C-dependent export from the endoplasmic 

reticulum. 

Earlier work had shown that GAT1 only reached the axonal compartment, if it had been 

exported from the ER in a COPII-dependent manner. If the RL-motif required for SEC24D 

binding was mutated, the resulting GAT1-mutant eventually reached the cell surface by bulk 

flow, but it failed to become enriched in the axons of hippocampal neurons (Reiterer et al., 

2008). In the previous section (see 2.3.), SERT-K610Y was introduced. This mutation 

switched the specificity of SERT from SEC24C to SEC24D. This provided a tool to study the 

role of SEC24-dependent ER export for axonal targeting and thus to confirm and extend the 

work of Reiterer et al. (2008). Accordingly, serotoninergic neurons were isolated from rat 

dorsal raphe nuclei and propagated in culture. The targeting of endogenously expressed SERT 

was studied after introducing dominant negative versions of SEC24C. In addition, the neurons 

were transfected with plasmids driving the expression of mutated versions of SERT: i.e, 

SERT-
607

RI
608

AA, which fails to recruit any SEC24 paralogue, and SERT-K610Y, which 

depends on SEC24D. The findings were clear-cut: SERT-
607

RI
608

AA was confined to the 

somatodendritic compartment. Exogenously expressed wild type SERT and SERT-K610Y 

were enriched in the axonal arborizations in a manner indistinguishable from wild type SERT. 

This axonal targeting of endogenous and exogenously expressed wild type SERT was 

disrupted by dominant negative SEC24C but not dominant negative SEC24D. It was 

conceivable that this mistargeting arose from the disrupted ER export of another unidentified 

membrane protein. This was ruled out by resorting to SERT-K610Y, which faithfully 

delivered to the axonal arborizations in the presence of dominant negative SEC24C. 

Conversely, SERT-K610Y was only confined to the somatodendritic compartment upon co-

transfection of dominant negative SEC24D. Thus, based on these observation and the earlier 

work of Reiterer et al., it appears justified to conclude that COPII-dependent export of SLC6 

transporters is required for their targeted delivery to the axonal compartment. In other words, 

sorting decisions are already made at the level of the ER.   

In this part of the project, I prepared the fluorescently tagged versions of Sec24C, Sec24D and 

dominant negative mutants thereof, i.e.: CFP-Sec24C, YFP-Sec24D, CFP-Sec24C-DD-VN, 

YFP-Sec24D-DD-VN. 

 

 



 85 



 86 



 87 



 88 



 89 



 90 



 91 



 92 



 93 

3. DISCUSSION 

The C-terminus of monoamine transporters was shown to represent an interaction platform 

for a multitude of soluble proteins (Torres, 2006). For DAT alone, at least seven proteins have 

been identified which interact with its C-terminus (CamKIIα, carboxypeptidase E, Hic-5, 

Parkin, PICK1, Sec24D, α-synuclein) (Sager and Torres, 2011). For SERT, 3 prominent 

proteins have been described to bind to the C-terminus: Sec24C (Sucic et al., 2011), neuronal 

NO-synthase/nNOS (Chanrion et al., 2007) and calcineurin (Seimandi et al., 2013). All these 

proteins have a regulatory impact on the transporter, which emphasizes the importance of the 

C-terminus for translating regulatory input to SLC6 proteins, in general, and for SERT, in 

particular. It is of medical interest to understand how interaction partners influence the ER 

export of neurotransmitter transporters. The resulting insights may be useful to rescue 

folding-deficient mutants of SLC6 transporters. In this regard, it is worth noting that many 

other membrane proteins have intracellular C-termini, which are presumably involved in 

directing ER export. In fact, the chaperone/COPII exchange model was originally proposed 

based on observations obtained with the A2A-adenosine receptor, a G protein-coupled 

receptor. In this model, a molecular chaperone grasps the C-terminus of receptor molecules, 

which have already been inserted into ER-membrane, but which have not reached their native 

conformation. If the folded state is achieved, the molecular chaperone is released from the C-

terminus. This renders the C-terminus accessible for the pertinent SEC24-isoform of the 

COPII coat. If the native folding state cannot be established, the protein is recognized as 

misfolded, ubiquitinated and delivered to the ERAD machinery (Keuerleber et al., 2011). 

This model was subsequently extended to suggest that the balance between ER export and 

ERAD can be shifted towards export by either inhibition of molecular chaperones or by 

application of a pharmacological chaperone (Chiba et al., 2014). In fact, a relay of molecular 

chaperones, consisting of HSP90α and HSP70-1A, was recently identified, which retains the 

partially folded A2A-adenosine receptor in the endoplasmic reticulum (Bergmayr et al., 2013). 

In this relay, HSP70 engages the receptor - presumably in conjunction with an unidentified 

member of the HSP40 family. Subsequently the substrate is transferred to HSP90. This step is 

mediated by the HSP70/HSP90 organizing protein (HOP). Interestingly, inhibition of HSP90 

by 17-DMAG increased surface levels of A2A-adenosine receptor, suggesting that HSP90 is 

not strictly necessary for surface expression of the receptor. This result is in line with the 

proposal made by Chiba et al. (2014). 
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As part of this thesis, an analogous chaperone relay system was shown to operate on SERT 

prior to its ER export. Like the A2A-receptor, SERT engages HSP70-1A, but, unlike the A2A-

receptor, HSP90β is subsequently recruited rather than HSP90α. SERT harbors a typical 

HSP70 binding site in its proximal C-terminus, in a region adjacent to the end of TM12. 

HSP70 (and the bacterial homologue DnaK) preferentially binds to sequences with a 

hydrophobic core and charged/polar flanks (Hartl et al., 2011). The classical motif described 

by Zhu et al. (1996) has the sequence Asn-Arg-Leu-Leu-Leu-Thr-Gly (NRLLLTG). The 

homologues sequence in the SERT C-terminus is 
595

YRLIITPG
602

 and, in fact, I proved that 

this motif bound HSP70. Interestingly, this binding site coincides with the identified binding 

site for calcineurin (Seimandi et al., 2013). This, raises questions about a potential interplay 

between these two proteins. It is not clear, if HSP70 and calcineurin can compete for binding 

to the same site or mutually support their binding. Seimandi et al. did not provide evidence 

for a direct interaction between calcineurin and 
595

YRLIITPG
602

. A direct interaction between 

HSP70 and calcineurin has already been described (Lakshmikuttyamma et al., 2006). It is 

therefore conceivable that both proteins bind to SERT as a complex. However, it seems more 

likely that calcineurin exclusively binds to mature SERT on the cell surface, whereas HSP70 

binding is restricted to the ER. Therefore it is rather plausible that both proteins interact with 

SERT independently of each other. 

 

As shown by FRET, the interaction between SERT and HSP70-1A occurs exclusively in the 

ER. This finding is consistent with the chaperone/COPII exchange model for SERT. Binding 

of HSP70-1A to SERT was increased by treating transfected cells with VER155008. This 

compound competes with the reloading of ATP to the nucleotide binding domain of HSP70 

and stalls the chaperone on the substrate, in an intermediate state (Schlecht et al., 2013). 

VER155008 increased the association of HSP70-1A with ER-retained mutants of SERT (El 

Kasaby and Koban et al., 2014. fig. 4D.). However, the treatment apparently led to a decrease 

in the total level of SERT. This observation points to a role of HSP70 in transferring ER-

retained SERT to the ERAD machinery, a process which might be enhanced by reinforcing 

HSP70 association. Further experiments are necessary to verify this assumption. Conversely, 

this explanation implies that inhibition of HSPs allows for intracellular accumulation of 

mutant transporter, which can escape the stringent ER quality control and reach the  cell 

surface. If siRNAs were used to deplete HSP70-1A and HSP90β, it was noted that only 

knock-down of HSP90 led to a significant increase of transporter surface levels. This is in line 
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with the model that HSP90 is the gate-keeper, the release of which precedes the recruitment 

of the COPII subunit SEC24C to the C-terminus. 

 

Further direct evidence for the existence of a chaperone relay for SERT came from a mutant 

which was trapped at an early point along the folding trajectory, i.e. SERT-P601A/G602A. 

This mutant showed the strongest association with both, HSP70-1A and HSP90β. The 

complex also contained abundant amounts of HOP, which connects both HSPs. Hence, a 

whole chaperone complex presumably binds to this mutant. Surface expression of SERT-

P601A/G602A was not promoted by interfering with HSP90, suggesting that SERT-

P601A/G602A was stalled in a folding state in which HSP90 is not of relevance. In contrast, 

the pharmacochaperone noribogaine restored surface expression of SERT-P601A/G602A, 

presumably by supporting its progress along the folding in the ER. Driving this mutant to 

further points along the folding trajectory was predicted to render its surface expression 

sensitive to HSP90 activity. This prediction was verified by siRNA-mediated depleting 

HSP90 and by incubating the cells with noribogaine. Like for other mutants, ER export of 

noribogaine-treated SERT-P601A/G602 was supported by inhibition of HSP90 with 17-

DMAG. These data were further confirmed by using the HSP70 inhibitor pifithrin-µ. Taken 

together, the observations are consistent with a chaperone relay, which assists SERT along its 

folding trajectory, until it can be transferred to the COPII-machinery. 

 

It is very likely, that a similar relay of molecular chaperones exists for all monoamine 

transporters. Considering the wide spectrum of diseases associated with these transporters 

(e.g., depression, attention deficit hyperactivity disorder or juvenile parkinsonism), it is 

tempting to speculate about a role of HSP70 and HSP90 polymorphisms in these conditions. 

In fact, Pae et al. (2007; 2009a; 2009b) showed a link between HSP70 variations and major 

depressive disorder, bipolar disorder, schizophrenia and the response of patients to 

antidepressants. These reports only identify an association between clinical phenotypes and a 

genotypic variation and do not explore the mechanistic effect of the HSP70 polymorphisms. 

Nevertheless, it is conceivable that the genotype-phenotype association may be accounted for 

in part by the action of HSP70 on the folding of monoamine transporters. 

 

The present experiments showed that noribogaine was a potent pharmacological chaperone 

promoting ER export of mutant serotonin transporter. Furthermore, substrate translocation by 

these rescued mutant transporters was indistinguishable from that catalyzed by wild type 
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SERT. CFTR-ΔF508 (cystic fibrosis transmembrane conductance regulator/ABCC7 lacking 

phenylalanine at position 508) is the most prominent example of a protein, which is retained 

in the ER but is functional, when directed to the cell surface. In recent years, several 

pharmacological chaperones (e.g., VX-809 or 4a) have been identified, which facilitate 

surface expression of mutant CFTR (Ren et al., 2013; Van Goor et al., 2011; Loo et al., 

2008). Interestingly, HSP40, HSC70/HSP70 and HSP90 were shown to contribute to ER 

retention of CFTR ΔF508 (Coppinger et al., 2012). This retention was referred to as 

chaperone trap, which effectively stalls mutant CFTR in the ER and precludes its trafficking. 

In addition, the authors discovered that shifting CFTR-ΔF508 expressing cells to 30°C 

restored surface expression, probably by thermodynamically increasing the probability of 

CFTR folding intermediate which is not confined by the chaperone trap. In this respect, it will 

be interesting to explore the effect of low temperature on monoamine transporter mutants and, 

conversely, if inhibition of the components of the trap (HSP40, HSP70, HSP90) by inhibitors 

or siRNA restores surface levels of mutant CFTR.  

 

In both cases, mutant SERT or mutant CFTR, classical molecular chaperones seem to be the 

key players which restrict ER export of their substrates, by shielding them from COPII. 

Release of the substrate from these chaperones (especially HSP90), leads to its recognition as 

cargo by COPII. Obviously the native folding state of the cargo is not a strict requirement for 

recognition and export. This conclusion is based on the observation that disruption of the 

amphipathic α-helix in the C-terminus of SERT did not impede the interaction of the resulting 

mutants with SEC24C. Similarly, ER export of SERT-P601A/G602 was still dependent on 

SEC24C. 

 

The basic COPII-machinery consists of 5 proteins (SAR1, SEC23-SEC24, SEC13-SEC31), 

among which Sec24 recognizes export motifs on the cargo molecule (see introduction). Wild 

type SERT exclusively recruits the isoform SEC24C (Sucic S et al., 2011). The current thesis 

identified the molecular basis of this stringent exclusivity. These findings are of interest, 

because it is likely that polymorphisms in the SEC24C gene play a major role for the 

susceptibility of people for mood disorders. At the present time the National Center for 

Biotechnology Information (NCBI) counts 149 missense mutations in the human SEC24C. In 

fact, SEC24C was identified as a disease marker gene for bipolar disorder (Lee et al., 

2011).The impact of SEC24C polymorphisms on surface levels and axonal delivery of SERT 

may be understood in more detail, if the binding interface of SEC24C for SERT were 
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delineated. At present it is only clear that a mutation in 
607

RI
608

 affects SEC24 recruitment 

and that K
610

 mediates SEC24C specificity. These insights, however, do not allow to locate 

the binding site of SERT on SEC24C with adequate precision.  

 

The second major focus of the current thesis was to understand the impact of the C-terminal 

conformation on SERT surface expression. In the crystal structure of dDAT (Penmatsa et al., 

2013) the C-terminus contains an α-helix, which runs perpendicular to the hydrophobic core 

and parallel to the plane of the membrane. Molecular dynamics simulations show that hSERT 

carries a C-terminal α-helix comparable to the one in dDAT. Interestingly, the helix contains 

four hydrophobic residues (F
604

,I
608

,I
609

,I
612

), which are all located on the same side of the 

helix; accordingly, the helix has a strong hydrophobic moment and thus has amphipathic 

properties. F
604

, I
608

 and I
612

, in particular, create a closed hydrophobic surface, which 

potentially interacts with the hydrophobic core of the transporter. This interaction is 

conceivable, because the 
601

PG
602

 element, directly upstream of the helix, introduces a hinge 

into the beginning of the C-terminus. Hence, the residual C-terminus is reoriented towards the 

bulk of the protein. The dDAT crystal proposes an intramolecular cation-π-interaction 

between W
597

 slightly downstream of the C-terminal helix and R
101

 within the first 

intracellular loop. The corresponding residues in hSERT are E
615

 and K
153

, respectively. This 

could give rise to an ionic interaction between these two residues in SERT. Given this 

interaction and the fact that the amphipathic helix may contact the hydrophobic core of the 

protein, the C-terminus can both, sample the folding state of SERT and assist its folding. This 

interpretation is not only consistent with the molecular dynamics simulations but also 

consistent with the experimental observations. If glutamine mutations were introduced into 

the hydrophobic positions of the amphipathic helix (SERT-F604Q, SERT-I608Q, I612Q), the 

resulting mutants were retained in the ER. However, surface expression was restored to an 

appreciable extent by pharmacochaperoning with noribogaine. The inward facing state of 

SERT is the preferred state for binding noribogaine; hence, SERT is trapped in this state upon 

noribogaine binding (Jacobs et al., 2007). Accordingly, the action of noribogaine was 

mimicked by introducing mutations, which trapped SERT in the inward facing conformation. 

Both, the E136A mutation (Korkhov et al., 2006) and the T81A-mutation acted as second site 

suppressors (Sucic et al., 2010). In fact, E136A successfully restored surface expression of all 

helix mutants. Intriguingly, T81A solely rescued I
608

Q. This was surprising considering the 

fact that I608Q had the most detrimental effect on SERT surface expression. This result can 

only by explained by assuming that T81A lowered the energy barrier exactly at the point 
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along the folding trajectory, where I608Q was trapped. The folding trajectory can be 

envisaged as a multidimensional search, where the individual domains of the protein 

progressively find their minimum energy conformation. It is evident that the inward facing 

conformation creates a water filled crevice on the inner face of SERT, which is more likely to 

accommodate the hydrophilic residues introduced on the hydrophobic surface of the 

amphipathic α-helix. This is an alternative way to visualize the effect that trapping SERT in 

the inward facing conformation exerts on the folding trajectory. Regardless of how the 

problem is stated, it is clear that the crystal structure of dDAT, although helpful, cannot 

provide definitive clues: dDAT is trapped in a state related to the outward facing 

conformation by binding of the inhibitor nortryptiline (Penmatsa et al., 2013). In addition, it 

is by definition a frozen structure. The mobility of the segments can be only indirectly 

inferred.   

In summary, the present thesis discovered distinct linear and structured C-terminal segments 

of the human serotonin transporter (hSERT), which are important for the maturation of the 

protein in the ER or for its export from this compartment. These segments play a role in 

specifically recruiting other factors and/or in controlling intrinsic folding events. The 

following list comprises the key findings of this thesis. All listed motifs and events are 

located in the SERT C-terminus. 

 

 A proximal hydrophobic motif (RLIIT) recruits HSP70 during folding of SERT in the 

ER; SERT is subsequently relayed to HSP90, which eventually becomes replaced by 

COPII proteins. Different ER-retained mutants are stalled in complex with different 

HSPs (depending on their folding state). Accordingly, they differ in the extent, to 

which they can be rescued by HSP inhibitors. 

 The C-terminus of SERT contains an amphipathic α-helix, which assists folding of 

the protein through an ionic interaction between a negative charge in the C-terminus 

and a positive charge in the first intracellular loop.  

 A residue 2 positions downstream of the SEC24 recognition site (RL/RI) specifies, 

which SEC24 isoform is recruited for ER export of SLC6 transporters. Hydrophilic 

and hydrophobic residues drive the interaction with Sec24C and Sec24D, respectively. 

 The interaction between SERT and Sec24C is crucial for correct axonal targeting of 

the transporter but not for SERT surface presentation per se. 

 



 99 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 18: Distinct motifs in the human serotonin transporter carboxyl-terminus direct protein 

folding and trafficking 

The plotted structure of the SERT C-terminus was predicted using RaptorX software 

(http://raptorx.uchicago.edu/)  

RLIITPGTFKERIIKSITPETPTEIPCGDIRLNAV  

HSP70 recruitment 

Amphipathic helix 

Specific recruitment 
of Sec24C 

Interaction with R152 

Chiba et al., 2014 
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