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Zusammenfassung

Der transient receptor potential canonical (TRPC) 5-Kanal ist ein nicht-selektiver
Kationenkanal, welcher fiir Na®, K sowie Ca®" Tonen durchlissig ist. Des Weite-
ren ist er in viele pathophysiologisch relevante Vorgénge involviert und spielt eine
Rolle bei psychischen und nephrologischen Erkrankungen, sowie bei der Vermitt-
lung von Resistenzen gegen Zytostatika. Aus diesem Grund ist eine ausfiihrliche
Kenntnis iiber potentielle Liganden-Bindestellen und iiber die generelle Funkti-
onsweise dieses Kanals von groffem Interesse, um in Zukunft neue Therapiemog-
lichkeiten zu entwickeln.

Das Ziel der vorliegenden Arbeit ist deshalb die Identifizierung und Charakte-
risierung der Bindestellen der beiden TRPC5-Kanalaktivatoren Riluzol und (-)-
Englerin A.

Potentielle, an der moglichen Bindung der Aktivatoren beteiligte Aminosiuren
wurden mittels molekularem Docking identifiziert und anschlieffend mit Hilfe orts-
pezifischer Mutagenesen ausgetauscht. Die mutierten TRPC5-Kanéle wurden in
HEK293T-Zellen iiberexprimiert und mittels konventioneller Ganzzellableitungen
und aufeinanderfolger Applikation beider Aktivatoren elektrophysiologisch cha-
rakterisiert. Die Oberflichenexpression der mutierten Kanéle wurde durch eine
Biotinylierung der Oberflichenproteine und anschlieflende immunchemische De-
tektion durch Westernblot ermittelt. Bestimmte Aminosdureaustausche fiithrten
zu verringerten Stromantworten durch jeweils einen der beiden Aktivatoren im
Vergleich zum unverdnderten Wildtyp-TRPC5-Kanal.

Entscheidende Aminosduren, deren Austausche zu verringerten Riluzol-indu-
zierten Stromantworten fiihrten, sind: Tryptophan 435, Arginin 492, Aspartat
439, Leucin 496, Glutamat 418, Histidin 370 und Isoleucin 368. Der Austausch
von Phenylalanin 576, Tyrosin 524, Leucin 521 und Glutamin 573 fiihrte zu
verringerten (-)-Englerin A-induzierten Stromantworten. Diese Ergebnisse deu-
ten auf zwei unterschiedliche Bindestellen fiir die Aktivatoren Riluzol und (-)-
Englerin A hin. Wichtige, diese Aminosduren betreffenden Austausche waren an
der Zelloberfliche exprimiert. Mutanten, welche die Riluzol Bindung verhindern,
aber unverindert an der Oberfliche exprimiert sind verglichen mit dem Wildtyp-
TRPC5-Kanal, lauten Arginin 492 mutiert zu Lysin, Glutamat 418 mutiert zu
Alanin, Histidin 370 mutiert zu Tryptophan und Isoleucin 368 mutiert zu Threo-
nin. Dagegen sind die Mutanten Tryptophan 435 mutiert zu Alanin, Arginin
492 mutiert zu Alanin, Aspartat 439 mutiert zu Alanin und Leucin 496 mutiert
zu Alanin signifikant niedriger auf der Zelloberfliche exprimiert. Mutanten, wel-
che die (-)-Englerin A Bindung verhindern, aber unverindert an der Oberflache
exprimiert sind verglichen mit dem Wildtyp-TRPC5-Kanal, lauten Tyrosin 524
mutiert zu Alanin und Glutamin 573 mutiert zu Alanin. Dagegen ist die Mutante
Phenylalanin 576 mutiert zu Alanin signifikant niedriger und die Mutante Leucin
521 mutiert zu Alanin signifikant hoher als der Wildtyp-TRPC5-Kanal an der
Zelloberfliche exprimiert.

Die identifizierte Riluzol-Bindestelle ist monomerisch und wird durch die TRP-
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Box sowie den unteren Teil der Transmembrandoménen (TM)1, TM2, TM3 und
TM4, welcher auch voltage-sensor-like domain (VSLD) genannt wird, gebildet.
Im Gegensatz dazu wird die (-)-Englerin A Bindestelle durch zwei Monomere ge-
bildet und befindet sich zwischen der Porenhelix und der TM5 des einen sowie der
TM6 des benachbarten Monomers. Beide Bindestellen sind bereits in der Litera-
tur beschrieben. Die Riluzol-Bindestelle ist zusatzlich auch die Bindestelle eini-
ger Inhibitoren wie des TRPC5-Inhibitors Clemizol und der TRPC4-Inhibitoren
GFB-9289, GFB-8438 sowie GFB-8749. Bisher wurde jedoch noch keine Bindung
eines TRPC4 oder 5-Aktivators an dieser Position beschrieben. Die identifizierte
(-)-Englerin A Bindestelle ist bereits als Diacylglycerol (DAG) sowie als Binde-
stelle fiir die TRPC5-Kanalinhibitoren Pico-145 und HC-070 bekannt.

Zusammenfassend ldsst sich sagen, dass die vorliegende Arbeit zwei unter-
schiedliche TRPC5-Aktivatorbindestellen beschreibt, die regulatorische Knoten-
punkte des Kanals darstellen und vorher nur als Bindestellen fiir TRPC5-Kanalin-
hibitoren bekannt waren. Diese Erkenntnisse ermoglichen ein besseres Verstdnd-
nis des Aktivierungsmechanismus von TRPC5-Kanélen im Speziellen und von
rezeptorgesteuerten TRPC-Kanilen im Allgemeinen. Zudem fiihrt die Identifika-
tion und Charakterisierung dieser Ligandenbindestellen zu neuen Moglichkeiten
fiir virtuelle Medikamentenscreenings.



Abstract

The transient receptor potential (TRPC)5 channel is a non-selective cation chan-
nel conducting Na®, K™ and Ca’". TRPCS5 is involved in several pathophysio-
logical conditions like mental disorders and nephrological diseases and mediates
cytostatic drug resistance. Therefore, an extensive knowledge of potential ligand
binding sites and of the general functionality of the channel is essential to develop
new treatment options in the future.

The aim of this study is to identify and characterize the potential binding sites
of the two TRPC5 channel activators riluzole and (-)-englerin A.

To achieve this, amino acids that might participate in activator binding were
identified via molecular docking and thereafter exchanged via site directed muta-
genesis. The mutant TRPC5 channels were overexpressed in HEK293T cells and
characterized by whole-cell patch clamp experiments with consecutive application
of both activators. The surface expression of the mutant channels was confirmed
by surface biotinylation and subsequent detection using the immunoblot tech-
nique. Distinct amino acid exchanges resulted in a significant current density
reduction of either of the two activators compared to the wildtype TRPC5 chan-
nel.

Crucial amino acids where exchanges resulted in a significant reduction of the
riluzole evoked current densities are: tryptophane 435, arginine 492, aspartate
439, leucine 496, glutamate 418, histidine 370 and isoleucine 368. However, key
amino acids where exchanges resulted in a significant reduction of the (-)-englerin
A-induced current densities are: phenylalanine 576, tyrosine 524, leucine 521 and
glutamine 573. These findings suggest that riluzole and (-)-englerin A bind in
two distinct binding sites. Important amino acid exchanges were still expressed
at the cell surface. Mutants negating a riluzole binding but showing a similar
surface expression as the wildtype were: arginine 492 mutated to lysine, glutamate
418 mutated to alanine, histidine 370 mutated to tryptophane and isoleucine
368 mutated to threonine. However, the mutants tryptophane 435 mutated to
alanine, leucine 496 mutated to alanine and arginine 492 mutated to alanine
are significantly lower expressed at the cell surface compared with the wildtype
TRPC5 channel. Mutants which show an impaired (-)-englerin A binding but are
still similarly expressed at the cell surface as the wildtype TRPC5 channel are:
tyrosine 524 mutated to alanine and glutamine 573 mutated to alanine. However,
the mutant phenylalanine 576 mutated to alanine is significantly lower and the
mutant leucine 521 mutated to alanine is significantly higher expressed at the cell
surface compared with the wildtype TRPC5 channel.

The identified riluzole binding site is monomeric and is located between the
TRP-box and the transmembrane domain (TM)1, TM2, TM3 and TM4 which
is commonly known as the voltage-sensor-like domain (VSLD). The (-)-englerin
A binding site is located between two monomers and is built by the pore helix
and TM5 of one and TM6 of the adjacent monomer. The riluzole binding site
is additionally described as the binding site of several inhibitors like the TRPC5
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inhibitor clemizole and the TRPC4 inhibitors GFB-9289, GFB-8438 and GFB-
8749. However, no TRPC4 or TRPC5 activator has been described to bind in
this site so far. The identified (-)-englerin A binding site is already known to bind
diacylglycerol (DAG) and the TRPC5 channel inhibitors Pico-145 and HC-070.

To summarize, this study describes two distinct activator binding sites and
therefore regulatory hot-spots of the TRPC5 channel which were previously de-
scribed to bind inhibitors. These findings may provide a better understanding
of the activation mechanism of TRPC5 channels in particular and of receptor-
operated TRPC channels in general. In addition, the identification and charac-
terization of these ligand binding sites will lead to new opportunities for virtual
drug screenings.
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1. Introduction

1.1. Historical Overview and Expression Profile
of TRPC Channels

The term transient receptor potential (TRP) was first introduced by MINKE
ET AL. (1975) and describes a spontaneous mutation of Drosophila melanogaster.
The mutant behaved as blind in bright light and the electroretinogram exhibited
a transient instead of a long lasting voltage response to continuous light expo-
sure (COSENS & MANNING, 1969). The corresponding gene locus was therefore
referred to as the ¢rp gene (WONG ET AL., 1985) which encodes a light sensi-
tive, Ca®" conductive ion channel (HARDIE & MINKE, 1992). Due to sequential
similarities in mammalian systems the first TRP channel found in humans was
TRPC1 (ZHU ET AL., 1995; WES ET AL., 1995). Today, 28 members of the TRP
channel superfamily are known, divided into six families, namely TRPC (“canon-
ical”), TRPM (“melastatin”), TRPML (“mucolipin”), TRPV (“vanilloid”), TRPP
(“polycystin”) and TRPA1 (“ankyrin”) channels. Most of the TRP channels are
non-selective cation channels, but some have a high selectivity for Ca®" ions and
some are permeable for Mg®" (NILIUS & OWSIANIK, 2011). TRPC channels are
permeable for monovalent cations like Na®, K and for divalent cations like Ca?®".

In the beginning of TRP channel research, TRPC channels were often discussed
as being store-operated. Store-operated in this context means that depletion of
the endoplasmatic reticulum (ER) Ca®*-stores is sufficient to trigger a Ca®" in-
ward current over the plasma membrane. This process is called store-operated
calcium entry (SOCE) and was first described by PUTNEY (1986). The SOCE
is then subsequently able to refill the intracellular Ca® -ER-stores to restore the
equilibrium. The initial signal for a Ca>" efflux of the ER can be diverse, but
in non-excitable cells the predominant transduction system and second messen-
ger for Ca*" signal generation is inositol trisphosphate (IP3) (VERKHRATSKY
& PARPURA, 2014). To summarize the originally described pathway (PUTNEY,
1986; SMANI ET AL., 2016; STANZIONE ET AL., 2022), a Gog/11-coupled recep-
tor at the plasma membrane gets activated by an extracellular stimulus and
tranduces the signal by activating the phospholipase C (PLC) which produces
[P35 and diacylglycerol (DAG) from phosphatidylinositol 4,5-bisphosphate (PIP5)
cleavage. Then, IP3 activates a receptor in the endoplasmatic reticulum and
Ca’" gets released from the store. This store depletion causes a Ca®’ influx from
the extracellular space into the cytosole which is called SOCE. Ultimately, Ca®"
gets pumped back into the ER to refill the stores. The key players mediating
store-operated Ca®’ inward currents over the plasmamembrane and sensing a
store-depletion in the pathway were unknown at that time.

Only Ca”*" currents were observed and measured (Ca®" release-activated Ca®"
current (Icrac) and store operated Ca?" current (Isoc)) produced by unknown
Ca®" channels in the plasmamembrane (HOTH & PENNER, 1992; KRAUSE ET AL.,

1
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1996; Vaca & KUNzE, 1994). TRPC channels were discovered at roughly the
same time. However, their function was unknown (WES ET AL., 1995; ZHU
ET AL., 1995). Because they were identified as being Ca®" conductant, it was
speculated that they might play a major role in SOCE (ZHU ET AL., 1995; WES
ET AL., 1995). A big scientific controversy about the role of TRPC channels in
SOCE started and did not calm down until the description of the calcium release-
activated calcium channel protein (Orai) and the stromal interaction molecule
(Stim) (ROOS ET AL., 2005; LIOU ET AL., 2005; LUIK ET AL., 2006; YEROMIN
ET AL., 2006; VIG ET AL., 2006). Stim functions as as a Ca®" sensor located
in the ER membrane, which can bind to and activate Orai protein subunits that
represent the channel pore. Orai subunits are further involved in a similar, non-
store-operated channel called arachidonic acid-regulated calcium-selective (ARC)
channel (MIGNEN ET AL., 2008). In contrast to the Ca’' release-activated
Ca*" (CRAC) channel, the ARC channel is composed of two different Orai sub-
units (Orail and 3), it represents a pentameric channel, it is non-store-operated
and it interacts with plasma membrane-bound Stim1 (THOMPSON ET AL., 2013).
Currently, TRPC channels and in particular TRPC1 are regarded as being in-
volved in SOCE, but the mechanism is not fully understood until now (BIRD
& PUTNEY, 2018). Besides TRPCI, all other TRPC channels, namely TRPC2,
3,4, 5,6, 7 are regarded as being receptor-operated which is described in more
detail in section 1.3.

TRPC channels are widely expressed in numerous cell types and organs, includ-
ing the cardiovascular system, kidney, lung, reproductive organs, liver, immune
cells and brain tissue. According to the human protein atlas TRPC5 is mainly
expressed in the brain, the adrenal gland, liver, kidney and bone marrow (UHLEN
ET AL., 2005, 2015). Because TRPC5 is the main focus of this thesis, the follow-
ing sections will discuss the expression profile of TRPC5 and its contribution to
pathophysiologic phenotypes.

TRPCS5 in the Brain

In the brain TRPC5H5 expression is widespread, and includes the cerebral cor-
tex, hippocampus, amygdala and cerebellum (MORELLI ET AL., 2013). TRPC5
knock-out (KO) in mice is involved in dendritic morphogenesis (PURAM ET AL.,
2011), contributes to seizures and excitotoxicity (PHELAN ET AL., 2013) and reg-
ulates growth cone length and morphology (GREKA ET AL., 2003; KACZMAREK
ET AL., 2012).

Furthermore, TRPC5 and 4 were linked to amygdala function and mental disor-
ders like anxiety and fear-related behavior. Due to the close relation and ability to
form heterotetramers, the influence of TRPC4, 5 and 1 channels is often linked.
TRPC4 and 5 gene-deficient mice, respectively, show less innate fear behavior
then the wildtype mice in a open-field test and in a maze test (RICCIO ET AL.,
2009, 2014). The same group further hypothesized the changes in fear behav-
ior could be due to abrogation of cholecystokinin B receptor (CCKy) and/or
glutamate-mediated potentiation of TRPC5 channels via Gg-coupled group I
metabotropic glutamate receptors (mGluRs). These findings could lead to blcok-
ers of TRPC4 and TRPC5 channels as a new class of anxiolytic and antidepressant
drugs. In fact, there is first evidence that the TRPC4 and 5 antagonists M1.084
and HC-070 may have anxiolytic and antidepressant effects in mice by reducing
the immobility time in a forced swim test and tail suspension test (YANG ET AL.,
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2015b; JUST ET AL., 2018). Currently, a TRPC4 and 5 blocker, BI1358894 is in
the phase IT clinical trials (Boehringer Ingelheim) to potentially treat major de-
pression disorder, borderline personality disorder as well as post-traumatic stress
disorder.

TRPCS in the Kidney

In the kidney, TRPC5 channels play a role in calcium homeostasis and are linked
to focal segmental glomerulosclerosis (FSGS) and progressive chronic kidney dis-
eases, similar to TRPC6. But the exact role and underlying mechanism of dis-
ease development and involvement of TRPC channels is yet not fully understood.
It has been shown that inhibition of TRPC5 leads to podocyte protection and
prevents proteinuria, a common symptom of kidney malfunction. The current
role of TRPC5 is based on first experiments by TIAN ET AL. (2010) linking
TRPC5 and TRPC6 in an antagonistic regulation mechanism of actin remodel-
ing in podocytes. The authors of this study suggest, TRPC5 activation leads
to ras-related C3 botulinum toxin substrate 1 (Racl) activation, followed by a
promotion of cell migration. Racl activation then results in proteinuric kidney
disease (SHIBATA ET AL., 2008). In contrast, a TRPC6 activation leads to in-
creased ras homolog family member A (RhoA) activity, inhibiting cell migration.
Increased Racl activation further leads to a positive feedback loop, because in-
creased Ca®" concentrations promote further Racl activation (TIAN ET AL., 2010;
YU ET AL., 2013; SCHALDECKER ET AL., 2013).

In addition, similar results were obtained in animal models. SCHALDECKER
ET AL. (2013), YU ET AL. (2019) and ZHOU ET AL. (2021) showed that animals
treated with TRPC5 inhibitors were protected against progressive kidney dis-
eases. These findings even resulted in a clinical trial with patients obtaining GFB-
887, a TRPC4 and 5 inhibitor, as a treatment against FSGS, treatment-resistant
minimal change disease and diabetic nephropathy (WALSH ET AL., 2021). There
is still an ongoing debate about the role of TRPC5 in the community as authors
of WANG ET AL. (2018b) and POLAT ET AL. (2021) contest the involvement of
TRPC5 in glomerular disease and proteinuria, even though first clinical trials
have started.

TRPCS5 in the Cardiovascular System

According to the world health organisation (WHO), cardiovascular diseases are
the leading cause of deaths world-wide, accounting for approximately 32 % of
all deaths in 2019. This makes research regarding cardiovascular diseases very
relevant and underlines the significance to identify risk factors and causes, cellular
markers and new therapeutic intervention strategies of cardiovascular diseases.

Several studies show similar expression patterns for TRPC channels in different
tissues and mammalian cell lines quite early in the research history (GARCIA &
SCHILLING, 1997; CHANG ET AL., 1997; GROSCHNER ET AL., 1998; FREICHEL
ET AL., 2001; INOUE ET AL., 2001; WALKER ET AL., 2001; MCDANIEL ET AL.,
2001; XU & BEECH, 2001). Similarly, TRPC channels are expressed in human
vessels of any caliber (YTP ET AL., 2004). Therefore, an ubiquitous role of TRPCs
in the cardiovascular system is very likely.

However, TRPC5 seems to play a minor role in the cardiovascular system,
as expression seems low, whereas all other TRPC channels are expressed sig-
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nificantly higher (INOUE ET AL., 2006). On the other hand receptor-operated
channels (ROCs) like TRPCs may indirectly contribute to chloride and or potas-
sium channel activation by depolarization of the membrane and therefore induce
L-type Ca*" channel activation, one of the key players in the cardiovascular sys-
tem (HOUSE ET AL., 2008). Even though the expression is low, TRPC5 however
could contribute to this cascade. Like all other TRPC channels, TRPC5 is in-
volved in calcium homeostasis and is able to conduct Ca®" ions and therefore
be a potential candidate to influence cellular function in smooth muscle cells in
the cardiovascular system. TRPC5 is up-regulated in failing and pathologically
hypertrophied human heart (BUSH ET AL., 2006) which still raises the question
of the exact role of TRPC5 in the cardiovascular system and the involvement
in cardiac diseases. Inhibition of TRPC5 in cardiomyocytes results in adenosine
triphosphate (ATP)-induced activation of Ca*"/nuclear factor of activated T-
cells (Ca*" /NFAT) dependent signaling and nitric oxide synthase (NOS) activa-
tion (SUNGGIP ET AL., 2018). This signaling pathway plays a significant role
in cardiac hypertrophy. Additionally, TRPC5 is up-regulated in cardiac injury
related to obscure sleep apnea-hyponea syndrome in rats (WEN ET AL., 2020).
To some extent, these studies represent an involvement of TRPC5 in various cell
types and pathological phenotypes in the cardiovascular system. However, it is
obvious that the exact role of TRPC5 in the cardiovascular system is not finally
clarified and should be investigated in more detail.

1.1.1. TRPC Channels Associated with Cancer

According to the WHO, cancer is the leading cause of death wordwide and ac-
counts for nearly 10 million deaths in 2020. Therefore, investigation of cancer
predispositions, of the leading pathways to develop cancer, of new therapeutic ap-
proaches and of the development of resistance mechanisms are of global concern.
TRPC)5 might be involved in a few cancer related topics, which are discussed in
this paragraph. One of them being angiogenesis. In the transition from a quies-
cent to an invasive phenotype of tumors, the acquisition of angiogenic properties
plays a crucial role (HANAHAN & WEINBERG, 2000, 2011; FOLKMAN, 2002).
Therefore, understanding angiogenesis and the regulating pathways are of ut-
most importance. Mutations in the TRPC5 channel can lead to dysregulation of
Ca®" homeostasis and therefore promote cancer progression (HE & MA, 2016).

TRPC3, 4 and 5 as well as Stim1 and Orail are expressed in umbilical vein-
derived endothelial cells. The knockdown of the TRPC3, 4 and 5 channels results
in a prevention of tubulogenesis, i.e. the formation of tubular structures in the
organism, but not the knockdown of Stiml and Orail, suggesting a cooperative
effect of the channel types or an exclusive effect of the TRPC channel knock-
down (ANTIGNY ET AL., 2012). Furthermore, the same study showed that cell
proliferation is reduced by silencing TRPC3, 5 and Orail, but not Stiml. In
long-term drug-treated breast cancer cells, TRPC5 is highly expressed and pro-
motes tumor angiogenesis by indirectly activating the transcription of vascular
endothelial growth factor (ZHU ET AL., 2015b).

Another cancer-related topic where TRPC5 may be involved, is chemoresis-
tance and its transmission. TRPC5 was found to be overexpressed in permeability
glycoprotein (p-gp)(alternatively called multidrug resistance protein 1 (MDR1))-
rich chemoresistant breast cancer cells (MA ET AL., 2012). The overexpression
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of TRPC5 in cancer cells can generate high Ca>" channel activity, resulting in
activation of nuclear factor of activated T-cells, cytoplasmic 3 (NFATC3) which
is part of a T-cell DNA-binding transcription complex and therefore the tran-
scription initiation of p-gp, which plays a crucial role in chemoresistance. p-
gp serves as an ATP-dependent efflux pump with low substrate specifity. It is
able to pump xenobiotics back across the cell membrane and is therefore in-
volved in defense mechanisms of cancer cells (BELL ET AL., 1985). Its function
has now been linked to TRPC5 in several cancer cell types (MA ET AL., 2012;
WANG ET AL., 2015, 2017; ZHOU ET AL., 2021). Interestingly, TRPC5 inhibition
even results in reversion of the resistance to 5-fluorouracil in human colorectal
cancer cells (WANG ET AL., 2015) and to temozolomide in glioblastoma cells
(ZOU ET AL., 2021). Another group showed a similar result for the autophagy-
and calcium/calmodulin-dependent protein kinase kinase 3 (CaMKKp)/AMP-
activated protein kinase alpha (AMPKa)/target of rapamycin (TOR)-mediated
drug resistance of breast carcinoma cells against adriamycin. They figured out
that TRPC5 induced the resistance pathway whereas silencing of TRPC5 reduces
the drug resistance (ZHANG ET AL., 2017).

Remarkably, TRPC5 mediated drug resistance has been shown to not only be
vertically transferred between cell-generations but horizontally within a cell pop-
ulation. Drug-resistant cells produce extracellular vesicles, containing membrane-
bound TRPC5 protein and mRNA and transfer them to drug-sensitive cells (MA
ET AL., 2014; DONG ET AL., 2014; WANG ET AL., 2017). This newly gained
amount of TRPC5 channel proteins in the membrane is sufficient to develop
NFATC3-p-gp-mediated chemoresistance in the acceptor cell.

More research regarding the exact role of TRPC5 in cancer development is
needed, but it can be already concluded, that TRPC5 may serve as a potential
drug target to prevent p-gp-mediated chemoresistance. Furthermore, TRPC5
expression in (breast cancer)-cells could serve as a biomarker for chemoresistance
to indentify resistant cells and adjust treatment options (HE & MA, 2016; WANG
ET AL., 2017, 2018a).

1.2. Structure of TRPC Channels

TRPC channels share a tetrameric superstructure, which can consist of homomers
as well as heteromers (STRUBING ET AL., 2001; SCHAEFER, 2005; FISCHER & ED-
WARDSON, 2014). Heteromeric channels can comprise monomers of the same sub-
family like TRPC4/5, TRPC1/3, TRPC3/4 and TRPC1/5, respecively (PLANT
& SCHAEFER, 2005; L1U ET AL., 2005; POTESER ET AL., 2006; STRUBING ET AL.,
2001) but they can also be built between different TRP families, resulting in
even more complex channel superstructures like TRPC1 and TRPP2 heteromers
(BAI ET AL., 2008; KOBORI ET AL., 2009), TRPV4 and TRPP2 heteromers
(KOTTGEN ET AL., 2008; STEWART ET AL., 2010) and other combinations includ-
ing TRPC1/C6/V4 or TRPA1/V1 (ALESSANDRI-HABER ET AL., 2009; SALAS
ET AL., 2009; DU ET AL., 2014), to name a few.

These channel heteromers can form in vitro, but they are also found to be
expressed natively (POTESER ET AL., 2006; STRUBING ET AL., 2001; ZERGANE
ET AL., 2021). Due to this heteromerization, channel functionality is altered
which could lead to fine-tuning of cellular processes. For example, the activation
pathway and even the general functionality of TRPC1 homotetramers is very
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Figure 1.1.: Structure of the mTRPC5 channel. In this figure mTRPC5
(protein data bank (PDB): 6AEI) is shown as a tetrameric ribbon
structure. The structural elements of one monomer are labelled ac-
cording to DUAN ET AL. (2018a). The cell membrane is indicated by
two black horizontal lines.

controversially discussed. In contrast to that, it is widely accepted that TRPC1
can built heterotetrameric channel complexes with other TRPC subunits like
TRPC4 or TRPC5, which leads to a uniquely shaped I-V course (STRUBING
ET AL., 2001) and thereby modifies channel properties like the Ca®" conductance
(STORCH ET AL., 2012; MINARD ET AL., 2018).

With the advantages in the cryogenic electron microscopy (cryo-EM) technique,
more and more structures of TRPC channels and co-crystallized ligands got pub-
lished since 2018 (DUAN ET AL., 2018a,b; FAN ET AL., 2018; TANG ET AL.,
2018; VINAYAGAM ET AL., 2020; WRIGHT ET AL., 2020; BAI ET AL., 2020;
SONG ET AL., 2021). The TRPC channels share a typical architecture as shown
in Figure 1.1 based on mTRPC5. In the next sections the structural properties
and their functionality are presented.
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1.2. Structure of TRPC Channels

1.2.1. Ankyrin-Like Repeats

Starting with the N-terminus, the first structural feature commonly found in
TRPC channels are the ankyrin-like repeats. They are conserved in transient
receptor potential melastatin (TRPM), TRPC, transient receptor potential vanil-
loid (TRPV) and transient receptor potential ankyrin 1 (TRPA1) channels but
vary in number between the families (HUFFER ET AL., 2020). Ankyrin repeats
are protein-interacting motifs found in many proteins from all three domains of
life (MOSAVI ET AL., 2004). But they are likely more important in multicellu-
lar organisms, even though they are found in bacteria and viruses (MARCOTTE
ET AL., 1999; BORK, 1993). Historically the ankyrin repeat is a sequence motif
consisting of 33 residues which was first described in a yeast cell-cycle regulator
and notch protein (BREEDEN & NASMYTH, 1987). It was later named after the
cytoskeletal protein ankyrin which consists of 24 copies of the motif (LUX ET AL.,
1990).

In the case of TRPC channels one monomer has four ankyrin-like repeats and
particularly the first one might play a major role in channel homo- and hetero-
tetramerization of TRPC4 and 5 channel complexes. Expressing one channel
monomer without the first ankyrin-like repeat resulted in non-functional channels
which no longer integrate into the plasma membrane (SCHINDL ET AL., 2008).
Authors of VINAYAGAM ET AL. (2018) published the 3D-structure of TRPC4 and
state that the ankyrin-like repeat domain interacts with the rib helix (connecting
helix) and the C-terminus of the adjacent monomer and thereby increasing the
stability of the tetramer. This underlines the hypothesis made by SCHINDL ET AL.
(2008).

Not much is known about the ankyrin-like repeats in TRPC channels and if
additional interaction proteins are needed for channel tetramerization which may
stabilize the channel structure through the ankyrin-like repeat domain. Extensive
studies were done using the related channels TRPV4 and 6 to figure out the exact
function of the ankyrin-repeat domain. For TRPV6 it was shown that especially
ankyrin-like repeat three is important for assembly of tetramers (ERLER ET AL.,
2004). Mutations in critical parts or deletion of the whole repeat resulted in
non-functional channels that do not form tetramers. Authors of CHANG ET AL.
(2004) further showed that both, C- and N-terminus are important for subunit
assembly and plasma membrane trafficking. Nevertheless, deleting both termini
resulted in functional, plasma membrane expressed channels. Other studies agree
that the N-terminus of TRPC1, TRPV4 and 6 plays an important role for channel
oligomerization (ENGELKE ET AL., 2002; ARNIGES ET AL., 2006; KAHR ET AL.,
2004). ARNIGES ET AL. (2006) demonstrate the importance of the N-terminus in
trafficking and oligomerization using the example of TRPV4 splice variants lack-
ing parts of the N-terminus as they accumulate in the endoplasmatic reticulum.

1.2.2. Transmembrane Helices

The transmembrane helices mainly stabilize the channel in the cell membrane due
to their hydrophobic nature. One TRP channel monomer typically consits of six
transmembrane helices with the pore helix between transmembrane helix (TM)5
and TM6. The ion conducting pathway is surrounded by the transmembrane
helices domain and thereby stabilized through their rigid structure. The central
gating elements are located in TM6 (BECK ET AL., 2013). During gating and
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channel activation, the transmembrane helices most likely perform the critical
movements, which are responsible for a channel opening as suggested by the 3D-
structure of an activator-bound TRPC6 channel (BAT ET AL., 2020). Probably,
TM6 relaxes and moves downwards, thereby widening the restriction point at
the lower gate at residue Leu™?, Ile™" and Phe™! (translates to Ile5!, N25 and
GIn®?? in TRPC5). This movement is accompanied by a downward bending of
TMb5. VINAYAGAM ET AL. (2020) suggest a slightly different central mechanistic
pathway during gating, where the voltage-sensor-like domain (VSLD) between
TM1, 2, 3, 4 and the TRP-box plays a central role. They suggest that the TRP-
box can move in and out towards the central ion pathway and therefore bend
TM6 to widen or narrow the lower gate. During inhibitor binding this movement
gets locked and the channel is held in a closed conformation (VINAYAGAM ET AL.,
2020).

1.2.3. Pore Region

With the availability of more structural insights in TRPC channels due to ad-
vances in the cryo-EM technique the overall channel architecture and structural
details become more obvious. The ion conducting pathway is mainly formed by
TM5, 6 and the pore domain with the pore helix, turret and pore loop. Notewor-
thy, TRPC4 and 5 share 100 % amino acid identity in TMb5, 6 and the selectivity
filter (DUAN ET AL., 2019) so that the structure of their pore region is almost
identical.

The selectivity filter is built by the pore loop and divides the outer, more hy-
drophilic area from the hydrophobic central cavity (VINAYAGAM ET AL., 2018).
The extracellular opening of the pore is negatively charged and slightly different
between TRPC4 and TRPC5. TRPC5 possesses three more amino acids com-
pared to TRPC4, one of them being negatively charged. DUAN ET AL. (2019)
state that this may attract more cations around the pore and might explain the
higher single channel conductance of TRPC5 compared to TRPC4 (SCHAEFER
ET AL., 2000).

VINAYAGAM ET AL. (2018) found no parameter in the ion conducting pathway
itself (pore diameter, type of residues in the selectivity filter) which might explain
differences in the ion conductance of TRP channels. Therefore they state the ion
selectivity of the channel has to be defined by other structural elements, too,
besides just the selectivity filter. The whole extracellular region around the pore
mouth might be involved in ion selectivity. Other groups reported similar findings.
Mutations in the outer pore regions could alter channel properties suggesting that
the stability of this region may be important for ion selectivity and conductivity.
However, this part of the channel is located slightly above the selectivity filter
which is mainly built by residue G5" (in TRPC4). For TRPC5 it was observed
that residue N alters the Ca®" conductivity (CHEN ET AL., 2017) like the
analogous amino acid does in TRPV1 (CAO ET AL., 2013).

YOSHIDA ET AL. (2006) stated that modification of the two cysteines C5*% and
C%* has a direct effect on the channel gate by affecting TM6 which leads to a
channel opening. However, according to VINAYAGAM ET AL. (2018) C% and
C?* do not locate close enough to TM6 to have a direct effect. They propose
that residue E%® might be kept in place by the disulfide bond formed by C°*?
and C** (VINAYAGAM ET AL., 2018).
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Taken together these results suggest that the selectivity filter is not only built
by residue G*7. Other amino acids located more towards the pore mouth are
involved in stabilizing the structure or they might even directly participate in ion
selection.

The lower gate defines the narrowest diameter in the ion conducting pore which
is formed by three amino acids (isoleucine, asparagine, glutamine, short INQ).
The motif is conserved between TRPC4 and 5 (FREICHEL ET AL., 2014). The
minimal constriction of the lower gate has a radius of 0.7 A by using van-der-
Waals surfaces and is defined by the asparagine residue (residue N?! in TRPC4
and N%% in TRPC5). Without van-der-Waals surfaces, the radius would be es-
timated to 4.2 A for TRPC4 (VINAYAGAM ET AL., 2018, 2020). TRPC5 has a
comparable constriction radius of 5 A formed by the residue N2 (DUAN ET AL.,
2019). It has to be kept in mind that at present even though the resolution
of cryo-EM can reach a stunning 1.25A in the best case (YIP ET AL., 2020),
the resolutions for TRPC channels are 2.7A in the best case (SONG ET AL.,
2021), but often lower. Therefore small differences in atomic locations between
structures might be a result of different resolutions and calculations. Recently,
the first TRPC structures with co-crystallized ligands have been published, but
even though channels were occupied by activator molecules, the channel pore
was closed (VINAYAGAM ET AL., 2020; BAT ET AL., 2020). This may be due
to very low opening probabilities and/or small channel open times (HOFMANN
ET AL., 1999; JUNG ET AL., 2003; SCHAEFER ET AL., 2000). These limitations
in the time resolution of the cryo-EM technique highlights the need of additional
in-depth electrophysiological studies which are of utmost importance for a better
understanding of the published cryo-EM data.

1.2.4. TRP Domain

The TRP domain is a helical structure which lies directly under the level of
the cell membrane. In the case of TRPC5 it ranged from residues His®** to
Phe!. Until now, the function of the highly conserved TRP domain is not
completely understood. In TRPC channels a few publications targeted the role
of the TRP domain. Authors of BECK ET AL. (2013) suggest a crucial role of
G593 by indirectly affecting the gating of TRPC4/5 because exchanges resulted in
uncontrolled open channels. Structural details where unknown to this timepoint,
but the hypothesis was confirmed by VINAYAGAM ET AL. (2018) publishing the
molecular structure of TRPC4. They found that the interaction between amino
acid W% of the TRP domain and G®® is crucial for the stabilization of TM6
which forms the lower gate. The residues E®*® and E5® (in TRPC4) which are
located at the peripheral loop of the TRP domain are thought to interact with
two lysine residues in Stiml proteins (ZENG ET AL., 2008; LEE ET AL., 2010).
According to VINAYAGAM ET AL. (2018) this would be possible due to peripheral
exposure of the residues. From other related channels like TRPM5, TRPMS8 and
TRPV5 it is assumed, that the TRP domain interacts with PIP,, because amino
acid exchanges in the region resulted in a reduction of PIP, sensitivity and in
an increased channel inhibition mediated by PIP, depletion (ROHACS ET AL.,
2005). Later, YIN ET AL. (2018) partly agreed with ROHACS ET AL. (2005),
as they published a cryo-EM structure of TRPMS8. However, they suggest some
indirect interactions of the TRP domain amino acids and they propose that only
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one residue actually interacts with PIPy. Only one year later, this was confirmed
by the same group by co-crystallizing PIPs with TRPMS8 (YIN ET AL., 2019).

For TRPV1 it has been implicated that the TRP domain has an allosteric
impact on the activation and gating mechanism of the channel (GARCIA-SANZ
ET AL., 2007; VALENTE ET AL., 2008; GREGORIO-TERUEL ET AL., 2014). Con-
servative mutations in the TRP domain sequence result in decreases of the cur-
rent amplitudes or even in non-functional channels (GREGORIO-TERUEL ET AL.,
2015). The TRP domain is conserved between TRP channels but even chimeras
of TRPV1 channels where the TRP domain is replaced with a TRP domain of
TRPV2 results in non-functional channels (GREGORIO-TERUEL ET AL., 2015;
GARCIA-SANZ ET AL., 2007). This experiment impressively outlines the highly
specific role of the TRP domain in the channel (sub)families.

Later, the TRPV1 cryo-EM structure unveiled stabilizing effects of the TRP
domain on the TM region (L1AO ET AL., 2013a). This further highlights the
versatile impact of the TRP domain on the upper channel structure.

Taken together, these results reveal a very pivotal role of the TRP domain on
the whole channel. Even though the sequence itself is very conserved in the TRP
channel super-family, the very exact sequence of the motif seems important for
structural stabilization, allosteric gating manipulation and co-factor assembly.

1.2.5. Protein Binding Sites and Interacting Proteins

Several different proteins are interacting with TRPC5 channels and regulate the
channel functionality either directly or indirectly. Important interacting proteins
are presented in the following section.

NHERF, EBP50 and PDZB Domain

TRPC4 and 5 have a C-terminal PDZ-binding (PDZB) motif (amino acid se-
quence “VTTRL”) which can bind PSD-95/Discs-large/Z0O-1 (PDZ) domains of
scaffolding proteins like Na“/H" exchanger regulatory factor (NHERF)1 and
NHERF2 (TANG ET AL., 2000; OBUKHOV & NOWYCKY, 2004). NHERF pro-
teins can also interact with PLCB (TANG ET AL., 2000). In addition, NHERF
binds to members of the ezrin, radixin, moesin (ERM) protein family (MURTHY
ET AL., 1998; YUN ET AL., 1998; TERAWAKI ET AL., 2006) that anchors the
multi-protein complex to the actin skeleton (TANG ET AL., 2000; CONSTANTIN,
2016). Later, it was shown that the calmodulin-inositol receptor binding (CIRB)
domain additionally binds to the SEC14 and spectrin domain 1 (SESTD)1, which
may act in a similar fashion as NHERF. SESTD1 is able to bind phospholipids
including PIP, and spectrins, thereby anchoring TRPC4 and 5 to the cell mem-
brane and/or the cytoskeleton (MIEHE ET AL., 2010).

The PDZB domain further displays a proteinkinase C (PKC) phosphorylation
site involved in the desensitization of TRPC4 and 5 (ZHU ET AL., 2005). Ga;/o
may also interact at this site (JEON ET AL., 2012).

The PDZB domain does not only serve as a membrane anchoring point, but it
also has a regulatory function. STORCH ET AL. (2017) showed that the PDZB
motif is involved in the DAG sensitivity of TRPC4 and 5 channels. NHERF
dissociation e.g. by PIP, depletion or by prevention of PKC-mediated chan-
nel phosphorylation in the PDZB motif resulted in direct DAG-mediated chan-
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nel activation which was previously only reported for TRPC3, 6 and 7 channels
(HOFMANN ET AL., 1999).

CaM, IP3R and CaM-binding Domain

Calmodulin (CaM) is an EF-hand, low-molecular-weight Ca*" binding protein
that is highly conserved in eukaryotes (CLAPHAM, 2007). CaM was discovered
in 1970 as a calcium-dependent regulator for the nucleotide phophodiesterase
in the brain (KAKIUCHI & YAMAZAKI, 1970). CaM regulates a lot of different
proteins such as: CaM kinases, membrane protein receptors and ion channels
(e. g. N-methyl-D-aspartate (NMDA) glutamate receptors, voltage-gated potas-
sium, sodium and calcium channels; inositol 1,4,5-trisphosphate receptor (IP3R))
but also ER membrane associated Stim and Orai proteins (MARSHALL ET AL.,
2015). CaM therefore is a very versatile and essential regulatory protein in Ca’"
homeostasis (CARAFOLI & KREBS, 2016; JUNHO ET AL., 2020).

Every TRPC channel has at least one CaM-binding domain per monomer (ZHU,
2005), however TRPC5 even has three CaM-binding sites per monomer (two
exclusive CaM-binding domains and one CIRB domain) (EDER ET AL., 2007;
ZHOLOS, 2014). The CaM-binding domains exclusively bind CaM, whereas the
CIRB domain is a competitive binding site for CaM and IP3R (ZHANG ET AL.,
2001; TANG ET AL., 2001; ZHU & TANG, 2004). VINAYAGAM ET AL. (2020)
were the first who co-crystallized CaM with TRPC4 and therefore the first TRPC
channel in complex with CaM. They could show that up to four CaM molecules
bind to the CIRB domains of the homotetrameric channel, meaning one CaM
molecule per monomer. However, the respective sites are not always occupied
by one molecules of CaM, but a state of two or three bound CaM molecules per
tetramer is favored and any bound CaM seems to stabilize the channel in an
inactive state.

The binding of CaM or IP3R to the CIRB is Ca®" dependent, meaning that
at low Ca®" concentrations an IP3R binding is preferred, whereas at high Ca*"
concentrations a CaM binding is preferred. In this scenario, CaM is stabilizing
an inactive channel state, whereas the IP3R binding is needed for an active chan-
nel conformation (VINAYAGAM ET AL., 2020; BERRIDGE, 2004; KANKI ET AL.,
2001). This is at least debatable and there is an ongoing discussion about the
role of CaM and especially the need for an IP3R binding for the channel activity.

There are groups showing a dependence or at least an involvement of the TP3R
in the activation mechanism of TRPC3 channels (KISELYOV ET AL., 1998; YUAN
ET AL., 2003), but others showing that the channel activation is independent of
IP3R (VENKATACHALAM ET AL., 2001; MA ET AL., 2001; VAZQUEZ ET AL.,
2001). But nonetheless the IP3R co-immunoprecipitates and is pulled-down to-
gether with TRPC channels (KISELYOV ET AL., 1999). This shows that the
role of the IP3R for the activation mechanism of TRPC channels is not fully
understood and needs more systematic research.
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Figure 1.2.: PLC pathway. The figure shows the proposed receptor-operated
activation mechanism of TRPC5 that involves PLC activation. An
agonist activates a Gg-coupled receptor (green arrow) leading to G-
protein activation. Subsequently, the alpha subunit of the G-protein
activates the PLC. The PLC then cleaves membrane-bound PIP,
into the two second messengers DAG, which stays in the membrane
and IP3, which is released into the cytosole. IP3 then activates the
ER-bound IP3R, leading to a Ca*" release into the cytosole. DAG di-
rectly activates the TRPCH channel under certain circumstances that
require NHERF dissociation from the C-terminus (STORCH ET AL.,
2017). Cleavage of PIPy also results in a channel activation. This
channel activation leads to a Na' and Ca®" influx into the cytosole.
DAG can activate the PKC, which in turn inactivates TRPCH (red
arrow).

1.3. The Endogenous Activation Pathways of
TRPCs

The activation mechanism of TRPC channels in general and of TRPC)5 in par-
ticular are not fully understood until now. At first, as described in section 1.1,
TRPC channels were thought to be store-operated. Meaning a Ca®" lack in the
ER is perceived that activates TRPC channels in the plasma membrane (ZHU
ET AL., 1995, 1996; PHILIPP ET AL., 1996, 1998; VANNIER ET AL., 1999; RiccCIO
ET AL., 2002; ZITT ET AL., 1996). Only TRPC6 was traditionally described as
being receptor-operated or -activated (BOULAY ET AL., 1997). Later, TRPC3
was also declared as being receptor-activatable in a PLC-dependent, but store-
independent manner (ZITT ET AL., 1997). For TRPC4 and 5 first doubts arose
whether they are really store-operated since a receptor-operated channel activa-
tion via G-protein coupled receptor (GPCR) or receptor tyrosine kinases down-
stream of PLC was shown (OKADA ET AL., 1998; SCHAEFER ET AL., 2000).
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KISELYOV ET AL. (1998) showed that TRPC3 can be activated via store-
depletion or directly via IP; bound IP3R. Three years later, the description of
the C-terminal CIRB domain of TRPC channels led to another controversial dis-
cussion (TANG ET AL., 2001; ZHANG ET AL., 2001). As described in the previous
section, the CIRB domain is able to bind CaM, a regulatory protein inhibiting
the channel activity, which can get displaced by the IP3R and thus may indirectly
activate the channel, as shown for TRPC3 (TANG ET AL., 2001; ZHANG ET AL.,
2001). Contrary to that, it was shown that TRPC3 and 5 can be activated in a
PLC dependent manner, independent of the expression of IP3R, indicating that
the IP3R is at least not necessary to activate TRPC3 or 5 (VENKATACHALAM
ET AL., 2003).

At present, it is commonly accepted, that TRPC channels are receptor-operated
and are activated via (G4/1;-protein coupled receptors or by receeptor tyrosine ki-
nases downstream of PLCB or PLCy, respectively (see Figure 1.2, MONTELL
(2005); VENKATACHALAM & MONTELL (2007); CHEN ET AL. (2020)). In this
scenario, a GPCR gets activated via agonist binding leading to Gg/1-protein ac-
tivation. The Gg/q1-protein then activates PLCB, which leads to cleavage of PIP,
into TIP3 and DAG. DAG can then directly activate TRPC3, 6 and 7 channels
(HOFMANN ET AL., 1999). Until recently, only TRPC3, 6 and 7 were thought
to be DAG sensitive, but STORCH ET AL. (2017) could show that under spe-
cific conditions, namely C-terminal NHERF dissociation, TRPC4 and 5 are also
directly DAG sensitive. This means that all TRPC channels are regulated in a
similar fashion, namely through the second messenger molecule DAG.

The other product of PIP, cleavage, IP3, is able to activate IP3 receptors in
the ER membrane and thus causing a Ca®" release and store depletion. The
Ca’" release could recruit regulatory proteins like CaM and PKC and therefore
negatively regulate TRPC channels. Additionally, DAG is able to activate PKC
directly, resulting in a negative feedback inhibition of TRPC currents.

TRPC4 and TRPC1 may be an exception of the above described activation
mechanism. TRPC1 could be store-operated, either on its own or in complex
with Orail (JARDIN ET AL., 2008; KIM ET AL., 2009; GUEGUINOU ET AL., 2016;
SHI ET AL., 2017; AMBUDKAR ET AL., 2017). Alternatively, TRPC1 might be
receptor-operated with a store-depletion dependent receptor activation mecha-
nism (SHI ET AL., 2016), meaning a combination of both. For the activation of
TRPC4 however, the signaling via Gj/, and PLC51 may be more important for
the receptor-activation than the signaling via G411 and PLCB (JEON ET AL.,
2008, 2012; THAKUR ET AL., 2016).

Altogether, the research community is in disagreement about the activation
mechanism of TRPC channels. Since TRPC5 channels evolved as potential new
drug targets, a detailed biophysical characterization of the structure-function
relations of the channel and in particular of the ligand binding regions are of
utmost importance to further improve drug development.

PIP, and TRPC Channels

Another piece in the puzzle is PIP, and its role in TRPC channel regulation. PIP,
seems to play a very versatile role in the TRPC activation pathway. One of the
challenges in examining the role of PIP; in the activation mechanism is, that PTP,
as a second messenger affects a lot of other cellular processes, including organiza-
tion of the cytoskeleton and membrane trafficking (SAARIKANGAS ET AL., 2010;
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SHEWAN ET AL., 2011; DINITTO ET AL., 2003). These processes likely influence
ion channel activity (HILGEMANN & BALL, 1996; RoHACS, 2009; LOGOTHETIS
ET AL., 2015) and therefore different results are obtained by using different patch
clamp configurations like inside-out or whole-cell configuration. In inside-out
patches a lot of cellular cofactors and proteins get lost during the measurement
(run-down) and cytosolic cofactors are not present. Therefore it is a more ar-
tificial approach but the extra- and intracelluar conditions are more controlled.
LEMONNIER ET AL. (2008) and TREBAK ET AL. (2009) showed that heterolo-
gously expressed TRPC5 and TRPC3, 6 and 7, are activated by PIP, in inside-out
patches. On the other hand, studies with endogenously expressed TRPC5 channel
show the contrary: PIP, inhibits the channel in inside-out patches (SHI ET AL.,
2012). The same phenomenon was observed for TRPC6 (ALBERT ET AL., 2008;
JU ET AL., 2010) indicating the inhibition is not limited to TRPC5 in the channel
family. For whole-cell patch clamp measurements with heterologously expressed
TRPC5, the channel can be activated by limiting PIP, production through in-
hibition of phosphatidylinositol-5-phosphate 4-kinase (PIP4K) (STORCH ET AL.,
2017; TREBAK ET AL., 2009). Applying PIP; through the patch-pipette inhibited
the channel (TREBAK ET AL., 2009). Similar results were obtained with TRPC4,
where PIP, inhibited the channel isoform-specific by interacting with the the C-
terminus (OTSUGURO ET AL., 2008). Another group showed an attenuating effect
on TRPC5 desensitation by directly applied PIP,, but a current potentiation with
PIP4K inhibition (KIM ET AL., 2008). STORCH ET AL. (2017) demonstrated that
PIP,-depletion induces a conformational change resulting in a NHERF dissocia-
tion from the channel and a direct DAG sensitivity of TRPC5. NINGOO ET AL.
(2021) further attributes a very pivotal role to PIP, in the activation pathway of
TRPC5. They showed that trivalent cations and DAG allosterically modulates
the PIP,-binding of TRPC5 and that PIP, is an important factor in the channel
activation and inactivation process.

1.3.1. Small Molecule Activators of TRPC5

In order to investigate the TRPC channel function in vivo or in vitro, potent and
selective channel activators and blockers are extremely valuable.

More and more small molecule activators and modulators of TRPC5 channels
are available at present. They are important to study channel activation mech-
anisms on the molecular level, to get insights in channel gating mechanisms and
might be applicable as therapeutic drugs for TRPC5 associated diseases. Because
of the limitation of the cryo-EM approaches, particularly that no TRPC channel
3D-structure is resolved in an activated channel state so far (VINAYAGAM ET AL.,
2020), other techniques should be applied to investigate the channel properties
on the molecular level. Furthermore, using cryo-EM not all parts of the chan-
nel structure are resolved until now and some attempts to co-cristallize specific
ligands failed.

Englerins

In 1988 the NCI-60 screening program for natural compounds regarding their
effectiveness against 60 different tumor cell lines started (ALLEY ET AL., 1988;
SHOEMAKER, 2006). One of the top scoring extracts regarding the effectiveness
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Figure 1.3.: Chemical structure of englerins. This figure shows the chemical
structure of englerin A and englerin B. The difference in the structure
is indicated by a variable residue R.

was the bark extract of Phyllanthus engleri, a Tanzanian tree from the genus Eu-
phorbiazeae (WU ET AL., 2017). The most bioactive compounds of the extract
were seven chlorinated sesquiterpenes with the strongest activity against the renal
cancer cell line A498 (AKEE ET AL., 2012). Later, this result was partly with-
drawn because an extraction error yielded chlorinated englerin derivatives. This
happened due to the fact that the used chloroform apparently generated Cl, on
standing, reacting with the compounds. Nonetheless, englerin A was identified as
the leading compound (but not chlorinated), responsible for the cytostatic effect.
Thereupon, different stereoisomers of englerin were synthesized: (+)-englerin A
was the first synthesized englerin A (WILLOT ET AL., 2009), followed by (-)-
englerin A and englerin B (Figure 1.3) through different routes by independent
groups (ZHOU ET AL., 2010; MOLAWI ET AL., 2010; NICOLAOU ET AL., 2010;
RADTKE ET AL., 2011). Interestingly, (+)-englerin A was identified as non-
reactive against A498 cells at 1M, whereas (-)-englerin A was highly effective
with an ICsy of 45nM. Later, AKBULUT ET AL. (2015) linked the cell death of
A498 cells to a Ca®" inward current through TRPC4 and TRPC5 channels with
an ECyq of 11nM and 7nM, respectively. However, in 2017 the actual cell toxic-
ity was linked to the TRPC4/5 mediated sodium instead of the calcium inward
current (LUDLOW ET AL., 2017). CARSON ET AL. (2015) confirmed the involve-
ment of TRPC4 and 5 in (-)-englerin A mediated cytotoxicity by heterologous
expression in human embryonic kidney 293T (HEK293T) cells where the (-)-
englerin A-induced cell toxicity could be reproduced. Furthermore, (-)-englerin
A also activates TRPC4/1 and TRPC5/1 heteromers and weakly inhibits TRPAT,
TRPV3, TRPV4, and TRPMS with an ICs; in the 3-4 pM range (CARSON ET AL.,
2015). However, it did not show activity against the non-TRP channels epithelial
Na™ channel (ENaC), gamma-aminobutyric acid (GABA)-receptor, cystic fibro-
sis transmembrane conductance regulator (CFTR), Nay1.5, Cay1.2 and Ky7.1
in functional essays (CARSON ET AL., 2015). Additionally, (-)-englerin A is re-
ported to affect PKCO (SOURBIER ET AL., 2013) and L-type calcium channels
(RODRIGUES ET AL., 2016), but in much higher and even micromolar concen-
trations. In canine and human serum, (-)-englerin A is stable, whereas it is
hydrolyzed to (-)-englerin B in rodent serum. Oral doses of 5mgkg " resulted in
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low (-)-englerin A serum concentrations of <12nM, but in high serum concentra-
tions of the inactive metabolite (-)-englerin B of >50nM (CARSON ET AL., 2015).
Additionally, (-)-englerin A is toxic for rodents when applied intravenously or in-
traperitoneally and only tolerated up to a dose of <1.5mgkg ™' (CARSON ET AL.,
2015). Unfortunately, CARSON ET AL. (2015) could not detect any (-)-englerin
A in the serum after subcutaneous application. Nonetheless, FASH ET AL. (2016)
reported that aza-englerin A analogues are bioavailable after oral application.
In 2018, RUBATY ET AL. (2018b) described A54, a (-)-englerin A analogue with
inhibitory effects on TRPC4 and 5, although it lacks just one oxygen atom com-
pared to (-)-englerin A. So far, (-)-englerin A represents the most efficacious and
potent activator of TRPC4 and 5 homomers as well as TRPC1/4 and 1/5 channel
heteromers. Although (-)-englerin A is the most potent TRPC4 and 5 channel
activator known so far, co-crystallization efforts with TRPC4 or TRPC5 channels
failed. A detailed biophysical characterization of the (-)-englerin A binding site
might help to get new insights into the activation and regulation mechanisms of
TRPC4 and TRPC5 channels which lays the basis for further drug development.

F
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Figure 1.4.: Chemical structure of riluzole. This figure shows the chemical
structure of riluzole

Riluzole

Riluzole (Figure 1.4) is a benzothiazole derivative and an approved drug for the
use in amyotrophic lateral sclerosis (ALS)-patients and can prolong the survival
by approximately 2 to 4 months (BENSIMON ET AL., 1994; LACOMBLEZ ET AL.,
1996; TRAYNOR ET AL., 2003). The drug is also used in off label treatments of
psychiatric disorders in adults and children (GRANT ET AL., 2010). In a screening
approach for TRPC5 the activator riluzole was found to be active against heterol-
ogously expressed TRPC)H in HEK293T cells with an ECjsq of 9.2 pM (RICHTER
ET AL., 2014b). Interestingly, riluzole is a specific TRPC5 and TRPC1/5 acti-
vator with no activity against TRPC4 or TRPC1/4 channels (RICHTER ET AL.,
2014b). Because riluzole is only activating TRPC5 and not TRPC4 channels,
it can be speculated that it has a distinct activation mechanism compared with
(-)-englerin A. Therefore riluzole was used as a control in the present thesis to
study the (-)-englerin A mediated TRPC5 activation and vice versa.

BTD and Methylprednisolone

In another drug screening, the benzothiadiazine BTD (Figure 1.5a) as well as
the glucocorticoid methylprednisolone (Figure 1.5b) were discovered as both be-
ing TRPC5 specific activators with an ECsy of 1.4pM and 12 M, respectively
(BECKMANN ET AL., 2017). Due to the lower ECsy, BTD was studied in more
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(b) Methylprednisolone

Figure 1.5.: Chemical structures of BTD and methylprednisolone. This
figure shows the chemical structure of BTD (a) and methylpred-
nisolone (b).

detail and showed no effect against other TRP channels, like TRPC3, 4, 6, 7,
TRPA1, TRPVI, 2, 3, 4, TRPM2 and 3. Therefore, BTD was characterized as a
very specific TRPC5 activator with an ECyg in the low micro-molar range. Addi-
tionally, a photoswitchable BTD analogue was designed in 2022 named BTDAzo
with an ECj similar to the parental substance of 1.5 pM (MULLER ET AL., 2022).
Photoswitchable ligands can be converted from a non-active (trans) state to an
active (cis) state using light of a specific wavelength. Using those photoswitchable
ligands, high precision measurements like channel inactivation kinetics or other
time-dependent aspects can be resolved.

Thiazolidinediones and Isoflavones

Rosigitazone (Figure 1.6a) is one representative of the thiazolidinediones and is
able to activate TRPC5 with an ECj of 31 pM (MAJEED ET AL., 2011). It is an
approved drug for the treatment of type-2 diabetes and therefore widely available.
The chemically related compounds pioglitazone and troglitazone were not active
against TRPC5, but all three compounds inhibited TRPM3.

Isoflavones (Figure 1.6b) are phytochemicals which naturally occur e. g. in
soy like genistein and daidzein. The isoflavone genistein activates TRPC)H with
an ECjz of 93puM and La’" is able to further potentiate the activating effect
of genistein when applied simultaneously (WONG ET AL., 2010). Daidzein, a
genistein analogue acts similarly on TRPC5 (WONG ET AL., 2010).
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Figure 1.6.: Chemical structure of rosiglitazone and the isoflavones. This
figure shows the chemical structure of rosiglitazone (a) and the
isoflavones using the examples of genistein and daidzein (b).

Tontantzitlolone

Figure 1.7.: Chemical structure of tonantzitlolone. This figure shows the
chemical structure of tonantzitlolone.

Tontantzitlolone (Figure 1.7) is a rather unique representative of the diterpene
ester group of TRPC5 activators. It is worth mentioning because of its similar
effect on A498 renal cancer cells as (-)-englerin A (RUBAIY ET AL., 2018a). The
activation profile of tonantzitlolone includes TRPC5 (EC5¢y = 83nM) and TRPC4
monomers (ECs;, = 123nM) as well as TRPC1/4 (ECsy = 140nM) (RUBATY
ET AL., 2018a).
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1.3.2. Small Molecule Inhibitors of TRPCH

Xanthines
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Figure 1.8.: Chemical structure of the xanthine class. This figure shows the
chemical structure of the xanthines and their representatives HC-070
and Picol45. The differences in the structure are indicated by a
variable residue R.

The xanthine class of TRPC5 ligands (Figure 1.8) is one of the most consid-
erable and important classes of TRPC5 inhibitors. More than 600 substances of
the group are patented by the pharmaceutical companies Hydra Biosciences Inc.
and Boehringer Ingelheim, including several candidates with an ICsy of <100 nMm
(CHENARD & GALLASCHUN, 2014). Two of the most promising compounds,
HC-070 (JusT ET AL., 2018) and Picol45 (also referred to as HC-608) (RUBALY
ET AL., 2017) were further characterized. Picol45 is the most potent inhibitor
known so far that inhibits TRPC5 currents with an 1Csq of 1.3 pM, TRPC4 with
an ICsy of 349 pM, TRPC1/5 and TRPC1/4 heteromers with an ICsy of 199 pMm
and 33 pM, respectively. The same patent also contained an activator of TRPC5
which is called AM237 (MINARD ET AL., 2019). Strikingly, AM237 specifically
activates TRPC5 homomers with an EC5q of 15-20nM, but inhibits (-)-englerin
A evoked TRPC5 or TRPC4 channels and TRPC1/4, 1/5 or 4/5 heteromers with
an ICsg of 0.9-13nM (MINARD ET AL., 2019). This suggests a very specific xan-
thine binding site distinguishing between closely related substances that induce
distinct transduction pathways.
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Benzimidazoles and ML204

\

Figure 1.9.: Chemical structure of ML204. This figure shows the chemical
structure of ML204.

ML204, a quinoline (Figure 1.9), was one of the first described inhibitors of
TRPC4 and TRPC5 channels with an ICsq of 0.99 uM and 13.6 uM, respectively
(MILLER ET AL., 2011; ZHOU ET AL., 2017). RUBAILY ET AL. (2017) further
tested the activity of ML204 against heteromeric TRPC1/4 channels resulting in
an 1C59 of 58 uM. Clemizole is a member of the benzimidazole class of TRPC
channel inhibitors and was originally designed as a histamine receptor antago-
nist. However, RICHTER ET AL. (2014a) described clemizole as an inhibitor of
TRPC) currents with an 1Csy of 1.1 uM. Notably, clemizole is a rather unspecific
TRPC channel inhibitor that also inhibits TRPC4, TRPC3 and TRPC6 with
an ICs of 6.4pM, 9.1uM and 11.3 pM, respectively (RICHTER ET AL., 2014a).
MO084 was another hit of the same screening approach as ML204. M084 is also a
benzimidazole-based compound which inhibits TRPC4 and 5 channels, as well as
heteromeric TRPC1/4 channels. However, M084 has a lower IC5y of 8.3 pM in-
hibiting TRPC1/4 channels compared to ML204 and a higher IC5y regarding the
inhibition of TRPC4 (10.3pM) and 5 (8.2pM) homomers (ZHU ET AL., 2015a).
MO084 also inhibits TRPC3 and 6 currents with an ICsy of 48.6 pM and 59.6 pM,
respectively (ZHU ET AL., 2015a). However, other M084 derivatives with a com-
parable ICs5¢, named compound 16, 17, 27 or 28 are more specific inhibitors (ZHU
ET AL., 2015a). M084 was further suggested to have an antidepressant and an
anxiolytic-like effect in mice (YANG ET AL., 2015a). AC1903 represents a later
synthesized compound which is based on the benzimidazole structure of M084
and ML204 (SHARMA ET AL., 2019). AC1903 is able to inhibit riluzole evoked
TRPC) currents with a similar ICsy of 14.7uM compared to ML204 or M084.
Strikingly, AC1903 seems to be a selective inhibitor of TRPC5, as it does not in-
hibit carbachol-induced TRPC4 currents or 1-oleoyl-2-acetyl-sn-glycerol (OAG)-
induced TRPC6 currents (ZHOU ET AL., 2017). Furthermore, AC1903 has been
shown to suppress progressive kidney disease in rats (ZHOU ET AL., 2017). This
underlines the importance of TRPC channel inhibitors and their mode of action
to potentially treat TRPC channel associated diseases like mental disorders and
FSGS.
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Figure 1.10.: Chemical structure of the benzimidazole class. This figure
shows the chemical structure of the benzimidazoles and their rep-
resentatives M084, clemizole and AC1903. The differences in the
structures are indicated by a variable residue R.

Flavonoles

The flavonoles are another subgroup of the flavonoids like the isoflavones men-
tioned in subsection 1.3.1. One representative is galangin (Figure 1.11), a phyto-
chemical compound from the ginger family. Galangin has been shown to inhibit
La’* induced TRPC5 currents with an IC5q of 0.45 pM (NAYLOR ET AL., 2016).
The related compounds kaempferol and quercetin also inhibited Gd*" induced
TRPC5 currents with an ICsg of 3.9 pM and 6.5 pM, respectively (NAYLOR ET AL.,
2016). A structure-activity-relationship approach led to the synthetic flavonole
compound AM12 which inhibits Gd*"-induced TRPC5 currents with an ICso of
0.28 pM. (-)-englerin A-evoked TRPC4 and TRPC5 currents were also inhibited
showing 65 % inhibition at a concentration of 5uM applied AM12. However, on
TRPC1/4 and TRPC1/5 heteromers the inhibitory effect was lower, reaching
only 20 % inhibition at a concentration of 5pM AM12 (NAYLOR ET AL., 2016).
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1. Introduction

R, —OH R, —H

R, ——H Rsy: ——H Galangin
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R;: —OH Ry —H
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Ry: — OH Rgg: —H

R]Z —OH R4_5: —-H

R,y ——H R¢7: ——OH Quercetin
R3Z —OH Rg_(): —H

Figure 1.11.: Chemical structure of the flavonol class. This figure shows the
chemical structure of the flavonols and their representatives Galan-
gin, Kaempferol and Quercetin. The differences in the structure are
indicated by a variable residue R.
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1.4. Aim of the Study

TRPC5 channels are essentially involved in several physiological and pathophysio-
logical processes and they recently emerged as novel drug targets for the treatment
of mental and kidney disorders. However, the activation mechanism of TRPC5
channels is not fully understood until now. Although recent advances in the
cryo-EM technique resulted in the elucidation of the first 3D-protein structures
of TRPC5 channels, the information remains static and the open pore confor-
mation of the channel is still missing. A deeper knowledge of the exact ligand
binding sites and of regulatory regions in the channel structure is essential for
novel drug design and it will open new opportunities for virtual drug screening.
The aim of this study is to identify and characterize the binding sites of the
two TRPC5 channel activators riluzole and (-)-englerin A in order to get deeper
insights into the activation and transduction mechanism of TRPC5 channels.
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2. Materials and Methods

2.1. Docking

Molecular docking was carried out using the AutoDock vina plugin (TROTT
& OLsoN, 2010) for UCSF Chimera 1.13.1 (PETTERSEN ET AL., 2004). The
possible binding sites used for the docking runs were selected using qualitative
criteria, e.g. size, accessibility, proximity to the membrane and to important
channel regions like the gate, TRP helix and VSLD. Furthermore, information
from the literature regarding published ligand interaction sites and high quality
3D-protein structures were considered. Since distinct ligand interaction sites and
higher quality 3D-structures were continuously published, higher resolved PDB
files were used during the progress of the thesis.

All possible options for the docking runs were set to default (see Table 2.1,
Table 2.2 and Table 2.3) except “Number of binding modes” which was set to
10 (default=9, see Table 2.3). More detailed information on the settings can be
received from the Chimera AutoDock vina Plugin website (Chimera website).

Table 2.1.: AutoDock vina receptor options.

Option Value

Add hydrogens in Chimera TRUE
Merge charges and remove non-polar hydrogens TRUE
Merge charges and remove lone pairs TRUE
Ignore waters TRUE
Ignore cains of non-standard residues TRUE
Ignore all non-standard residues FALSE

Table 2.2.: AutoDock vina ligand options.

Option Value

Merge charges and remove non-polar hydrogens TRUE
Merge charges and remove lone pairs TRUE

Table 2.3.: AutoDock vina advanced options.

Option Value
Number of binding modes 10
Exhaustiveness of search 8

Maximum energy difference (kcal/mol) 3
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2. Materials and Methods

2.1.1. Analysis of Docking Results

The docking results were analyzed using the software LigPlot™ v.2.2 (WALLACE
ET AL. (1995) and LASKOWSKI & SWINDELLS (2011)). The criteria for selecting
amino acids that possibly interact with the ligand were as follows: how often
the exact amino acids appears in the ten docking positions and the quality of
the interaction, i. e. the binding energy and type of interaction. The selected
amino acids were subsequently exchanged performing site directed mutagenesis
(see subsection 2.2.2).

2.2. Molecular Biology

2.2.1. Material and Media

Table 2.4.: Materials and regents for molecular biology.

Kit Catalogue No., Manufacturer

Q5 SDM Kit E05525, New England Biolabs, Ipswich,
Massachusetts, USA

HiVYield Plasmid Mini Kit 30 HYPD100, Siid-Laborbedarf GmbH,
Gauting, Germany

NucleoBond Xtra Midi Kit 740410.50, Machery-Nagel GmbH & Co.
KG, Diiren, Germany

Table 2.5.: Super optimal broth with catabolite repression (SOC)
Medium. The table shows the composition of the SOC medium.

Substance Weigh-in quantity [g]
Tryptone 20

Yeast extract 5

NaCl 0.584

KCl 0.186

ad 1000 mL ddH,O
After autoclaving the following was added

2M MgSQy,, sterile solution 10 mL
2M Glucose, sterile solution 10 mL
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2.2. Molecular Biology

Table 2.6.: Lysogeny broth (LB) medium. In the following table the compo-
sition of the LB medium is displayed.

Substance Weigh-in quantity [g]

Tryptone 10
Yeast extract 5
NaCl 10

ad 1000 mL ddH,O

2.2.2. Mutagenesis PCR

Table 2.7.: New england biolabs (NEB) side directed mutagenesis
(SDM) kit protocol.

Reagent Volume [pL| Final concentration
Q5 Hot Start High-Fidelity 2X Master 12.5 1X

Mix

10 pM forward primer 1.25 0.5 pM

10 uM reverse primer 1.25 0.5 pM

mTRPC5 pIRES2 EGFP plasmid DNA 1 20ng

(20ngpL™")

ddH,O 9
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mTRPCS5-IRES-EGFP AT 124

w
2]
a
o
=
£

8281 bp

Figure 2.1.: Vector map of mTRPCS5 in a pIRES2-EGFP vector. The fig-
ure displays the vector map of mTRPC5 in the pIRES2-EGFP vector
with the respective name and number in the internal database. The
plasmid consists of a CMV promotor, the gene of interest mTRPC5,
an IRES-sequence, a reporter gene, in this case EGFP, the {1 origin
of replication for bacterial plasmid replication, the SV40 early pro-
motor, which enables and improves DNA replication in mammalian
systems (WILDEMAN, 1988) and lastly the resistance gene (in this
case Kanamycin/Neomycin).

Table 2.8.: Polymerase chain reaction (PCR)-program of the SDM. The
primer specific annealing temperatures are listed in Table A.1

Temperature in °C Time [min:sec|] Cycles
98 0:30
98 0:10
Primer specific annealing temperature 0:30 X25
72 5:00
72 2:00
8 2:00
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2.2. Molecular Biology

Table 2.9.: Kinase, ligase, Dpnl (KLD) reaction protocol.

Substance Volume [pL
SDM PCR product 1
2X KLD reaction buffer 5
10X KLD enzyme mix 1
ddH,0 3

The primers were automatically designed using the NEBaseChanger for optimal

functionality (NEBaseChanger). Their sequence and annealing temperatures are
listed in Table A.1.

The first step in analyzing the mutant TRPC5 channels was to generate a
mutant channel in a mammalian expression plasmid (for a vector map see Fig-
ure 2.1). The used plasmid was a pIRES2-EGFP vector with a mTRPC5 ¢cDNA.
Amino acid exchanges in the mTRPC5 channel were introduced by side directed
mutagenesis (SDM) using the Q5 SDM Kit (see Table 2.4) according to the man-
ufacturer’s protocol with slight changes (Table 2.7, Table 2.8 and Table 2.9). In
brief, a mutagenesis PCR was designed (Table 2.7 and Table 2.8) and an aliquot
of the reaction product was simultaneously digested, phosphorylated and ligated
in a second experiment, called Kinase, ligase, Dpnl (KLD) reaction (part of the
SDM kit, see Table 2.9). 5uL of the KLD reaction product was directly added
to 50 uL. of chemically competent E. coli DH5« cells (according to INOUE ET AL.
(1990)) and incubated on ice for 30 min. After this incubation period, the cells
were heat-shocked at 42 °C for 30s and incubated on ice for another 5min. Then
950 uLL of SOC Medium (see Table 2.5) was added and the cells were incubated
at 37°C for 1h with gentle shaking. 100 uL of the suspension were plated out on
a LBKanamycin agar plate (50 pg mL~'; see Table 2.6) and incubated for 12-16h at
37°C.

2.2.3. Mini Plasmid Preparation

3mL of LBkanamycin (50 118 mL ') were inoculated with one bacterial colony of the
selection plates (see subsection 2.2.2) and incubated at 37 °C and 300 rpm for 12—
16 h. The overnight culture was then spun at 16 000 xg for 1 min and the plasmid
DNA was prepared with the Hi Yield Plasmid Mini Kit (see Table 2.4) according
to the manufacturer’s protocol. The plasmid was eluted from the column using
30 uL. ddH50.

2.2.4. Sequencing

The correct mutation was validated via Sanger sequencing, which was carried out
by Eurofins Genomics (Luxembourg). Sequencing primers were designed using
the online Sequencing Primer Design Tool by Eurofins Genomics and ordered
from Sigma Aldrich (St. Louis, Missouri, USA). For the reaction 300-500 pg of
plasmid DNA was mixed with 5pulL of 10puM sequencing primer in ddH,O and
filled up to 10 pLL with ddH,O.
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2. Materials and Methods

2.2.5. Midi Plasmid Preparation

To receive higher DNA quality and yield of the mutated plasmid DNA, plasmid
preparations which carried the validated mutation were retransformed. 200 mlL
LBxanamycin Were inoculated with a retransformed E. coli colony and incubated
at 37°C and 300rpm for 12-16h. The bacterial suspension was then spun at
6000 rpm for 10 min. The plasmid DNA was then prepared with the NuleoBond
Xtra Midi Kit (see Table 2.4) according to the manufacturer’s protocol.

2.3. Cell Culture

2.3.1. Material, Media and Supplements

Table 2.10.: Materials and reagents used for cell culture.

Substance/Material Catalogue No., Manufacturer

Dishes (10 cm) 83.3902, Sarstedt, Niimbrecht, Germany
Dishes (35 mm) 153066, Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA

Media and Supplements

Genejuice 70967, Merck KGaA, Darmstadt, Germany

EMEM M4655, Sigma-Aldrich, St. Louis, Missouri, USA

Pen/Strep P4333, Sigma-Aldrich, St. Louis, Missouri, USA

FCS 10270-106, Life Technologies/Gibco, Carlsbad, Cali-
fornia, USA

DPBS D8537, Sigma-Aldrich, St. Louis, Missouri, USA

Trypsin-EDTA T3924, Sigma-Aldrich, St. Louis, Missouri, USA

2.3.2. Media and Supplements

2.3.3. General Procedure

HEK293T cells (ACC635; German Collection of Microorganisms and Cell Cul-
tures GmbH, Braunschweig, Germany) were always cultivated in T75 flasks in
eagle’s minimum essential medium (EMEM) completed with 10 % fetal calf serum
(FCS) and 1% penicillin/streptomycin (Pen/Strep) (in the following just named
EMEM) and incubated at 37°C and 5% CO,. For subculturing HEK293T cells,
they were split (see subsection 2.3.4) 1:5 or 1:10 to be confluent after 2d or 3d,
respectively. For the use in patch clamp experiments cells were seeded at densities
of 600 000, 300000 or 200000 cells per well in a six well plate, depending if they
were transfected (see subsection 2.3.5) the next day, after 2d or 3d, respectively.
Patch clamp experiments were always carried out 24-30 h post transfection.

2.3.4. Splitting and Seeding

The cell culture medium was aspirated and cells were washed with 10 mL of
dulbecco’s phosphate buffered saline (DPBS). The DPBS was likewise aspirated
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and 2mL of Trypsin-EDTA was added to the cells. After gentle tapping of the
cell culture flask to loosen the adhering cells, 10 mL. EMEM was added to stop the
trypsin reaction. The cell suspension was then spun at 1200 rpm for 1 min and
the supernatant was aspirated. The cell pellet was resuspended in 10 mL EMEM
and aliquoted in T75 culture flasks with 20 mL prewarmed EMEM or seeded in
6-well plates with 2mL prewarmed EMEM.

2.3.5. Transfection

HEK293T cells were transfected using Genejuice (Table 2.10), a non-lipid based
chemical transfection reagent, according to the manufacturer’s instructions. In
brief, 100 pL. FCS free EMEM was preincubated with 6 pL. Genejuice for 5 min
at room temperature. Then 2yug plasmid DNA were added to the solution and
incubated for another 20 min. After incubation, the mixture was applied dropwise
to the cells in a 6-well plate.

2.3.6. Transfer in Dishes for Electrophysiological
Measurements

For the actual electrophysiological experiments, the cells were transferred from the
6-well plate (see subsection 2.3.4) to single plastic dishes (35 mm, see Table 2.10).
The medium was aspirated and the cells were washed with 2mL DPBS. Subse-
quently, the DPBS was aspirated, then 300 uL. Trypsin-EDTA was applied to the
cells and the reaction was stopped by adding 1.5 mL EMEM to the well. The
cells were resuspended by pipetting up and down ten times. 300 pL of the cell
suspension was added to 2mL of prewarmed EMEM in the 35 mm dishes.

2.4. Electrophysiology

2.4.1. Material

Table 2.11.: Materials and reagents used for electrophysiological exper-

iments.

Substance/Material Catalogue No., Manufacturer

Reference electrode E-205, Science Products, Hotheim
am Taunus, Germany

Patch pipette capillaries GB150TF-8P, Science Products,
Hofheim am Taunus, Germany

(-)-Englerin A 6492.1, Carl Roth, Karlruhe, Ger-
many

Riluzole hydrochloride 0768/25, Tocris Bioscience, Bristol,

United Kingdom
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2.4.2. General Procedure

Table 2.12.: Composition of bath solution B1 with the corresponding
concentrations. The measured osmolality for the solution was ac-
cepted in the range of 290-300 mosmol kg™

Substance Concentration [mM]
NaCl 140
CsCl 5
CaCly-2 Hy,O 2
HEPES 10
Glucose 10
MgCl, -6 HyO 1

pH adjusted to 7.4 with NaOH

Table 2.13.: Composition of pipette solution P16. The measured osmolality
for the solution was accepted in the range of 290-300 mosmol kg ™.
The free Ca®" concentration amounts to 100 nM.

Substance Concentration [mM]
CsCl 120
CaCl,-2H,0 3.949
HEPES 10

BAPTA 10

MgCl, - 6 HyO 1
Naz—GTP 0.2

NaCl 9.4

pH adjusted to 7.2 with CsOH

Whole-cell patch clamp recordings were carried out using an EPC 10 USB
amplifier (HEKA Elektronik GmbH, Lambrecht, Germany). Patch-clamp mi-
cropipettes (see Table 2.11) were pulled using a DMZ-Universal Puller (Zeitz-
Instrumente Vertriebs GmbH, Martinsried, Germany) resulting in pipette resis-
tances of 2.0-3.5 M{2. The measuring electrode consisted of a silver wire which
was regularly covered with AgCl using electrochemical oxidation. Reference elec-
trodes were selfmade using silver wires attached to a sintered AgCl pellet (see
Table 2.11).

To start a whole-cell patch clamp measurement first the cell-attached config-
uration was established and the seal quality was evaluated by checking the seal
resistance (>1GQ). To further record the seal quality, a sealpulse was applied
(see Figure 2.3a). The membrane patch beneath the pipette was removed to get
access to the cytosol (see Figure 2.2b) in order to establish a whole-cell config-
uration. The actual measurement was started by applying continuous voltage
up-ramps with potentials of —100 to 100mV with a total duration of 500 ms
(Figure 2.3b). The holding potential was —60mV and the liquid junction poten-
tial was set to 4.0mV. The sample interval was 5 kHz and two bessel filters were
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applied subsequently to filter the signal (filter 1 = 10kHz, filter 2 = 2.9 kHz).
The resulting signal was then analyzed according to subsection 2.4.3.

/ Micro-pipette /
with measuring electrode

Cell

(a) Cell-attached configuration (b) Whole-cell configuration

Figure 2.2.: Cell-attached and whole-cell configuration. In this figure, the
two configurations cell-attached (a) and whole-cell (b) are shown.
The cell-attached configuration was used to evaluate the quality of
the gigaohm seal by applying a test pulse (see Figure 2.3a).

2.4.3. Data Analysis

Generally, obtained data of patch clamp measurements are displayed as single
current-voltage (IV) or current density voltage (CDV) curves as well as current
time courses.

The recorded data is structured like the following: One sweep is defined as one
up-ramp (Figure 2.3b) applied at a given timepoint in the experiment resulting
in an IV curve. That means sweep 200 is the 200" applied voltage-ramp (Fig-
ure 2.3b) in the experiment at the given timepoint, resulting in the 200*® TV curve
of the experiment.

From these subsequently applied up-ramps and their corresponding injected
current values the current time course is constructed. For the inward current
Lnin, the corresponding mean current at the holding potential of —100mV (see
Figure 2.3b, time range in the up-ramp: 15.5-42.8 ms) was plotted againt the
timepoint of the sweep. For the outward current I,,., the corresponding mean
current at the holding potential of 100mV (see Figure 2.3b, time range in the
up-ramp: 409.4-444.6 ms) was plotted against the timepoint of the sweep. This
results in a current time course. To generate a current density time course from
this, I,nin and I, were then divided by the cell size expressed by the membrane
capacity of the cell Cy, respectively. This results in the current densities CD iy,
and CDy.x. Those were subtracted by the IV offset before stimulus application
and plotted against the time-point of the sweep to result in a current density time
course.

As follows, three CDV curves were extracted and displayed. One CDV curve
was extracted before stimulus application and one during stimulus application
of riluzole and (-)-englerin A, respectively. First, the basal current level in the
current time course was estimated by choosing a representative value before ap-
plication of a stimulus and the respective IV curve was exported. Then the
peak current in the presence of the applied stimuli were defined as the maxi-
mum outward-current value. For the following analysis an R-script written by
Christian Hermann was used.

33



2. Materials and Methods

10 a 100 -

_ st 14— 50}

- -

£ £

$ 0 S 0

Z g

2 2

5L N ~ 50|

—-10 | R —100 :
L L L L L L L
0 100 200 300 400 0 100 200 300 400 500
Time [ms] Time [ms]

(a) Sealpulse (b) Up-ramp protocol

Figure 2.3.: Sealpulse and up-ramp protocol. In this figure, the two com-
mand voltage protocols sealpulse (a) and up-ramp (b) are displayed.
The sealpulse was used to record the seal quality in the cell-attached
configuration (see Figure 2.2a). The up-ramp protocol was continu-
ously applied in the whole-cell configuration (Figure 2.2b).

First, the IV-curves were offset corrected by subtracting the current value at
OmV. In the next step current density values were calculated by dividing the
current response by the cell capacity to normalize for the cell size. The resulting
CDV curves are displayed from —100 to 100mV which corresponds to the time-

range from 48-452 ms of the applied voltage up-ramp.
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2.5. Surface Expression of mTRPC5

Unless otherwise mentioned, all chemicals were obtained from Sigma-Aldrich (St.
Louis, Missouri, USA) or Carl Roth (Karlsruhe, Germany).

2.5.1. Material

Table 2.14.: Materials and reagents used for western blot experiments.

Substance/Material

Catalogue No., Manufacturer

Pierce™ Cell Surface Biotinylation
and Isolation Kit

HALT Protease Inhibitors
Bradford reagent

BSA

Methanol, blotting grade

SDS gels (Mini Protean TGX 4-
15 %)

PVDF membrane 0.45 pm

Gel chamber

Marker Spectra BroadRange

A44390, Thermo Fisher Scientific,
Waltham, Massachusetts, USA
87786, Thermo Fisher Scientific,
Waltham, Massachusetts, USA
KO015.1, Carl-Roth, Karlsruhe, Ger-
many

A7030, Sigma-Aldrich, St.
Missouri, USA

0082.3, Carl Roth, Karlsruhe, Ger-
many

45610884, Bio-Rad, Hercules, Cali-
fornia, USA

T830.1, Carl-Roth, Karlsruhe, Ger-
many

1703930, Bio-Rad, Hercules, Cali-
fornia, USA

26634, Thermo Fisher Scientific,
Waltham, Massachusetts, USA

Louis,

Antibodies used

Rabbit anti TRPC5 777
Anti NaK-ATPase HRP
Goat anti rabbit IgG, HRP-linked

Kindly provided by Veit Flockerzi
ab185065, Abcam, Cambridge, UK
7074S, Proteintech, Rosemont, Tlli-
nois, USA

Table 2.15.: Composition of the 10X tris-glycine (TG) buffer.

Substance Amount [g] Final concentration [M]
Tris base 30.3 0.25
Glycine 144.2 1.92

Ad 1000 mL ddH,O
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2. Materials and Methods

Table 2.16.: Composition of the tris-glycine methanol (TGM) buffer.

Substance Amount [mL| Final concentration
10X TG buffer 100 0.025M Tris, 0.192 M glycine
Methanol 200 20 %

Ad 1000 mL ddH,O

Table 2.17.: Composition of the 10X tris buffered saline (TBS) buffer.
Substance Amount [g] Final concentration [M]

Tris 24.23 0.2
NaCl 80.06 1.37

Ad 1000 mL ddH,O

Table 2.18.: Composition of the 1X TBS buffer.
Substance Amount [mL| Final concentration
10X TBS 100 20 mM; 137 mM NaCl

Ad 1000 mL ddH,O
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Table 2.19.: Composition of the buffer tris buffered saline + Tween 20

(TBST).
Substance  Amount [mL| Final concentration
10X TBS 100 20 mM; 137 mMm NaCl
Tween 20 1 0.1%

Ad 1000 mL ddH,O

Table 2.20.: "Mild" stripping buffer. The protocol was taken from the Thermo
Fisher website (Link to the website).

Substance Amount

Glycine 15g
SDS lg
Tween 20 10mL
ddH,0O 800 mL

adjust pH to 2.2 with HC1
Ad 1000 mL ddH,O

Table 2.21.: Detection enhanced chemoluminescence (ECL) reagent
buffer S-B. The protocol was obtained from the Schwer labora-
tory at University of California, San Francisco (UCSF) (unpublished
data) and modified from HAAN & BEHRMANN (2007) and KRICKA
ET AL. (1996)

Substance Amount [mL| Final concentration [mm|
30% (9.8 M) Hy0, 0.0433 10.6
1™ Tris-HCI, pH 8.8 4 100

Ad 40mL ddH,0
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2. Materials and Methods

Table 2.22.: Detection substrate buffer S-A. The protocol was obtained from
the Schwer laboratory at UCSF (unpublished data) and modified
from HAAN & BEHRMANN (2007) and KRICKA ET AL. (1996). Lu-
minol was prepared as a 250 mM stock solution by dissolving 1g in
22.57mL dimethyl sulfoxide (DMSO). 4-iodophenylboronic acid (4-
IPBA) was prepared as a 100 mM stock solution by dissolving 1g in
40.35 mL, DMSO.

Substance Amount [mL| Final concentration [mm]
250 mM Luminol 0.4 2.5

100 mMm 4-IPBA 1.6 4

1M Tris-HCI, pH 8.8 4 100

Ad 40 mL ddH,0

2.5.2. Surface Biotinylation
Biotinylation of Surface Proteins

HEK293T cells were cultivated as mentioned in subsection 2.3.3 and subsec-
tion 2.3.4 and were seeded to a density of 2500000 cells per 10cm dish (see
Table 2.10) with 10 mL of prewarmed EMEM. The day after seeding, the cells
were transfected as mentioned before (see subsection 2.3.5), using 500 pL. FCS
free EMEM, 30 pL. Genejuice and 10 pg plasmid DNA. 24-30h post transfection
the medium was aspirated and the cells were washed with 10 mL room tempera-
ture phosphate buffered saline (PBS) (part of the Pierce™ Surface expression kit,
see Table 2.14). After aspirating the PBS, cells were covered with 10 mL of sulfo-
succinimidyl-2-(biotinamido)ethyl-1,3-dithiopropionate (Sulfo-NHS-SS-Biotin) in
PBS (according to the manufacturer) and incubated for 30 min at 4°C. In the
next step, the PBS got aspirated and the cells were washed with 10 mL of ice-cold
TBS. After washing, the TBS got aspirated and another 10 mL of ice-cold TBS
were added and the cells were scraped off the plate using a cell-scraper. The
scraped cells were collected in a tube and a 1 mL sample was taken for possible
future real-time quantitative polymerase chain reaction (QPCR) analysis. The
scraped plates were rinsed with another 10mL ice-cold TBS which were then
added to the collection tube. The cell suspension was then spun at 500 xg for
3min at 4°C and the supernatant was discarded.

Cell Lysis

500 uL lysis buffer of the Pierce™ Surface expression kit were completed with
the addition of 5 pL protease inhibitor cocktail (see Table 2.14) and 500 pL. were
added to the cell pellet. The suspension was well mixed 20 times and transferred
to a 1.5mL reaction tube. Afterwards, the suspension was incubated on ice for
30 min with thorough mixing for 5s at the beginning and end of the incuba-
tion period. Then the cell lysate was centrifuged at 15000xg for 5min at 4°C.
The supernatant was used for the further experiments and the cell pellet was
discarded.
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Bradford Assay

For every assay a new standard curve was measured using bovine serum albu-
min (BSA) concentrations of 0, 20, 40, 60, 80 and 100 pg mL™". 50 uL of the stan-
dard and sample were pipetted in a 96-well plate and 200 uL of 1X Roti-Quant
(see Table 2.14) was added, respectively (resulting in BSA concentrations of 0—
20 pgmL 1), After 5min of incubation the absorption at 595nm was measured
using a ClarioStar micro-plate reader (BMG Labtech, Ortenberg, Germany).

Isolation of Labeled Proteins

After measuring the protein content of the samples (see subsection Bradford
Assay), all sample volumes were equalized to the least amount of protein found
in all samples. Therefore all NeutrAvidin™ columns were loaded with an equal
amount of protein. 250 pL of NeutrAvidin™ agarose slurry was added to a column
and centrifuged at 1000 xg for 1 min. Equal amounts of protein were added to the
columns and they were incubated for 30 min on an end-over-end rotator. After
the incubation step, the columns were centrifuged at 1000 xg for 1min and the
flowthrough was kept for potential further experiments. Afterwards the columns
were washed 4 times with 500 pL. wash buffer each and subsequent centrifugation
at 1000xg for 1min. 25pL dithiothreitol (DTT) stock solution were added to
225 nL of elution buffer resulting in a 10 mM concentration of D'T'T. 200 uL elution
buffer were added to the column which was then incubated for 30 min on an end-
over-end rotator at room temperature. To elute the protein, the columns were
centrifuged at 1000 xg for 2 min.

2.5.3. SDS-PAGE

Table 2.23.: 1M Tris-HCI buffer pH 6.8.
Substance Amount [g] Final concentration [M]
Tris base 12.114 1

Adjust pH to 6.8 with HCI
Ad 100 mL ddH;0O
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Table 2.24.: 4X Laemmli buffer. The protocol is taken from LAEMMLI (1970).
The buffer got aliquoted before addition of 2-mercaptoethanol
(BME) and stored. Just prior to use, the BME was added.

Substance Amount Final concentration
Bromphenol Blue 2mg 0.004 %

SDS 4g 8%

Glycerol 20 mL 40 %

1M Tris-HCI pH 6.8 12.5mL  0.25 mM

Ad 40 mL ddH,O
Add just prior to use

BME 10mL 20 %

Table 2.25.: Buffer tris-glycine SDS (TGS).

Substance Amount [mL|] Final concentration
10X TG buffer 100 0.025M Tris; 0.192 M glycine
10 % SDS solution 10 0.1%

Ad 1000 mL ddH,O

5pL of 4X Laemmli buffer (see Table 2.24) were added to 15uL of the eluted
protein sample (see subsubsection Isolation of Labeled Proteins) and incubated at
70°C for 10 min. The loaded sample volume was kept equal between the pockets
because the protein content got normalized before the column was loaded (see
subsubsection 2.5.2). 20 pL sample and 10 pL. marker (Table 2.14) were loaded
onto the sodium dodecyl sulfate (SDS)-Gel (Table 2.14). The gel chamber (Bio-
Rad Trans Blot Cell, Table 2.14) was filled with TGS-buffer (Table 2.25) and
the run was performed using a BioRad PowerPac HC Power Supply (Bio-Rad,
Hercules, California, USA) at 100V for about 1.5h.

2.5.4. Western Blot

The western blot experiments were executed in a wet tank setup in the same elec-
trophoresis system (Table 2.14) as the sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE). For the transfer itself TGM (Table 2.16) buffer
was used. A polyvinyliden flouride (PVDF) membrane with a pore size of 0.45 pm
(Table 2.14) was selected for blotting due to the better protein binding capability
and the better suitability for low abundance proteins. Before transfer, the mem-
brane was activated with methanol (MeOH) for 30s, and equilibrated with TGM
buffer. For the transfer a constant voltage of 100V for 1h was set. To prevent
overheating, the transfer chamber was cooled with cooling packs and placed into
an ice-box. Overheating may occur with a high voltage and low time transfer pro-
tocol. After transfer, the membrane was cut to size and submerged in TBS. The
membrane was then blocked in TBST containing 5 % (w/w) skim milk powder for
2h at room temperature with gentle agitation. After blocking, the membrane was
washed once with TBST and incubated with the primary antibody (anti TRPC5
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2.5. Surface Expression of mTRPC)S

1:200; anti sodium potassium ATPase (NaK-ATPase) 1:5000; see Table 2.14) in
TBST containing 5% (w/w) BSA for 12-18 h at 4°C with gentle agitation. The
antibody was used up to 2 times within one week. The membrane was washed
three times with TBST for 5 min with gentle agitation at room temperature. Af-
ter washing, the membrane was incubated with the secondary antibody (1:2000;
goat anti rabbit antibody, Table 2.14) in TBST containing 5% (w/w) BSA for
1h at room temperature with gentle agitation. This step was unnecessary for the
anti NaK-ATPase antibody because it is directly conjugated to horseraddish per-
oxidase (HRP). After incubation with the secondary antibody, the membrane was
washed three times with TBST for 5min with gentle agitation at room temper-
ature and stored in TBS until detection. For the detection of bands on the blot,
the membrane was covered with equal volumes of detection solution A (S-A) and
detection solution B (S-B) (Table 2.22), covered with a plastic foil and detected
using a BioRad ChemiDoc Imaging System (Bio-Rad Laboratories, Inc., Her-
cules, California, USA). After detection of the TRPC5 antibody the membrane
was stripped. Due to roughly the same molecular mass of TRPC5 and NaK-
ATPase, it was not possible to detect both proteins either simultaneously or to
cut the blot and work with two separate blots. For the stripping, the membrane
was washed three times with TBST after the detection to wash off any excess
detection reagent. After that, the membrane was incubated at room temperature
for 20 min in stripping buffer (Table 2.20) with gentle agitation. Thereafter, the
membrane was washed with TBST to equilibrate the pH-value. The membrane
was then re-blocked according to the above mentioned blocking step and incu-
bated in the anti-NaK-ATPase antibody in 5 % BSA-TBST over night for 12-18 h
at 4°C with gentle agitation. The detection step was carried out as mentioned
above.

2.5.5. Quantification of the Surface Expression Results

The western blot bands were quantificated using the .raw tiff format. The used
software was ImageStudio Lite v5.2.5. The defined square-size to measure the
intensity was hold equal between the bands of the same blot and were auto-
matically background subtracted. The background was defined automatically
as a small margin around the boarder of the actual quantification-square (lo-
cal background). Due to differences in the observed intensity of the expression
control bands, the signal was normalized to the internal expression control and
subsequently to the normalized wildtype expression, resulting in a normalized
expression of the given mutant compared to the wildtype.
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3. Results

3.1. Two Activators as an Expression Estimation
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Figure 3.1.: Difference between (-)-englerin A evoked current densities
after a prior or no riluzole activation. In this figure the differ-
ence in the (-)-englerin A evoked current densities are shown, depend-
ing on a prior activation with riluzole or no prior activation stimulus.
The used statistical test was the Mann-Whitney-U-Test, n stands for
the number of independent experiments.

The TRPC5 channel activators riluzole and (-)-englerin A both have distinct
chemical structures and belong to different chemical classes. Furthermore, rilu-
zole selectively activates TRPC, whereas (-)-englerin A activates TRPC4 and
TRPC5. Therefore one hypothesis was that the TRPC5 channel activators rilu-
zole and (-)-englerin A have different activation mechanisms and act on different

43



3. Results

independent ligand binding sites. Thus, riluzole was used as an expression con-
trol for the functional expression of potential (-)-englerin A binding mutants and
vice versa. Without such an internal control, non-functional channels could be
mistaken for binding mutants. Performing whole-cell patch-clamp measurements
with TRPC5 overexpressing HEK293T cells no significant changes in (-)-englerin
A-induced current densities before and after riluzole application were found (Fig-
ure 3.1). This suggests that the application of riluzole before (-)-englerin A does
not change the maximal induced (-)-englerin A evoked current density. Therefore
this application order can be used as a control for functional channel expression
of riluzole and (-)-englerin A binding mutants, respectively.

3.2. Docking Project |

3.2.1. Membrane-Close Cytosolic Channel Regions

The interface between membrane and cytosol is an interesting channel region, be-
cause of the close proximity to important channel features like the TRP-domain,
the VSLD and the lower gate. The VSLD is named after the voltage-sensor do-
main (VSD) of voltage-gated ion channels. In voltage-gated ion channels the VSD
senses membrane depolarization and mediates channel gating (HILLE, 2001; TAO
ET AL., 2010). Even though TRPC channels are ligand-gated and not voltage-
gated, they posses a similar structure. In the TRPC5 protein structure the region
around the VSLD offers different cavities and possible binding pockets. This in-
cludes the biggest monomeric cavity of the channel. Because of the numerous
possibilities of potential ligand interactions, in total seven dockings were carried
out regarding this channel part. Before a TRPC5 protein structure was pub-
lished, only the cryo-EM structures of TRPC3, 4 and 6 were available (TANG
ET AL., 2018; FAN ET AL., 2018; VINAYAGAM ET AL., 2018; DUAN ET AL.,
2018b). Because (-)-englerin A serves as an activiator of TRPC4 and 5, it led
to the assumption, that both channels possess a similarly located (-)-englerin A
binding site. Furthermore, due to their structural and highest sequential similar-
ity in the TRPC family (CLAPHAM ET AL., 2001; PLANT & SCHAEFER, 2005),
TRPC4 and 5 were regarded as equal in the dockings. Therefore the first docking
project was carried out using the TRPC4 PDB file with the accession number
5796 (DUAN ET AL., 2018b). The resulting interacting amino acids were trans-
lated from TRPC4 to TRPC5 and the actual measurements very conducted in
TRPC5 overexpressing cells.
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3.2. Docking Project I

(a) TRPC5 surface structure with the (b) TRPC5 ribbon structure with the

docking cube at position I. docking cube at position I.

-

,V‘

S -
(¢) TRPC5 ribbon structure with a detailed view of docking cube I.

Figure 3.2.: Docking area in cavity I. In this figure, Cavity I is shown using the
3D-structure of TRPC5 (PDB: 6AEIL, DUAN ET AL. (2019)). The 3D
structure is either presented with its surface structure (a), or ribbon
structure (b) and colored according to Figure 1.1. Subfigure (c) is
a close-up view of (b) for better visualization of the docking area.
Horizontal black lines indicate the cell membrane.
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3. Results

(a) Overview of the amino acids potentially involved in a binding of riluzole or (-)-
englerin A and their respective orientation and position (red residues).

T™1 Pore Helix

Pre-S1 Elbow
TM5

(b) Detailed view of the amino acids potentially involved in bind-
ing of riluzole or (-)-englerin A and their respective orientation
and position (red residues).

Figure 3.3.: Potential ligand binding amino acids of cavity I. In this figure,
TRPC5 (PDB: 6AEI) and amino acids which are potentially involved
in a binding of riluzole or (-)-englerin A are displayed with their
respective orientation and position (red residues). Channel elements
are colored according to Figure 1.1.

46


https://www.rcsb.org/structure/6AEI

3.2. Docking Project I

The first three dockings were carried out with (-)-englerin A, A54 and eng-
lerin B in the same docking area (docking project I, see Figure 3.2). Ab4 is a
(-)-englerin A analogue with minimal structural changes which has a competi-
tive antagonistic effect on the (-)-englerin A induced TRPC5 currents (RUBALY
ET AL., 2018b). Englerin B is showing a much lower toxic effect on renal can-
cer cell lines (RATNAYAKE ET AL., 2009). Therefore it binds TRPC5 not as
effectively as (-)-englerin A.

All three substances were used for the docking and the positions were com-
pared. Amino acids, which were interacting with the glycolic acid group of (-
)-englerin A but did not show up in the dockings of A54 and englerin B were
especially interesting hits, because englerin B as well as A54 do not possess this
functional group. Secondly, amino acids which appeared most often were con-
sidered. Thirdly, amino acids which could play a gatekeeper role for the pocket
entrance were considered. The docking area was defined as shown in Figure 3.2.
This cavity was chosen because of the size of the pocket, the proximity to the
plasma membrane and the previously described channel features. The cavity is
easily accessible from the interface between the inner membrane leaflet and cy-
tosolic side. The docking run was realized in the whole cavity, but because of
the cavity dimensions the results were split into four subcavities. In Figure 3.2
the docking cube is shown using the example of TRPC5, for better comparison
between the dockings.
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Figure 3.4.: Whole-cell measurements of potential ligand binding amino
acids in cavity I. (A) shows the maximal and minimal current
density at the potentials 100mV and —100mV evoked by the given
treatment, respectively. Their respective distribution is indicated by
the median (horizontal line) and 50 % of the data points (box) as
well as the 1.5 x interquartile range (IQR) (whiskers). The number
of independent experiments is indicated by numbers over the plot.
* P< 0.05, ** P< 0.01, *** P< 0.001 (Tested against Wildtype
(WT); Mann-Whitney-U). (B-I) show representative single CDV
curves during the given treatments selected at maximal current re-
sponses. The insets show the corresponding current density time

course of the same measurement.
48



3.2. Docking Project I
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Figure 3.5.: Normalized slope conductance (NSC) of potential ligand
binding amino acids in cavity I. This figure shows the calculated
NSC (HERMANN ET AL., 2022) of the given mutation (top) £SD
compared to the wildtype NSC during the given treatment (bottom).
Statistical significance was analyzed using the Mann-Whitney-U-test.
n indicates the number of independent experiments.
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Figure 3.6.: NSC of potential ligand binding amino acids in cavity I. This
figure shows the calculated NSC (HERMANN ET AL., 2022) of the
given mutation (top) £5D compared to the wildtype NSC during the
given treatment (bottom). Statistical significance was analyzed using
the Mann-Whitney-U-test. n indicates the number of independent
experiments.
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Figure 3.7.: NSC of potential ligand binding amino acids in cavity I. This
figure shows the calculated NSC (HERMANN ET AL., 2022) of the
given mutation (top) £5SD. The given treatment is compared with no
treatment (bottom). Statistical significance was analyzed using the
Wilcoxon signed-rank test. n indicates the number of independent

experiments.
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3.2. Docking Project I

Next, amino acids that might be involved in the (-)-englerin A-binding were
selected based on the previously described criteria and exchanged to alanine by
site directed mutagenesis. After the exchange and heterologous expression in
HEK293T cells, the mutant channels were characterized via whole-cell patch-
clamp measurements. The potential (-)-englerin A binding amino acids which
were chosen for mutagenesis are displayed in Figure 3.3 for better visualization
of their position and orientation. Amino acids His?"?, F4 166 Tyr60 and
Arg*¥? show frequent interactions in different docking poses (see Appendix B)
and were therefore considered as candidates for exchanges. Amino acids Ser!%
and Asn%? were chosen because they might interact with the glycolic acid group
of (-)-englerin A.

The amino acid exchanges histidine at position 370 and phenylalanine at po-
sition 414 for alanine show a strong significant overall current density reduction
(Figure 3.4A). But the CDV curves (Figure 3.4C and D) still show TRPC5 char-
acteristics during (-)-englerin A application indicating a still functional channel.
The NSC, which is a tool for quantitative analysis of current-voltage relations
(HERMANN ET AL., 2022), suggests a very similar course during the (-)-englerin
A application of mutant H370A and a very similar course of the outward current
during the (-)-englerin A application of mutant F414A compared to the wildtype,
respectively (Figure 3.5). However, the (-)-englerin A evoked inward NSC is sig-
nificantly changed over the whole course (Figure 3.5, bottom left). Surprisingly,
the riluzole activation peaks in the current density time courses (Figure 3.4C
and D, embedded figure) are completely abolished and the corresponding CDV
curve (Figure 3.4C and D, red) is congruent with the CDV curve before activa-
tor application (Figure 3.4D, gray). The NSC comparing H370A before activator
application and during riluzole application are very similar with only a few signif-
icant changes in the outward current, suggesting that this mutant is not sensitive
to riluzole (Figure 3.7A).

The mutant F414A shows a similar NSC in the inward current when comparing
the riluzole evoked currents with the basal currents before application of any
activator, but in the outward current, the NSC is slightly different (Figure 3.7B).
Taken together, the two amino acids Phe*'* and His?*" likely represent riluzole
binding candidates.

Amino acid exchanges arginine at position 492 and tyrosine at position 650
for alanine result in nonfunctional channels as indicated by a strong, significant
reduction of current densities before and after subsequent application of 50 pm
riluzole and 50nM (-)-englerin A (see Figure 3.4A). The CDV curve similarly
shows a nonfunctional channel with no changes in the current density during
application of 50 uM riluzole and 50nM (-)-englerin A (Figure 3.4E and H). For
R492A, the NSC shows that the riluzole and (-)-englerin A evoked currents have
a similar course as the basal currents before activator application (Figure 3.7C),
suggesting a non-functional channel.

However, Y650A shows significant changes in the NSC of the outward current
between 0-40 mV and 80-100 mV comparing the basal NSC before application of a
activator with the NSC during riluzole and (-)-englerin A application, respectively
(Figure 3.7D). This suggests at least some channel response to both activator
stimuli.

The amino acid exchanges serine at position 495 and arginine at position 662
for alanine show no significant reductions in the activator evoked current densities
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3. Results

(Figure 3.4A), no changes in the CDV curves (Figure 3.4F and I) and no changes
in the current density time courses (Figure 3.4F and I, embedded figures), indi-
cating a functional channel and suggesting that the mutations have no effect on
activator binding. The NSC similarly shows only very few significant changes for
these two mutants comparing the NSC before and during activator application
with the wildtype, respectively (Figure 3.6 green and yellow).

The exchange leucine at position 646 for alanine on the other hand shows
a significant reduction in current densities before and after application of both
activators, respectively (Figure 3.4A), but the current density time course (Fig-
ure 3.4G, embedded figure), as well as the CDV curve (Figure 3.4G) show a
similar picture like the wildtype channel with a roughly four times lower riluzole
evoked current density than the (-)-englerin A evoked current density. However,
the NSC shows significant changes when comparing the riluzole and (-)-englerin
A evoked 1V curves with the wildtype.
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Figure 3.8.: Whole-cell measurements of potential ligand binding amino
acids in cavity I. (A) shows the maximal and minimal current
density at the potentials 100mV and —100mV evoked by the given
treatment, respectively. Their respective distribution is indicated by
the median (horizontal line) and 50 % of the data points (box) as
well as the 1.5 x IQR (whiskers). The number of independent exper-
iments is indicated by numbers over the plot. * P< 0.05, ** P< 0.01,
ok P< 0.001 (Tested against Wildtype (WT); Mann-Whitney-U).
(B-D) show representative single CDV curves during the given treat-
ments selected at maximal current responses. The insets show the
corresponding current density time course of the same measurement.
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Figure 3.9.:
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NSC of potential ligand binding amino acids in cavity I.
This figure shows the calculated NSC (HERMANN ET AL., 2022) of
the mutation G511A (top) £5D compared to the wildtype NSC dur-
ing riluzole activation (bottom). Statistical significance was analyzed
using the Mann-Whitney-U-test. n indicates the number of indepen-
dent experiments.
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Figure 3.10.: NSC of potential ligand binding amino acids in cavity I.
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This figure shows the calculated NSC (HERMANN ET AL., 2022) of
mutation G511A (top) £5D. The riluzole evoked NSC is compared
with the basal NSC before applcation of riluzole (bottom). Statis-
tical significance was analyzed using the Wilcoxon signed-rank test.
n indicates the number of independent experiments.



3.2. Docking Project I

Gly®! and L5 show a lot of interactions in the different docking positions and
were therefore chosen as potential candidates for ligand binding. Their respective
position and orientation is shown in Figure 3.3. The exchange glycine at position
511 for alanine shows a strong significant reduction in the riluzole evoked current
density, but not in the (-)-englerin A evoked current density (Figure 3.8). This
again suggests a riluzole specific effect of the mutation G511A. In the current
density time course (Figure 3.8C, embedded figure) as well as in the CDV curve
(Figure 3.8C) a similar result can be observed. The riluzole evoked peak in the
current-density time course is nonexistent (Figure 3.8C, embedded figure) and
the CDV curve shows a nearly congruent course before (Figure 3.8C, grey) and
after riluzole application (Figure 3.8C, red). Interestingly, the NSC of the riluzole
evoked IV curve of G511A is significantly changed when compared to the wildtype
(Figure 3.9), especially in the characteristic notch-region of the IV-curve around
0mV and it is also changed when compared to the NSC before the application
of riluzole (especially in the outward current, Figure 3.10). This means, G511A
produces some residual current especially in the outward direction with a slightly
different course when compared the the wildtype. Glycine inherently takes a
unique role in protein structures. It is the only proteinogenic amino acid with an
achiral o-carbon atom, i. e. the peptide bond is rotatable. Changing glycine to
alanine denies this rotatability. Due to the distance to other amino acids which
are important for the riluzole binding, a direct interaction of riluzole with Gly®!!
seems unlikely. Nonetheless, the rotatability of amino acid Gly®'! seems to be
very important for the riluzole dependent TRPC5 activation, but interestingly
not for the (-)-englerin A dependent activation.

The exchange leucine at position 514 for alanine shows no significant reduction
in any current density value, suggesting it is not involved in ligand binding of
either riluzole or (-)-englerin A (Figure 3.8A).
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Figure 3.11.: Whole-cell measurements of potential ligand binding amino
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acids in cavity I. (A) shows the maximal and minimal current
density at the potentials 100 mV and —100mV evoked by the given
treatment, respectively. Their respective distribution is indicated
by the median (horizontal line) and 50 % of the data points (box)
as well as the 1.5 x IQR (whiskers). The number of independent
experiments is indicated by numbers over the plot. * P< 0.05, **
P< 0.01, *** P< 0.001 (Tested against Wildtype (WT); Mann-
Whitney-U). (B-E) show representative single CDV curves during
the given treatments selected at maximal current responses. The
insets show the corresponding current density time course of the
same measurement.
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during the given treatment (bottom). Statistical significance was
analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.

1294A (n=8)

§1400 1500 —— Before

& 1200 1250

gmoo W/ 1000 /«’ﬁ — Riluzole
Z 800 750

-100-75 -50 25 0 0 25 50 75 100 — Englerin A

3 o005 0.05 v

g ovoﬂ 0.01]

% 0.001 001

—————— 0. ——————
-100-75 -50 -25 0 0 25 50 75 100

$ 005 0.05
g 0.01} 0.01]
2 0.001

0.001
-100-75 -50 -25 0 0 25 50 75 100
Potential (mV) Potential (mV)
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This figure shows the calculated NSC (HERMANN ET AL., 2022) of
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Statistical significance was analyzed using the Wilcoxon signed-rank
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3. Results

Amino acids Tle?** and N**% originate from the first docking as well and rep-
resent candidates with many potential interactions. Their respective location is
shown in Figure 3.3. Unfortunately, the amino acid exchange isoleucine at posi-
tion 294 for alanine results in strong significant reductions in all current density
values (Figure 3.11A). This observation is confirmed by a nearly straight base-
line current in the current-density time course (Figure 3.11C, embedded figure).
The CDV curves show three congruent graphs (Figure 3.11C), supporting the
suggestion of a non functional or non expressed variant. The NSC likewise shows
nearly no significant changes when comparing the course before and during ap-
plication of riluzole or (-)-englerin A (Figure 3.13). The exchange asparagine at
position 436 for alanine and the less drastic exchange asparagine at position 436
for leucine result in strong significant reductions in current density values be-
fore and after subsequent riluzole and (-)-englerin A application (Figure 3.11A).
No riluzole-induced current responses are observed in the current density time
courses (Figure 3.11C, D embedded figures). Even though (-)-englerin A is still
able to evoke currents, the overall generated current density of the mutant is low.
The NSC shows significant changes before and during riluzole and (-)-englerin A
application in comparison to the wildtype NSC as well (Figure 3.12). Especially
when comparing the course of the NSC before and during riluzole application
with the wildtype, strong significant changes can be observed (Figure 3.12A, B).
To determine if this effect is riluzole specific, due to an overall reduction of the
channel function or might be caused by a reduced surface expression, a western
blot analysis of the surface expression was performed (see section 3.4).
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3.2. Docking Project I

(a) Overview of the amino acids potentially involved in binding of riluzole or (-)-englerin
A and their respective orientation and position (red residues).

Pre-S1 Elbdw,

(b) Detailed view of the amino acids potentially involved in bind-
ing of riluzole or (-)-englerin A and their respective orientation

and position (red residues).

Figure 3.14.: Potential ligand binding amino acids of cavity I. In this fig-
ure, TRPC5 (PDB: 6AEI) and amino acids which are potentially
involved in binding of riluzole or (-)-englerin A are displayed with
their respective orientation and position (red residues). Channel el-
ements are colored according to Figure 1.1.
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Figure 3.15.: Whole-cell measurements of potential ligand binding amino
acids in cavity I. (A) shows the maximal and minimal current
density at the potentials 100 mV and —100 mV evoked by the given
treatment, respectively. Their respective distribution is indicated
by the median (horizontal line) and 50 % of the data points (box)
as well as the 1.5 x IQR (whiskers). The number of independent
experiments is indicated by numbers over the plot. * P< 0.05, **
P< 0.01, *** P< 0.001 (Tested against Wildtype (WT); Mann-
Whitney-U). (B-I) show representative single CDV curves during
the given treatments selected at maximal current responses. The
insets show the corresponding current density time course of the
same measurement.
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Figure 3.16.: NSC of potential ligand binding amino acids in cavity I.

This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) £S5D compared to the wildtype NSC
during the given treatment (bottom). Statistical significance was
analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.
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Figure 3.17.: NSC of potential ligand binding amino acids in cavity I.

Figure 3.18.:

This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) £SD compared to the wildtype NSC
during the given treatment (bottom). Statistical significance was
analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.
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independent experiments.
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3. Results

All mutations displayed in Figure 3.15 are derived from docking project I as
well and are presented in Figure 3.14.

The exchange of histidine at position 432 for alanine shows no significant re-
duction of the current densities (Figure 3.15A) and the CDV curves represent
wildtype similar courses, too (Figure 3.15A). The NSC of mutant H432A likewise
shows only a few and no strong significant changes in the NSC during riluzole
and (-)-englerin A treatment when compared to the wildtype, respectively (Fig-
ure 3.16A, B, green plot). Therefore, this amino acid is presumably not involved
in ligand binding.

Exchanges tryptophane at position 434 for histidine, arginine at position 512
for alanine and alanine at position 642 for serine all show significantly reduced
current densities before and after consecutive activator application (Figure 3.15A,
D, F, I). The riluzole peak in the current density time courses (Figure 3.15D, F,
I, embedded figures) is still present, but very low compared with the wildtype
current density time course (Figure 3.15B). However, the (-)-englerin A evoked
current density peak is still prominent compared with the riluzole evoked peak,
which implies a riluzole specific effect.

The exchange tryptophane at position 435 for alanine produces a mutant chan-
nel, which shows no riluzole evoked current (Figure 3.15A, E, embedded figure),
whereas the (-)-englerin A evoked current density peak is only weakly, but sig-
nificantly reduced (Figure 3.15A). As seen in the current density time course
(Figure 3.15E, embedded figure) the (-)-englerin A evoked current is still very
prominent, but the riluzole peak is lacking. The (-)-englerin A evoked CDV
curve (blue) shows wildtype TRPC5 specific characteristics, whereas the riluzole
evoked CDV curve (red) is congruent with the CDV curve before activator appli-
cation (gray). When comparing the NSC of the (-)-englerin A evoked current of
W435A with the (-)-englerin A evoked wildtype current, no strongly significant
changes can be observed (Figure 3.16B). When comparing the NSC of the IV
curves before and after riluzole application of mutant W435A, there are only a
few significant changes observed beween 0-50 mV, meaning the course of the rilu-
zole evoked IV curve is very similar to the course of the IV curve before riluzole
activation.

Taken together, the CDV curves and their corresponding NSC support the
previous observation (Figure 3.15E) of a riluzole specific effect of the mutant
W435A.

Mutations of Glu®3*®, namely the exchange glutamate at position 638 to alanine
and aspartate result in very low channel overall functionality and/or low channel
surface-expression levels. Current density time courses as well as CDV curves
(Figure 3.15G, H) show very small current density amplitudes during application
of riluzole and (-)-englerin A as well as overall significant current density reduction
before and after application of the channel activators (Figure 3.15A). The NSC
supports this observation by showing strongly significant differences comparing
the courses of the NSC before and during riluzole and (-)-englerin A application
of mutants E638A and D with the wildtype, respectively (Figure 3.17). The
differences in the NSC indicate a non-functional channel or an impaired trafficking
of the channel to the membrane.

Glu®® is part of the TRP-box, a very important and delicate channel struc-
ture (see subsection 1.2.4), which may explain the drastic effect of mutations
introduced in this region.

62



3.2. Docking Project I

Taken together, these results suggest that mutations of the amino acids Trp*3?,
Arg®2. Ala®? and Trp®®® all produce still functional TRPC5 channels. They
show specific reductions of riluzole evoked current densities and therefore may
contribute to a riluzole binding.

3.2.2. Non-Docking Derived Mutations

The amino acids Thr3™, Asp*?* and Phe®” do not represent possible amino acids
involved in ligand interactions that were derived from dockings. In Figure 3.19
their respective position and orientation is presented. They were chosen because
of their potential role as “gatekeepers” and they are located at the entrance to a
potential ligand binding cavity. The hypothesis was on the one hand by intro-
ducing large amino acids like aromatic residues, the access to the potential ligand
binding site gets blocked and therefore the ligand can’t diffuse into the pocket.
On the other hand, even though these mutated amino acids may not be directly
involved in ligand binding, they might cause a deformation of the potential lig-
and binding pocket. With introduction of aromatic residues the ligand might be
“pushed” out of its binding position making a binding impossible.
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3. Results

(a) Overview of the amino acids potentially involved in binding of riluzole or (-)-englerin
A and their respective orientation and position (red residues).

Pre-S1 Elbow

(b) Detailed view of the amino acids potentially involved in bind-
ing of riluzole or (-)-englerin A and their respective orientation

and position (red residues).

Figure 3.19.: Potential ligand binding amino acids of cavity I. In this fig-
ure, TRPC5 (PDB: 6AEI) and amino acids which are potentially
involved in binding of riluzole or (-)-englerin A are displayed with
their respective orientation and position (red residues). Channel el-
ements are colored according to Figure 1.1.
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Figure 3.20.: Whole-cell measurements of potential ligand binding amino
acids in cavity I. (A) shows the maximal and minimal current
density at the potentials 100 mV and —100 mV evoked by the given
treatment, respectively. Their respective distribution is indicated
by the median (horizontal line) and 50 % of the data points (box)
as well as the 1.5 x IQR (whiskers). The number of independent
experiments is indicated by numbers over the plot. * P< 0.05, **
P< 0.01, *** P< 0.001 (Tested against Wildtype (WT); Mann-
Whitney-U). (B-F) show representative single CDV curves during
the given treatments selected at maximal current responses. The
insets show the corresponding current density time course of the
same measurement.
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Figure 3.21.: NSC of potential ligand binding amino acids in cavity I.
This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) £5SD compared to the wildtype NSC
during the given treatment (bottom).
analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.
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3.2. Docking Project I

The replacement of threonine at position 371 with alanine shows a signifi-
cant current density reduction before and during consecutive application of the
activators riluzole and (-)-englerin A. However, the riluzole evoked CDV curve
(Figure 3.20C, red) and the riluzole evoked maximal current density peak (Fig-
ure 3.20C, embedded figure) are similar in their height and shape compared to
the wildtype. The NSC shows significant differences in the IV shape, especially
before application of any ligand and in the outward current (Figure 3.21, green
plot). The least differences in the NSC can be observed in in the (-)-englerin A
evoked current. Even though the riluzole evoked current of T371A is very low,
the NSC shows only moderate differences compared to the wildtype (Figure 3.21,
green plot). These findings suggest that it is unlikely that Thr®"! contributes to
a ligand binding of either riluzole or (-)-englerin A. The replacement of threonine
at position 371 with tyrosine however shows a significant increase in basal current
density (Figure 3.20A and D). Interestingly, the riluzole-induced current densi-
ties were slightly inhibited compared to the current densities before application of
riluzole (Figure 3.20A and D, red). In addition, the (-)-englerin A-induced max-
imal current densities were significantly increased compared with the wildtype
(Figure 3.20A, blue). The NSC illustrates even further the significant difference
between the basal IV slope before application of any activators and the wildype
NSC (Figure 3.21, yellow plot). Interestingly, the riluzole evoked IV curve and
the corresponding NSCs are very similar compared to the wildtype NSC, even
though the current gets slightly inhibited by the application of riluzole (Fig-
ure 3.21, yellow plot). Taken together, this may indicate a pivotal role of Thr3"!
in the recognition of TRPC5 ligands, deciding between agonist and antagonist.
Another possible explanation is, that the channel is already in an open state due
to the high basal current and the agonist binding leads to the inactivation of the
channel. Furthermore, these findings suggest that the amino acid Thr®" is not
involved in direct ligand binding but might be important for ligand recognition
or for channel transduction.

In addition, the replacement of aspartate at position 424 with glutamine does
not lead to any significant changes in current densities evoked by riluzole or (-
)-englerin A (Figure 3.20A). Thus, the expected blockade of the cavity was not
observed.

Interestingly, the mutation phenylalanine at position 497 to tyrosine shows
significant current density reductions of the basal current densities and the (-
)-englerin A evoked current densities. However, the riluzole evoked maximal
current densities were unchanged (Figure 3.20A). Mutations of amino acids His?™,
Phe®*, W15 and Asn® already suggest a riluzole binding in this pocket and not
an (-)-englerin A binding (see Figure 3.4A, C, Figure 3.11E and Figure 3.8D,
E). Therefore the (-)-englerin A specific current density reduction of F497Y is
surprising and discussed later in more detail (chapter 4).

3.2.3. Refinement of the Potential Riluzole Binding
Position

Since His?™ emerged as a possible amino acid that might directly interact with

riluzole, additional functional amino acid exchanges were performed. Functional
exchanges in this context means that the amino acid was substituted with dif-
ferent, less severe and more precise amino acid exchanges compared with the
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complete loss of any functional group in the case of the exchange to alanine.
The resulting exchanges were the following: H370L does not possess the imi-
dazole moiety which is replaced by a non-polar, non-aromatic isopropyl group.
Therefore, polar interactions between the amino acid residue and the ligand are
prevented.
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Figure 3.22.: Whole-cell measurements of potential ligand binding amino
acids in cavity I. (A) shows the maximal and minimal current
density at the potentials 100 mV and —100 mV evoked by the given
treatment, respectively. Their respective distribution is indicated
by the median (horizontal line) and 50 % of the data points (box)
as well as the 1.5 x IQR (whiskers). The number of independent
experiments is indicated by numbers over the plot. * P< 0.05, **
P< 0.01, *** P< 0.001 (Tested against Wildtype (WT); Mann-
Whitney-U). (B-F) show representative single CDV curves during
the given treatments selected at maximal current responses. The

insets show the corresponding current density time course of the
same measurement.
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3. Results

Figure 3.23.: NSC of potential ligand binding amino acids in cavity I.
This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) £SD compared to the wildtype NSC
during the given treatment (bottom). Statistical significance was
analyzed using the Mann-Whitney-U-test. n indicates the number
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3.3. Docking Project I

As shown in Figure 3.22A the mutation H370L has no significant effect on any
current density value, and therefore no effect on the riluzole binding. The muta-
tion H370N significantly reduces the evoked current densities before and during
subsequent riluzole and (-)-englerin A application (Figure 3.22A), therefore no
riluzole specific effect can be observed (Figure 3.22D and D, embedded figure).
The CDV curves show a similar result with the (-)-englerin A stimulated CDV
relation having the highest and the CDV relation before application of the drugs
having the lowest amplitude (Figure 3.22D). The NSC similarly shows a signifi-
cant difference comparing the riluzole and the (-)-englerin A application with the
wildtype, respectively Figure 3.23.

Surprisingly, the H370W exchange shows the most specific effect. The riluzole
elicited current density is significantly reduced, whereas the (-)-englerin A induced
current densities are unchanged (Figure 3.22A). Riluzole was not able to evoke
any current increase as seen in the current density time course (Figure 3.22E,
embedded figure). The riluzole evoked CDV curve is congruent with the CDV
curve before value (Figure 3.22E), whereas the (-)-englerin A stimulated CDV
curve has a wildtype comparable course. The NSC of the riluzole evoked IV curve
exhibit only a few significant differences compared to the wildtype, especially in
the outward current. The NSC of the (-)-englerin A evoked IV curve however
shows nearly no differences when compared to the wildtype (Figure 3.23, yellow
plot).

Taken together these results suggest an indirect effect of the mutations on the
riluzole binding rather than a binding directly to these amino acids. One could
speculate that riluzole binds near His*™® and an exchange to tryptophane, due to
the size, pushes riluzole out of the exact binding position. A mutation to alanine
on the other hand modifies the original surface structure of the binding pocket
in an opposite way. Leucine and asparagine, which are big enough to mimic the
size of histidine, which might rebuild a similar surface structure of the pocket as
the wildtype channel has. Because the amino acid exchange arginine at position
492 for alanine caused a complete loss of channel function (Figure 3.4), arginine
was in the next step exchanged for lysine. The lysine exchange eliminates the
guanidino group and replaces it by a primary amino group, meaning only one ni-
trogen can still potentially interact with the ligand and the chain length is slightly
reduced. This exchange is not as drastic as an alanine exchange, but nonetheless
produced a very specific reaction. The mutant R492K shows a highly significant
reduction only in the the riluzole evoked current densities (Figure 3.22A), with
no visible riluzole evoked peak in the current density time course (Figure 3.22F,
embedded figure). However, the (-)-englerin A-induced maximal current densities
were comparable to the wildtype current densities. This leads to the assumption
that riluzole might directly bind to Arg*92,

3.3. Docking Project Il

In docking project II the aim was to refine the previously assumed riluzole bind-
ing position. Positive hits from the first docking run, which were already elec-
trophyiologically confirmed were used as a starting point for a more detailed
characterization. Interestingly, the first docking project was actually carried out
using (-)-englerin A and (-)-englerin A derivatives in order to identify a poten-
tial (-)-englerin A binding site. However, the biophysical characterization of the
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3. Results

TRPC5 mutants performing whole-cell measurements supports the notion that
this cavity is rather important for the riluzole binding. Therefore a second dock-
ing was necessary using riluzole as the ligand. Riluzole was docked in cavity I
and mutations that cause reduced riluzole induced current densities were taken
into account (Figure 3.2). Additionally, a second docking was carried out in this
project, aiming at cavity II (Figure 3.24). Cavity II is located at the backside of
cavity I and the aim was to exclude riluzole binding at this location. Only two
amino acids of the docking with riluzole in cavity IT were regarded as potential
binding partners: Cys®*3* and I1e*%®. Their respective position and orientation is
presented in Figure 3.25.
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3.3. Docking Project I

(a) TRPC5 surface structure with docking (b) TRPC5 ribbon structure with docking
cube at position II. cube at position II.

(c) TRPC5 ribbon structure with a detailed view of docking cube II.

Figure 3.24.: Docking area in cavity II. In this figure, cavity II is shown. Due
to the size it was split in two parts for the actual docking, an upper
and a lower part. TRPC5 (PDB: 6AEI, DUAN ET AL. (2018a)) is
presented either with its surface structure (a), or ribbon structure
(b) and colored according to Figure 1.1 but independently of their
related protein chain. Subfigure c is a closeup of (b) for better
visualization of the cube.
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3. Results

s JTMH1
' Pre-S1 Elbow

251

(a) Overview of the amino acids potentially involved in binding of riluzole or (-)-englerin
A and their respective orientation and position (red residues).

(b) Detailed view of the amino acids potentially involved in bind-
ing of riluzole or (-)-englerin A and their respective orientation

and position (red residues).

Figure 3.25.: Potential ligand binding amino acids of cavity II. In this fig-
ure, TRPC5 (PDB: 6AEI) and amino acids which are potentially
involved in binding of riluzole or (-)-englerin A in cavity II are dis-
played with their respective orientation and position (red residues).
Channel elements are colored according to Figure 1.1.
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A n =147 8 7 9 7 8
3000 o
*k*k **k%* *% *k%k
*k%* * k% * *k%*k
L 1500 -
o
<
&
>
=
2
) 0+
©
e
[
o
= -éi- ) L]
5 1 ' . Before
©)
-1500 - T O Riluzole 50 uM
O Englerin A50 nM
A S AN
s y & @ & NI
oy » O ) »
O N N N AL
B —1000.  Wildtype C _ _ I368A
i —“5. i Iy 900 I T':':';_
- <
£ 500 Jé‘ 2 2 600 3
> | T\ 3 > Y e w =] 8
3 100's 5 % 300 S
c 2 2 100's
S 0 Before S S 0
= € - Before - Before
s -500 Eg‘uszgle'\io uM g -400 Riluzole 50 uM S _300 Riluzole 50 pyM
8 n £ EA 50 nM 5 EA 50 nM
-100 -50 0 50 100 © -100 -50 0 50 100 o -100 -50 0 50 100
Potential [mV] Potential [mV] Potential [mV]
E _ 1368T F _ 1368V G _, Y374A
- N Y 3 —
‘& 800 s - s 1000{ < s :’»’M :
g z % 500 18 S0l T
24001 — 4> I > 00s >
z I8 T 0 G
g 100s c g
S 0 S -500 Before T 0
£ Before = Riluzole 50 uM =
2 Riluzole 50 uM © -1000 EA 50 nM 2 Riluzole 50 uM
8-400 EA 50 nM 5 8 20 EA 50 nM
-100 -50 0 50 100 © -100 -50 0 50 100 -100 -50 0 50 100
Potential [mV] Potential [mV] Potential [mV]

Figure 3.26.: Whole-cell measurements of potential ligand binding amino

acids in cavity II. (A) shows the maximal and minimal current
density at the potentials 100 mV and —100mV evoked by the given
treatment, respectively. Their respective distribution is indicated
by the median (horizontal line) and 50 % of the data points (box)
as well as the 1.5 x IQR (whiskers). The number of independent
experiments is indicated by numbers over the plot. * P< 0.05, **
P< 0.01, *** P< 0.001 (Tested against Wildtype (WT); Mann-
Whitney-U). (B-G) show representative single CDV curves during
the given treatments selected at maximal current responses. The
insets show the corresponding current density time course of the
same measurement.
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3. Results
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Figure 3.27.: NSC of potential ligand binding amino acids in cavity II.
This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) £S5SD compared to the wildtype NSC
during the given treatment (bottom). Statistical significance was
analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.
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Figure 3.28.: NSC of potential ligand binding amino acids in cavity II.
This figure shows the calculated NSC (HERMANN ET AL., 2022) of
the given mutation (top) £5D. The NSC under riluzole treatment
is compared with no treatment (bottom). Statistical significance
was analyzed using the Wilcoxon signed-rank test. n indicates the
number of independent experiments.
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3.3. Docking Project I

Mutation of residue cysteine at position 334 to alanine caused no significant
changes in maximal current densities evoked by riluzole and (-)-englerin A com-
pared to the wildtype (Figure 3.26A). Furthermore, no changes in current density
time courses (Figure 3.26C, embedded figure) or in the CDV curves were observed
(Figure 3.26C) compared to the wildtype, respectively. The NSC does not show
many significant differences compared to the wildtype, either (Figure 3.27, green
plot). Therefore the possible binding in cavity II at the backside of cavity I
becomes more unlikely.

The mutations of isoleucine at position 368 to either alanine or threonine both
show strong significant current density reductions before and during application
of riluzole (Figure 3.26A). The riluzole peak in the current density time course
is completely abolished (Figure 3.26D, E, embedded figure) and the CDV curve
(Figure 3.26D, E) is congruent before and during application of riluzole. How-
ever, (-)-englerin A evoked current densities are not significantly changed com-
pared to the wildtype(Figure 3.26A). Analysis of the NSC clearly show strong
differences before application of the activators and during the riluzole applica-
tion (Figure 3.27A, B, yellow and magenta plot). The NSC of the (-)-englerin A
evoked TV curve however shows less significant differences, indicating no changes
in the (-)-englerin A provoked response (Figure 3.27C). When comparing the NSC
of the riluzole evoked IV curve of I368A with the NSC of the IV curve before the
activation no significant difference can be observed Figure 3.28. Therefore rilu-
zole is not able to provoke any current response of the TRPCH mutant I368A.
The NSC of the TV curve of the mutant I368T under riluzole stimulation however
shows some, but low residual current in the outward direction, indicated by a
significant difference between the NSC before and during the riluzole application
(Figure 3.28B, right plot).

These findings support the notion that Ile®*® is involved in a direct riluzole
binding or has a strong indirect effect on the binding. When Tle?%® is substituted
by valine, the riluzole evoked current densities (Figure 3.26A) are also significantly
reduced, but not as strong as compared with 1368 A or I368T. However, the (-)-
englerin A evoked current densities are not significantly changed (Figure 3.26A).
The current density time-course (Figure 3.26F) shows a hardly noticeable riluzole
evoked current increase, but a wildtype comparable (-)-englerin A elicited peak
(Figure 3.26F, embedded figure). Taken together, the exchange of T1e3®® to alanine
and even to threonine and valine which are comparable to isoleucine in size, all
result in specific reductions of riluzole evoked current densities. Hence, Ile30®
represents a likely candidate for a riluzole binding. Ile3%® was originally thought to
be contributing to cavity II, but the position of its residue might be miscalculated
in the PDB file 6AEI. The helix torsion at this position seems unnaturally bent.
Therefore the exact residue position is not certain. Cavity I and II are sharing
the same back wall where I1e3%® is participating in building both surface areas.
Consequently, the residue could point more towards cavity I, where other binding
mutants were already found.

The purpose of mutation Y374A, which is located in cavity I (illustrated in
Figure 3.25), was to determine how the binding of riluzole takes place in TMI.
Unfortunately, the amino acid exchange from tyrosine at position 374 to alanine
results in a non-functional channel. Neither riluzole nor (-)-englerin A could
induce any current responses (Figure 3.26A).

368
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Figure 3.29.: Whole-cell measurements of potential ligand binding amino
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acids in cavity II. (A) shows the maximal and minimal current
density at the potentials 100 mV and —100mV evoked by the given
treatment, respectively. Their respective distribution is indicated
by the median (horizontal line) and 50 % of the data points (box)
as well as the 1.5 x IQR (whiskers). The number of independent
experiments is indicated by numbers over the plot. * P< 0.05, **
P< 0.01, *** P< 0.001 (Tested against Wildtype (WT); Mann-
Whitney-U). (B-E) show representative single CDV curves during
the given treatments selected at maximal current responses. The
insets show the corresponding current density time course of the
same measurement.



3.3. Docking Project I
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Figure 3.30.: NSC of potential ligand binding amino acids in cavity II.
This figure shows the calculated NSC (HERMANN ET AL., 2022) of
the mutation W327A (top) £5D compared to the wildtype NSC
during the given treatment (bottom). Statistical significance was
analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.
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Figure 3.31.: NSC of potential ligand binding amino acids in cavity II.
This figure shows the calculated NSC (HERMANN ET AL., 2022) of
the mutation N500F (top) £5D. The given treatment is compared
with no treatment (bottom). Statistical significance was analyzed
using the Wilcoxon signed-rank test. n indicates the number of
independent experiments.
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3. Results

The amino acids Trp3?7, Phe3%” and Asn°%® which are presented in Figure 3.29
are located in cavity IT at the backside of cavity I (see Figure 3.24 for the location
of cavity IT and Figure 3.25 for the exact locations of the amino acids). The
hypotheses are, that Trp3?” and Phe®®” are potential riluzole or (-)-englerin A
binding partners in cavity II. The substitution asparagine at position 500 by
phenylalanine on the other hand deforms the entrance of the potential binding
pocket and therefore prevents the access to cavity II.

Interestingly, W327A shows a significant reduction in the riluzole evoked cur-
rent densities but the (-)-englerin A elicited current densities are unchanged (Fig-
ure 3.29A). The current density time course similarly shows a reduction of the
peak height during riluzole application compared to the wildtype and the peak
during (-)-englerin A application is comparable to the (-)-englerin A evoked peak
of the wildtype (Figure 3.29C, embedded figure). The CDV curves show only
slight differences in the amplitude. The NSC of the IV curve mainly shows sig-
nificant differences comparing the inward current in the presence of (-)-englerin
A with the wildtype NSC (Figure 3.30). The NSC of the (-)-englerin A evoked
outward current as well as the NSC of the riluzole evoked current show only minor
significant differences compared with the wildtype (Figure 3.30).

The amino exchange phenylalanine at position 367 for alanine produces no
significant effects on the current density values. The mutant N500F on the other
hand again shows no riluzole evoked current densities at all, whereas the (-)-
englerin A evoked current densities are unchanged compared to the wildtype
(Figure 3.29A). The current density time course shows no riluzole elicited peak,
but a prominent (-)-englerin A evoked peak (Figure 3.29E, embedded figure). The
IV curves similarly show a congruent course for the IV curve before and during
riluzole application (Figure 3.29E). The NSC of the IV curve during riluzole
application shows only small significant differences in the outward current when
compared with the wildtype (Figure 3.31).

Altogether, even though exchanges in cavity IT show significant current den-
sity reductions, like N5OOF and W327A, which show a reduced riluzole response,
it is more likely that these amino acids are involved in the riluzole mediated
transduction of the activation which will be discussed in chapter 4.
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3.3. Docking Project I

Pre-S1 Elboy "¢

(a) Overview of the amino acids potentially involved in binding of riluzole in cavity I,
their respective orientation and position (red residues).

Pore Helixw

(b) Detailed view of the amino acids potentially involved in bind-
ing of riluzole in cavity I, their respective orientation and po-
sition (red residues).

Figure 3.32.: Potential ligand binding amino acids of cavity I. In this fig-
ure, TRPC5 (PDB: 6AEI) and amino acids which are potentially
involved in binding of riluzole in cavity I are displayed with their re-
spective orientation and position (red residues). Channel elements
are colored according to Figure 1.1.
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Figure 3.33.: Whole-cell measurements of potential ligand binding amino
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acids in cavity I. (A) shows the maximal and minimal current
density at the potentials 100 mV and —100 mV evoked by the given
treatment, respectively. Their respective distribution is indicated
by the median (horizontal line) and 50 % of the data points (box)
as well as the 1.5 x IQR (whiskers). The number of independent
experiments is indicated by numbers over the plot. * P< 0.05, **
P< 0.01, *** P< 0.001 (Tested against Wildtype (WT); Mann-
Whitney-U). (B-J) show representative single CDV curves during
the given treatments selected at maximal current responses. The
insets show the corresponding current density time course of the
same measurement.
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Figure 3.34.: NSC of potential ligand binding amino acids in cavity I.
This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) £S5SD compared to the wildtype NSC
during the given treatment (bottom). Statistical significance was
analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.
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Figure 3.35.: NSC of potential ligand binding amino acids in cavity I.
This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) £SD compared to the wildtype NSC
during the given treatment (bottom). Statistical significance was
analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.
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Figure 3.36.: NSC of potential ligand binding amino acids in cavity I.
This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) £SD compared to the wildtype NSC
during the given treatment (bottom). Statistical significance was
analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.
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Figure 3.37.: NSC of potential ligand binding amino acids in cavity I. This
figure shows the calculated NSC (HERMANN ET AL., 2022) of the
given mutation (top) £SD. The NSC under riluzole stimulation
is compared with no treatment (bottom). Statistical significance
was analyzed using the Wilcoxon signed-rank test. n indicates the
number of independent experiments.
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Amino acid Glu*® originated from the docking in cavity I from docking project

IT (see section 3.3 and for the location see Figure 3.32). Both mutations, gluta-
mate at position 418 exchanged for alanine and for aspartate both cause signifi-
cantly reduced riluzole evoked current densities (Figure 3.33A). The (-)-englerin
A evoked current density is not changed compared to the wildtype (Figure 3.33A),
indicating a riluzole specific effect. The current density time courses show no rilu-
zole evoked peak, but a (-)-englerin A evoked peak comparable to the wildtype,
respectively (Figure 3.33C, D, embedded figure).

The CDV curves before and during riluzole application (Figure 3.33C, D) are
congruent, whereas the (-)-englerin A evoked CDV curve resembles the wildtype
CDV curve (Figure 3.33C, D). The NSC of the riluzole evoked IV curve of E418A
is very different compared with the NSC of the wildtype riluzole evoked IV curve,
whereas the NSC of the (-)-englerin A evoked IV curve is not changed compared
to the wildtype NSC (Figure 3.34, yellow plot). However, the NSC of the riluzole
evoked TV curve of E418A is significantly changed in the outward current com-
pared with before the activator application (Figure 3.37). Mutant E418D on the
contrary shows a lesser significantly changed NSC of the riluzole evoked IV curve
compared with the wildtype NSC (Figure 3.34A, magenta plot). But at the same
time E418D shows to some extent a significantly changed NSC of the (-)-englerin
A evoked IV curve (Figure 3.34B, magenta plot). However, the NSC of the IV
curve before application of riluzole compared with the NSC during application of
riluzole is significantly changed, especially in the outward current (Figure 3.37B).
Regarding the inward current the riluzole stimulation has nearly no effect on the
NSC (Figure 3.37B, left plot).

Taken together, mutant E418A shows a less wildtype similar riluzole evoked
NSC and very low residual current response to riluzole, whereas the (-)-englerin
A response is wildtype-similar. However, mutant E418D shows more wildtype
specific characteristics in the NSC of the riluzole evoked IV curve, but lesser
wildtype specific characteristics in the NSC of the (-)-englerin A evoked IV curve
compared with E418A. Nonetheless, both mutations show low riluzole responses
overall.

Therefore, the current density time courses as well as the CDV curves and
their corresponding NSC confirm the results obtained by just the current den-
sities. Even decreasing the chain length by just one carbon atom and replacing
Glu*® with aspartate, the effect of reducing the riluzole evoked current densities
is specific and highly significant. Because of the highly specific effects that muta-
tions of Glu**® have on the riluzole evoked current densities, a binding of riluzole

to this amino acid is likely.

The amino acid Asp®®® appears in docking project II (Figure B.9) and was

meanwhile published as a binding partner of GFB-9289, a selective TRPC4/5
inhibitor (VINAYAGAM ET AL., 2020). Because of the close proximity to already
existing, electrophysiologically confirmed potential riluzole binding partners, this
amino acid might also be involved in riluzole binding. The amino acid exchange
aspartate at position 439 for alanine results in a very strong effect, significantly
reducing the current densities before and during consecutive application of both
activators (Figure 3.33A). Nonetheless, riluzole was not able to evoke any current
density responses (Figure 3.33E and E, embedded figure), whereas (-)-englerin A
was still able to produce a visual, although significantly reduced, current increase
(Figure 3.33E and E, embedded figure).
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To further investigate the potential binding of riluzole to Asp**®, the amino acid
was substituted by other residues. Glutamate represents the least severe exchange
in functionality due to the conservation of the charge and the elongation of the
chain by one carbon atom. Surprisingly, the exchange of aspartate at position 439
with glutamate produces significantly reduced current densities before and during
riluzole application (Figure 3.33A) but no changes in the (-)-englerin A evoked
current densities (Figure 3.33A). The current density time course (Figure 3.33F,
embedded figure) and CDV curve (Figure 3.33F) show a similar result, with no
visual riluzole peak in the current density time course, but an unchanged (-)-
englerin A evoked current and a congruent CDV curve before and during riluzole
application. The NSC of the riluzole evoked IV curve of the mutant D439E
shows significant differences compared with the wildtype over the whole course,
therefore showing no wildtype specific characteristics at all (Figure 3.35A, green
plot).

Similarly, nearly no differences can be observed when comparing the NSC before
application of riluzole with the NSC during application of riluzole of the mutant
D439E, suggesting no riluzole induced change of the IV curve (Figure 3.37C).
Therefore, even by slightest exchanges the channel responds with a highly signif-
icant reduction of the riluzole evoked current densities. This result supports the
notion that Asp?*® might be involved in the riluzole binding.

The exchange of aspartate at position 439 for leucine is especially interesting,
because the chain length is identical, but the charged residue is eliminated. But
mutation D439L significantly reduces current density responses overall during
consecutive application of riluzole and (-)-englerin A (Figure 3.33A). Due to the
very small current amplitude overall, it is difficult to determine if the riluzole
evoked current is reduced because of a specific effect or just because of a limited
channel functionality or low surface expression (Figure 3.33G and G, embedded
figure).

The exchange of aspartate at position 439 for asparagine conserves the chain
length as well and also eliminates the charge of the carboxyl group by replacing
it with a carbamoyl group. In this case, the exchange results in a significant
reduction of the riluzole evoked current densities (Figure 3.33A), but not of the
(-)-englerin A evoked current densities (Figure 3.33A). In the current density
time course (Figure 3.33H, embedded figure) and in the IV curves a similar re-
sult can be observed. The riluzole evoked peak is still visible, but significantly
reduced, whereas the (-)-englerin A evoked peak is comparable to the wildtype
(Figure 3.33H, embedded figure). The riluzole IV curve on the other hand is not
congruent with the IV curve before application, but significantly lower compared
to the wildtype (Figure 3.33H, red), but the IV during (-)-englerin A application
is comparable to the wildtype(Figure 3.33H, blue). Mutant D439N shows only
some significant differences in the NSC of the riluzole evoked IV curve and no
changes in the NSC of the (-)-englerin A evoked IV curve, when compared with
the wildtype (Figure 3.35, yellow plot). The NSC of the IV curve before rilu-
zole and during riluzole application are to the most part significantly different,
indicating some residual riluzole evoked current response (Figure 3.37D).

Taken together, these results suggest that the amino acid Asp?*® might be
important for the riluzole interaction in general. Different exchanges cause a
significant reduction of the riluzole induced current densities. By exchanging
aspartate for asparagine and thus eliminating the negatively charged carboxyl
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3.3. Docking Project I

group, the riluzole evoked current responses are significantly reduced, suggesting
that the carboxyl group might directly interact with riluzole. Mutation D439E,
which preserves the charge of the carboxyl group, but exhibits an elongated chain
might push riluzole out of its binding position and thus completely abolishes
riluzole-induced currents.

The amino acid exchange of methionine at position 442 for alanine does not
change the current densities in the presence and absence of the channel activators
compared to the wildtype (Figure 3.33A). The current density time course (Fig-
ure 3.331, embedded figure) and the CDV curves (Figure 3.331) similarly show
no changes when compared to the wildtype. However, analysis of the NSC of the
riluzole and the (-)-englerin A evoked IV curve show significant differences when
compared with the wildtype, respectively (Figure 3.36B, C, yellow plot). This
may indicate some alterations of the channel functionality.

Replacement of asparagine at position 443 by alanine causes a phenotype with
significantly reduced current densities before and during consecutive riluzole and
(-)-englerin A application(Figure 3.33A). The riluzole evoked peak in the current
density time course is not visible and the (-)-englerin A evoked peak is strongly
reduced compared to the wildtype (Figure 3.33J, embedded figure). The CDV
curves show small amplitudes as well (Figure 3.33J), underlining the notion that
the mutation N443A results in a non functional phenotype with low overall chan-
nel functionality or surface expression. The NSC of the IV curve before activator
application and during riluzole and (-)-englerin A application show significant
differences when compared with the wildtype, respectively (Figure 3.36, magenta
plot). Especially the NSC before and during riluzole application exhibit a slope
with a high variance in the inward current and a linear slope in the outward cur-
rent and therefore no wildtype-similar characteristics (Figure 3.36A, B, magenta
plot). Because of the generally impaired channel function, it is not clear whether
Asn**3 is involved in a potential riluzole binding.
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Figure 3.38.: Whole-cell measurements of potential ligand binding amino
acids in cavity I. (A) shows the maximal and minimal current
density at the potentials 100 mV and —100mV evoked by the given
treatment, respectively. Their respective distribution is indicated
by the median (horizontal line) and 50 % of the data points (box)
as well as the 1.5 x IQR (whiskers). The number of independent
experiments is indicated by numbers over the plot. * P< 0.05, **
P< 0.01, *** P< 0.001 (Tested against Wildtype (WT); Mann-
Whitney-U). (B-G) show representative single CDV curves during
the given treatments selected at maximal current responses. The
insets show the corresponding current density time course of the
same measurement.
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Figure 3.39.: NSC of potential ligand binding amino acids in cavity I.
This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) £SD compared to the wildtype NSC
during the given treatment (bottom). Statistical significance was
analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.
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Figure 3.40.: NSC of potential ligand binding amino acids in cavity I.
This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) £SD compared to the wildtype NSC
during the given treatment (bottom). Statistical significance was
analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.

446 489 496
, Ser

Amino acids Tyr and Leu®™® are part of the binding site of the se-
lective TRPC4/5 inhibitor GFB-9289 which was co-crystallized with TRPC4
VINAYAGAM ET AL. (2020). Because of their proximity to previously found amino
acids that are possibly involved in the riluzole binding, these amino acids were
analyzed regarding their potential involvement in the riluzole binding as well.
Their respective position and orientation is highlighted in Figure 3.32.

The amino acid exchange tyrosine at position 446 for alanine produces a mutant
channel with significantly reduced current densities before and during consecu-
tive riluzole and (-)-englerin A application (Figure 3.38), suggesting low overall
functionality and/or a low surface expression. Therefore, additional functional
amino acid exchanges for phenylalanine to maintain the benzyl group and to re-
duce the polarity and to leucine to eliminate the polarity and the benzene group
were performed.

The mutations Y446F and Y4461 neither produce a significant reduction in
current densities during riluzole nor (-)-englerin A application (Figure 3.38A).
The current density time courses (Figure 3.38D, E, embedded figures) as well as
the CDV curves (Figure 3.38D, E) do not show any divergence compared to the
wildtype, respectively. The NSCs of the IV curves before and during consecutive
riluzole and (-)-englerin A application similarly shows some significant changes,
but not over the whole course, when comparing the mutants Y446F and Y446L
with the wildtype, respectively (Figure 3.39).

The mutation serine at position 489 to alanine similarly shows no current den-
sity reductions of the riluzole and (-)-englerin A evoked currents, respectively
(Figure 3.38A, F). However, the NSC of the mutation S489A shows some sig-
nificant differences when compared with the wildtype, especially in the riluzole
evoked NSC (Figure 3.40 green plots). This may be caused by the close proximity
to other important amino acids which are potentially involved in the binding of
riluzole.

These results suggest, that the above mentioned amino acids Tyr
are probably not involved in a riluzole binding.

The amino acid exchange leucine at position 496 for alanine results in a sig-
nificant reduction of the riluzole evoked current densities (Figure 3.38A). The

446 489

and Ser
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current density time course likewise shows a significantly reduced riluzole evoked
peak, but the (-)-englerin A induced current density peak was unchanged (Fig-
ure 3.38G, embedded figure). The riluzole elicited CDV curve shows a nearly
congruent course compared to the basal CDV curve before the application of rilu-
zole, whereas the (-)-englerin A elicited CDV curve (Figure 3.38G) is consistent
with the wildtype CDV curve. The NSC similarly shows significant differences in
the riluzole evoked IV curve and to a lesser extent in the (-)-englerin A evoked
IV curve (Figure 3.40, yellow plot).

Taken together, this gives evidence for a riluzole specific effect of mutant L496A.
Specifying the role of the amino acid Leu*® in the binding of riluzole is chal-
lenging, because the functional group of leucine is hydrophobic and uncharged.
Therefore only hydrophobic interactions are possible between leucine and the po-
tential ligand. Keeping that in mind, the drastic effect of an exchange that does
not target a strong functionality but rather eliminates weak interactions suggests,

that the amino acid Leu* is pivotal for riluzole binding.
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3.4. Surface Expression of Potential Riluzole
Mutants
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Figure 3.41.: Surface expression of possible riluzole binding mutants.

This figure shows the surface expression of possible riluzole bind-
ing mutants. (A) represents the results of 3 individual western blot
experiments (+ SD). The statistical significance was calculated us-
ing a two sided t-test and tested against the wildtype expression
(WT) (* p < 0.05, ** p < 0.01, *** p < 0.001). (B) shows a rep-
resentative western blot of the respective mutant TRPC5 channel
expression. The image displays an automatically contrast optimized
image using the integrated BioRad software. The vertical line rep-
resents an additional blot membrane. (C) represents the same blot
as (B) after stripping and incubation with the anti-NaK-ATPase
antibody.

To validate the membrane expression of the TRPC5 mutants that might specifi-
cally interfere with the riluzole binding, their surface expression was quantified by
performing surface biotinylation and western blot experiments. As demonstrated
in Figure 3.41, the relative surface expression of the mutants fluctuates between
136 % suggesting a slight overexpression and 12 % indicating a low expression.

92



3.4. Surface Expression of Potential Riluzole Mutants

3.4.1. Surface Expression Profile of Potential Riluzole
Binding Mutants

The mutant W435A shows a significantly lower surface expression of 65 % com-
pared with the wildtype (Figure 3.41A). This data fits well to the data obtained
by electrophysiological whole-cell measurements (Figure 3.15). W435A produces
a highly significant reduction of maximal riluzole-induced current densities. The
(-)-englerin A-induced current densities were also significantly reduced but to a
lesser extent (Figure 3.15). The data obtained via western blot confirm these re-
sults by indicating a slightly, but significantly lower surface expression compared
to the wildtype (Figure 3.41A).

The mutant R492A did not show any current increases during application of
riluzole and (-)-englerin A (Figure 3.4A, E). Therefore, the surface expression of
this mutant was analyzed. In line with the electrophysiological data, the surface
expression is significantly reduced (around 15 % of the wildtype TRPC5 channel),
indicating that the abolished current responses are correlated with a strongly
reduced surface expression (Figure 3.4A, E). But the low surface expression alone
cannot explain why mutant the R492A has no current signal, because the mutant
D439A is expressed at roughly the same level (12 % Figure 3.41A), but does not
result in a complete loss of the channel function (Figure 3.33A, E). Therefore,
R492A does not only have a low surface expression but also an impaired channel
function.

The channel mutation D439A produces a significantly reduced (-)-englerin A
evoked current response and the riluzole-induced currents are completely sup-
pressed (Figure 3.33A, E). The surface expression is likewise significantly reduced
(Reduced to 12 %, Figure 3.41A). But in contrast to R492A, D439A produces a
functional channel even though the surface expression is very low.

The mutation L496A results in a slightly lower (83 %), but significantly reduced
surface expression compared to the wildtype (Figure 3.41A). However, the (-)-
englerin A-induced maximal current densities are unchanged, whereas the riluzole
current densities are significantly reduced (Figure 3.38A, G). Therefore, it is not
clear if the riluzole evoked current densities are just reduced because of the slightly
lowered surface expression.

The mutations R492K, E418A, H370W and I368T show no significant changes
in the surface expression (Figure 3.41A). This corresponds very well to the elec-
trophysiological data. None of the four previously mentioned mutations show any
significant changes in the (-)-englerin A evoked current densities (which served
as an expression estimation, see Figure 3.22, Figure 3.26 and Figure 3.33), but a
strong reduction in riluzole evoked current densities. Thus, these amino acids are
well expressed at the cell membrane and might be involved in direct interaction
with the ligand riluzole.
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(-)-Englerin A as an Expression Control for Riluzole Mutants
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Figure 3.42.: Correlation between surface expression of riluzole mutants
measured via western blot and estimated via patch clamp
experiments. This figure shows the correlation analysis between
the surface expression of riluzole mutants determined by western
blot and the normalized maximal (-)-englerin A induced current
densities determined by patch clamp experiments. Analysis of the
linear regression yields a pearson r = 0.912 with p = 0.0016.

Figure 3.42 illustrates the correlation between the measured surface expression
based on western blot experiments and the corresponding (-)-englerin A evoked
current densities. With the exception of the mutant L496A all tested mutants
show the same significance levels for the surface expression obtained by western
blot experiments and the surface expression estimation based on (-)-englerin A
evoked current densities. Taken together, (-)-englerin A evoked current densities
serve well as an expression control for possible riluzole binding mutants and cor-
relate well with the real surface expression measurements obtained via western
blot (Pearson r = 0.912 with P = 0.0016).

3.5. Docking Project Ili

3.5.1. Extracellular and Pore Neighbouring Regions

For pentameric ligand-gated ion channels it is known that ligands bind to the
extracellular side of the channel (SAUGUET ET AL., 2015) like for example ben-
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zodiazepines bind to GABA receptors (SPURNY ET AL., 2012) or glutamate binds
to glutamate-gated chloride channels (HIBBS & GOUAUX, 2011). Regarding ex-
tracellular binding sites in TRPC channels, only the extracellular binding site for
lanthanum-ions and protons is known so far.

JUNG ET AL. (2003) showed that the glutamate residues Glu®*?, Glu®® and
Glu®® are important for the potentiation of TRPC5 by lanthanides, but no ion
was co-crystallized at extracellular sites so far. The proton binding site of TRPC)
is thought to be similar to the lanthanide binding site (SEMTNER ET AL., 2007).
Later JEONG ET AL. (2019) proposed that (-)-englerin A might also bind to
TRPC5 in the aforementioned extracellular region by interacting with similar
amino acids including Lys®**, His?™ and Glu®%.

Therefore two additional docking runs were carried out in this region (docking
project IIT). One docking cube was aimed to the postulated (-)-englerin A binding
site (cavity IIIa), the other docking was done in close proximity but including
the region on top of the pore helix (IIIb). Because both dockings are overlapping
and the cavities are not clearly separated, the region is regarded as one cavity as
illustrated in Figure 3.43. In the whole docking project, (-)-englerin A was used
as a ligand because of its suggested binding in this area (JEONG ET AL., 2019).
The ligand positions and potential interacting amino acids can be looked up in
Appendix B, whereas the amino acid positions of potential binding residues are
presented in Figure 3.44.

The cavity between pore helix and TM6 is known to play an important role
in TRPC channels as suggested by recent publications. In 2013 LICHTENEGGER
ET AL. suggested a coupling between the selectivity filter which is built by the
pore loop and the lower gate. This phenomenon of a transduction link between
lower gate and selectivity filter is already known from p-loop channels (CAPES
ET AL., 2012; L1U & SIEGELBAUM, 2000; ZHEN ET AL., 2005). LICHTENEGGER
ET AL. (2018) stated that amino acid residue G%? located in TM6 is involved
in a fenestration mechanism of the photoswitchable DAG analogue OptoDArG
mediated TRPC3 activation. This leads to first assumptions of a ligand bind-
ing in this cavity and its general importance for channel regulation. To further
investigate the role of this part of the channel for ligand binding, an additional
docking was carried out at this site (see Figure 3.43).

The docking revealed residue F?'® as a very important potential binding can-
didate (see Appendix B). In 2019 DUAN ET AL. showed that F>7® and W57
render the affinity to (-)-englerin A activation of TRPC5, but much rather stayed
with the hypothesis of STRUBING ET AL. (2003), claiming that the so called
LFW motif is important for general channel functionality and not so much for a
specific ligand interaction. Later, WRIGHT ET AL. (2020) stated that this site
might be a xanthine binding site which was confirmed by co-crystallization of the
xanthine-based TRPC5 inhibitor Pico-145. One year later, SONG ET AL. (2021)
further confirmed this ligand binding site by co-crystallization of HC-070, another
xanthine-based inhibitor of TRPC5. They also made first assumptions that (-)-
englerin A might bind there. With the knowledge of the data of WRIGHT ET AL.
(2020) and the general importance of the given site in TRPC channels, more
mutations were conducted, which are described and discussed in the following
sections.
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(a) TRPC5 surface structure with docking (b) TRPC5 ribbon structure with docking
cube at position III. cube at position III.

% e ) A a
(c) TRPC5 ribbon structure with a detailed view of docking cube III.

Figure 3.43.: Docking area in cavity III. In this figure, docking position III is
shown. TRPC5 (PDB: 6AEI, DUAN ET AL. (2018a)) is presented
either with its surface structure (a), or ribbon structure (b) and
colored according to Figure 1.1. Subfigure ¢ is a closeup of (b) for
better visualization of the cube.
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3.5. Docking Project II1

(a) Overview of the amino acids potentially involved in binding of (-)-englerin A and

their respective orientation and position (blue residues).
E595, (D

(b) Detailed view of the amino acids potentially involved in bind-
ing of (-)-englerin A and their respective orientation and po-
sition (blue residues).

Figure 3.44.: Potential Ligand Binding Amino Acids of Cavity III/IV. In
this figure, TRPC5 (PDB: 6AEI) and amino acids which are poten-
tially involved in binding of riluzole or (-)-englerin A are displayed
with their respective orientation and position (red residues). Chan-
nel elements are colored according to Figure 1.1.
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Figure 3.45.: Whole-cell measurements of potential ligand binding amino

98

acids in cavity ITI. (A) shows the maximal and minimal current
density at the potentials 100 mV and —100mV evoked by the given
treatment, respectively. Their respective distribution is indicated
by the median (horizontal line) and 50 % of the data points (box)
as well as the 1.5 x IQR (whiskers). The number of independent
experiments is indicated by numbers over the plot. * P< 0.05, **
P< 0.01, *** P< 0.001 (Tested against Wildtype (WT); Mann-
Whitney-U). (B-H) show representative single CDV curves during
the given treatments selected at maximal current responses. The
insets show the corresponding current density time course of the
same measurement.
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analyzed using the Mann-Whitney-U-test. n indicates the number
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Figure 3.47.: NSC of potential ligand binding amino acids in cavity III.
This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) £SD compared to the wildtype NSC
during the given treatment (bottom). Statistical significance was
analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.
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Figure 3.48.: NSC of potential ligand binding amino acids in cavity III.

This figure shows the calculated NSC (HERMANN ET AL., 2022) of
the given mutation (top) £5D. The NSC under riluzole stimulation
is compared with the basal NSC before any treatment (bottom).
Statistical significance was analyzed using the Wilcoxon signed-rank
test. n indicates the number of independent experiments.
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3. Results

In the dockings (see Appendix B) two amino acids were identified that might
play a crucial role in potential (-)-englerin A binding in cavity I1Ta, namely Gln®
and Phe®®. Their respective location and orientation is shown in Figure 3.44.

Phe®®® emerged in docking III and was selected because of its contribution to
many binding positions. Amino acid Glu®®® is already described to play a role in
the potentiation of TRPC)5 by lanthanides and protons and might as well play
a role for the (-)-englerin A binding, as mentioned above. Therefore glutamate
at position 598 was substituted by glutamine, aspartate and alanine. Due to the
overlapping of subcavities IIla and IIIb as well as partly cavity IV, some amino
acids show up in all dockings, therefore the three cavities are presented together.

As illustrated in Figure 3.45 all tested mutant channels are still functional and
produce a current signal with both activators.

The riluzole evoked current densities of phenylalanine at position 569 substi-
tuted by alanine are significantly increased (Figure 3.45A). The (-)-englerin A
induced current densities are also increased, however, the increase was not signif-
icantly different to the wildtype current densities and might be due to a slightly
increased surface expression. Phe®® is located in the pore helix and close to the
selectivity filter which might change ion selectivity or conductance. However, the
NSC of the riluzole and (-)-englerin A evoked IV curves show only a few signifi-
cant differences when compared to the wildtype, respectively (Figure 3.46, green
plots).

Mutation of glutamate at position 595 to alanine shows significantly reduced
riluzole evoked current densities, but unchanged (-)-englerin A evoked current
densities compared to the wildtype (Figure 3.45A). The current density time
course shows only a small riluzole evoked peak as well (Figure 3.45E, embedded
figure). The CDV curves show a nearly congruent course before and after riluzole
application. Interestingly, this may suggests a riluzole specific effect. Possible
causes for this are discussed in the discussion section in more detail. However,
the NSC suggests mainly significant differences in the (-)-englerin A evoked TV,
especially in the inward current (Figure 3.46B, magenta plot).

All other mutations (F569Y, E598A, E598Q, F599A) of the dockings in cavity
IIT show no significant changes in the current densities during the consecutively
applied activators riluzole and (-)-englerin A (Figure 3.45A). The CDV curves
(Figure 3.45) still show a typical TRPC5 course with a double rectification and
a reversal potential at 0mV. However, the NSC of the (-)-englerin A evoked
IV curves of the mutations E598A and F599A show highly significant differences
compared with the wildtype, respectively (Figure 3.47). Mutations in this region
may destabilize the pore helix or indirectly destabilize the (-)-englerin A binding,
but nonentheless a (-)-englerin A binding at this specific extracellular site is
unlikely because no mutation chosen from the given docking is able to specifically
reduce the (-)-englerin A evoked current density.
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Figure 3.49.: Whole-cell measurements of potential ligand binding amino

acids in cavity ITI/TV. (A) shows the maximal and minimal cur-
rent density at the potentials 100mV and —100mV evoked by the
given treatment, respectively. Their respective distribution is indi-
cated by the median (horizontal line) and 50 % of the data points
(box) as well as the 1.5 x IQR (whiskers). The number of indepen-
dent experiments is indicated by numbers over the plot. * P< 0.05,
B P<0.01, *** P<0.001 (Tested against Wildtype (WT); Mann-
Whitney-U). (B-E) show representative single CDV curves during
the given treatments selected at maximal current responses. The
insets show the corresponding current density time course of the
same measurement.
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ITII/IV. This figure shows the calculated NSC (HERMANN ET AL.,
2022) of the given mutation (top) £SD compared to the wildtype
NSC during the given treatment (bottom). Statistical significance
was analyzed using the Mann-Whitney-U-test. n indicates the num-
ber of independent experiments.
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3.5. Docking Project II1

Phe’™® and Leu®?! were the only amino acids chosen from the docking in cavity
IV and Arg®7 was chosen from the docking in cavity I1Tb. The amino acid Arg>?
is located at the edge between the two binding pockets IIla and b (Figure 3.44)
and therefore contributes to a potential interaction in both pockets (further see
Appendix B).

The mutation R557A does not produce any significant changes in neither
the current densities (Figure 3.49A) nor the current density time course (Fig-
ure 3.49C, embedded figure) and CDV curves (Figure 3.49C). The NSC of the
riluzole and (-)-englerin A evoked IV curve only shows small significant differences
between R557A and the wildtype, respectively (Figure 3.50).

However, the amino acid phenylalanine at position 576 exchanged for alanine
causes a strong and significant reduction of the riluzole and (-)-englerin A induced
current densities (Figure 3.49A). Strikingly, the riluzole evoked responses were
higher than the (-)-englerin A induced current densities (Figure 3.49D, embedded
figure). The CDV curves show a similar phenomenon, where the riluzole evoked
CDV curve shows a higher amplitude than the CDV curve during (-)-englerin A
application. The NSC of the riluzole and (-)-englerin A evoked IV curves similarly
show significant differences in nearly the whole course when compared to the
wildtype, respectively (Figure 3.50, yellow plot). This suggests an (-)-englerin
A specific effect and supports the notion that the amino acid Phe®™® might be
involved in (-)-englerin A binding, even though the overall channel functionality
or the surface expression might be decreased.

The amino acid exchange leucine at position 521 for alanine shows signifi-
cantly lower current densities after (-)-englerin A application, whereas the riluzole
evoked current densities are unchanged compared to the wildtype (Figure 3.49A).
The current density time course, as well as the CDV curves show a similar re-
sult, where the evoked peak and corresponding CDV curve during (-)-englerin
A application is lowered compared to the wildtype and the riluzole evoked peak
and corresponding CDV curve are comparable to the wildtype, respectively (Fig-
ure 3.49E and embedded figure). The NSC of the riluzole evoked IV curves in-
dicate nearly no significant differences compared to the wildtype (Figure 3.50A,
magenta plot), whereas the NSC of the (-)-englerin A evoked IV curve shows sig-
nificant differences nearly over the whole course. Therefore, these results suggest
a similar impression as obtained by analyzing the current densities of the mutant
F521A. This may indicate a (-)-englerin A specific effect and therefore a possible
binding of (-)-englerin A to Leu®?!.

With the knowledge of amino acids Phe3™® and L?2! being possible (-)-englerin
A binding partners, dockings in the region were reevaluated and surrounding
amino acids were also mutated. This relates especially to the docking in cavity
IV (see Figure 3.51).
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3. Results

(a) TRPC5 surface structure with docking (b) TRPC5 ribbon structure with docking
cube at position IV. cube at position IV.

(¢) TRPC5 ribbon structure with a detailed view of docking cube IV.

Figure 3.51.: Docking Area in Cavity IV. In this figure, docking position IV
is shown. TRPC5 (PDB: 6AEL, DUAN ET AL. (2018a)) is presented
either with its surface structure (a), or ribbon structure (b) and
colored according to Figure 1.1 but independently of their related
protein chain. Subfigure ¢ is a closeup of (b) for better visualization
of the cube.
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3.5. Docking Project II1

(a) Overview of the amino acids potentially involved in binding of (-)-englerin A and
their respective orientation and position (blue residues).

(b) Detailed view of the amino acids potentially involved in bind-
ing of (-)-englerin A and their respective orientation and po-
sition (blue residues).

Figure 3.52.: Potential ligand binding amino acids of cavity IV. In this
figure, TRPC5 (PDB: 6AEI) and amino acids which are potentially
involved in binding of (-)-englerin A are displayed with their respec-
tive orientation and position (blue residues). Channel elements are

colored according to Figure 1.1.
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Figure 3.53.: Whole-cell measurements of potential ligand binding amino
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acids in cavity IV. (A) shows the maximal and minimal current
density at the potentials 100 mV and —100mV evoked by the given
treatment, respectively. Their respective distribution is indicated
by the median (horizontal line) and 50 % of the data points (box)
as well as the 1.5 x IQR (whiskers). The number of independent
experiments is indicated by numbers over the plot. * P< 0.05, **
P< 0.01, *** P< 0.001 (Tested against Wildtype (WT); Mann-
Whitney-U). (B-J) show representative single CDV curves during
the given treatments selected at maximal current responses. The
insets show the corresponding current density time course of the
same measurement.
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Figure 3.54.: NSC of potential ligand binding amino acids in cavity IV.

This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) £SD compared to the wildtype NSC
during the given treatment (bottom). Statistical significance was
analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.
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Figure 3.55.: NSC of potential ligand binding amino acids in cavity IV.

This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) £SD. The NSC under (-)-englerin
A stimulation is compared with the NSC under riluzole treatment
(bottom). Statistical significance was analyzed using the Wilcoxon
signed-rank test. n indicates the number of independent experi-
ments.
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3. Results

The exchange tyrosine at position 524 for alanine produces a phenotype that
is similar to the phenotype of mutation F576A. The riluzole and (-)-englerin A
evoked current densities are significantly reduced, therefore the overall currents
are low (Figure 3.53A). This result is confirmed by the current density time course
and the CDV plots. The CDV relations of the riluzole and the (-)-englerin A
evoked currents show a nearly congruent course(Figure 3.53C). The current den-
sity time course shows only low current density increases by application of riluzole
or (-)-englerin A (Figure 3.53C, embedded figure). But nonetheless, the riluzole
evoked current density peak has the same height as the (-)-englerin A evoked cur-
rent density peak (Figure 3.53C, embedded figure). The NSC of the riluzole and
(-)-englerin A evoked IV curves show significant differences over nearly the whole
course when compared with the wildtype, respectively (Figure 3.54, green plot).
Interestingly, when comparing the NSC of the riluzole and (-)-englerin A evoked
IV curve of the mutant Y524A with each other, no significant differences can be
observed, meaning that the IV relation during the riluzole stimulation is very
similar to the IV relation during the (-)-englerin A stimulation (Figure 3.55A).
Taken together, this may suggest an (-)-englerin A specific effect and consequently
a possible binding of (-)-englerin A to Tyr®?*.

The amino acid exchange cysteine at position 525 for alanine shows a significant
reduction of the riluzole evoked current densities (Figure 3.53A) and no significant
reductions of the (-)-englerin A evoked current densities. The current density time
course and the CDV relations both are not distinguishable from the wildtype
(Figure 3.53D). The NSC of the riluzole evoked IV curves however indicate only
a few significant differences compared to the wildtype, whereas the NSC of the
(-)-englerin A evoked IV curve shows highly significant differences in the outward
current (Figure 3.54, yellow plot). The riluzole specific current density reduction
is hardly explainable. Maybe Cys®® has influence on the lower gate as well, as
it has been shown for other amino acids in TM5 (like Gly®!! or Asn®) or it has
stabilizing effects on TM6, which influences the riluzole mediated activation.

The mutation of leucine at position 528 to alanine results in no significant
reduction of the current densities, neither before nor during consecutive riluzole
and (-)-englerin A application (Figure 3.53A).

The amino acid exchange leucine at position 572 for alanine produces a pheno-
type with significantly higher riluzole evoked current densities and no significant
changes in the (-)-englerin A induced current densities (Figure 3.53A).

The mutation glutamine at position 573 exchanged for alanine causes a par-
ticularly interesting phenotype: The riluzole evoked current densities are not
changed compared to the wildtype, but the (-)-englerin A evoked current den-
sities are significantly reduced (Figure 3.53A). The current density time course
shows a higher riluzole elicited peak than the consecutive (-)-englerin A evoked
peak (Figure 3.53G, embedded figure). The CDV curve during riluzole application
has a greater amplitude than during (-)-englerin A application (Figure 3.53G).
Remarkably, the inward current densities are not increasing during (-)-englerin A
application. This may has something to do with the location of the amino acid
GIn®™, being in the pore helix, which is pointing to an effect on the pore and/or
on the selectivity filter. By manipulating the pore helix structure, effects on the
selectivity filter are likely. Similarly, the NSC shows highly significant differences
in the (-)-englerin A evoked current but nearly no differences in the NSC of the
riluzole evoked current compared with the wildtype, respectively (Figure 3.54
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magenta plot). Taken together, the mutation Q573A results in the most obvious
effect on the (-)-englerin A evoked current densities. Therefore GIn®”® might be
involved in direct (-)-englerin A binding.

The mutation valine at 579 replaced by alanine results in a mutant channel
with a significant increase in the riluzole evoked current densities, whereas the
(-)-englerin A elicited current densities are unchanged compared to the wildtype
channel (Figure 3.53A). In the current density time course (Figure 3.53J, em-
bedded figure), as well as in the CDV curve (Figure 3.53J), the riluzole evoked
peak amplitude is nearly as high as the (-)-englerin A evoked current amplitude.
Nonetheless, the NSC of the riluzole and (-)-englerin A evoked IV curves are
significantly different (Figure 3.55B). Val®™ is in very close proximity to the se-
lectivity filter (the restriction point is Gly®®!) and the last amino acid of the pore
helix. Therefore amino acid exchanges in the pore helix are likely to affect the
current amplitudes.

Mutations of Trp®’", namely to alanine and histidine result in a phenotype with
strong overall current density reductions before and during consecutive riluzole
and (-)-englerin A application (Figure 3.53A). Therefore either the channel func-
tionality or the surface expression are low. Interestingly, both mutations show
hardly any riluzole evoked current (Figure 3.53H, I, embedded figures). It is hard
to tell if the overall current is too low to see any riluzole evoked current density
peaks, because riluzole inherently shows lower current densities than (-)-englerin
A. Other mutations around or directly in the pore helix like F569A (Figure 3.45),
L572A and V579A (Figure 3.53) show a similar effect. However, these mutations
all increase the riluzole induced current amplitude compared to the wildtype.
Taken together, this may suggests a riluzole specific effect of W577A and W577H
but the overall channel functionality or expression is reduced, therefore a specific
effect is hard to determine.
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Figure 3.56.: Whole-cell measurements of potential ligand binding amino
acids in cavity IV. (A) shows the maximal and minimal current
density at the potentials 100 mV and —100mV evoked by the given
treatment, respectively. Their respective distribution is indicated
by the median (horizontal line) and 50 % of the data points (box)
as well as the 1.5 x IQR (whiskers). The number of independent
experiments is indicated by numbers over the plot. * P< 0.05, **
P< 0.01, *** P< 0.001 (Tested against Wildtype (WT); Mann-
Whitney-U). (B-H) show representative single CDV curves during
the given treatments selected at maximal current responses. The
insets show the corresponding current density time course of the

same measurement.
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Figure 3.58.: NSC of potential ligand binding amino acids in cavity IV.
This figure shows the calculated NSC (HERMANN ET AL., 2022)
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analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.
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Figure 3.59.: NSC of potential ligand binding amino acids in cavity IV.
This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) +£SD. (A,B,D) The given treatment
is compared with the basal NSC before any treatment (bottom) or
(C) with the NSC under riluzole stimulation. Statistical significance
was analyzed using the Wilcoxon signed-rank test. n indicates the
number of independent experiments.
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The amino acids Thr®%3, Gly®% Thr%7 Val®l® Leu®'3 and Leu®' " are all located
in TM6 and are building the side wall of cavity IV (see Figure 3.52). The mutation
of threonine at position 603 substituted by alanine and threonine at position 607
replaced by alanine had no effect on the riluzole and the (-)-englerin A induced
current densities (Figure 3.56A). The current density time courses (Figure 3.56C,
E, embedded figures) and CDV relations do not show any significant changes
compared to the wildtype. However, the NSC suggests only minor significant
differences in the riluzole and in the (-)-englerin A evoked IV of mutant T603A
compared to the wildtype (Figure 3.57 green plot). The NSC of the riluzole
induced IV curve of the mutant T607A shows nearly no significant differences
when compared to the wildtype, whereas the NSC of the (-)-englerin A evoked IV
curve shows highly significant differences compared with the wildtype (Figure 3.57
magenta plot). Nonetheless, a binding of (-)-englerin A to Thr®7 is unlikely
because the current densities are not significantly reduced. An indirect effect of
T607A on the (-)-englerin A binding or the conductivity however is not excluded.

The amino acid exchange of glycine at position 606 to alanine causes reduced
current density responses before and during consecutive application of riluzole
and (-)-englerin A. The current density time course shows no riluzole evoked
peak, whereas the (-)-englerin A induced peak is still prominent(Figure 3.56D,
embedded figure). The CDV curve further supports this finding by a congruent
course before and during application of riluzole (Figure 3.56D). Therefore, the
effect seems to be riluzole specific. The NSC of the riluzole and (-)-englerin A
evoked IV of mutant G606A show highly significant differences when compared
with the wildtype, respectively (Figure 3.57 yellow plot).

The amino acid exchange valine at position 610 for alanine results in a mutant
channel with reduced current densities before and during consecutive riluzole
and (-)-englerin A application (Figure 3.56A). The current density time course
(Figure 3.56F, embedded figure) and CDV curve (Figure 3.56F) show very low
current amplitudes as well, making it hard to derive specific effects. The NSC
of the riluzole and (-)-englerin A evoked IV curve similarly show a relatively
linear outward current slope and overall a high significantly different slope when
compared with the wildtype, respectively (Figure 3.58 green plot). By comparing
the CDV curves during riluzole and (-)-englerin A application with each other, it
gets obvious that the maximum outward current equals roughly 50 pA pF~! for the
(-)-englerin A evoked current and roughly 25 pA pF~! for the riluzole evoked one,
resulting in a ratio of 2. Comparing this value to the wildtype, it equals roughly
4. This could suggest a (-)-englerin A specific effect for V610A. The NSC of the
riluzole and (-)-englerin A evoked IV curves of the mutant V610A show nearly
no significant differences, meaning their shape is very similar (Figure 3.59B).
Typically their IV shapes differ drastically and as a result their similarity could
be another evidence for either an (-)-englerin A specific effect or a manipulation
of the selectivity of the channel.

The amino acid exchange leucine at position 613 for alanine results in signif-
icantly higher current densities before and during application of riluzole (Fig-
ure 3.56A). The riluzole evoked peak and the riluzole evoked CDV curves show
that the riluzole induced currents are nearly as high as the (-)-englerin A induced
currents. The riluzole evoked TV curve not only approximates the (-)-englerin A
evoked outward current, but also the (-)-englerin A elicited inward current. No
other mutation shows such a drastic increase in the riluzole evoked inward current
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3. Results

(Figure 3.56A). However, the NSCs of the riluzole and the (-)-englerin A evoked
IV curves suggest no approximation in shape (Figure 3.59C). But the NSC of the
riluzole and (-)-englerin A evoked IV curves also differ compared with the NSC
of the wildtype riluzole and (-)-englerin A activation, respectively (Figure 3.58
yvellow plot). Leu®'? is part of TM6 and facing towards the ion conducting pore.
The exchange to alanine probably changes the ion selectivity and generates an
(-)-englerin A-like activation with a strong inward current.

The mutation of leucine at position 617 to alanine results in a channel with
significantly reduced current densities before and during consecutive application
of riluzole and (-)-englerin A (Figure 3.56A). The current density time course
as well as the CDV curves both show no current density responses to either
of the two activators(Figure 3.56H and Figure 3.56H, embedded figure). The
NSCs before and curing consecutive application of riluzole and (-)-englerin A
also shows only minor significant differences when compared with each other,
meaning riluzole and (-)-englerin A are not able to evoke any changes in the IV
course during stimulation (Figure 3.59). Therefore Leu®” seems to be important
for the general channel functionality and/or for the expression of the channel.
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Figure 3.60.: Whole-cell measurements of potential ligand binding amino
acids in cavity IV. (A) shows the maximal and minimal current
density at the potentials 100 mV and —100mV evoked by the given
treatment, respectively. Their respective distribution is indicated
by the median (horizontal line) and 50 % of the data points (box)
as well as the 1.5 x IQR (whiskers). The number of independent
experiments is indicated by numbers over the plot. * P< 0.05, **
P< 0.01, *** P< 0.001 (Tested against Wildtype (WT); Mann-
Whitney-U). (B-G) show representative single CDV curves during
the given treatments selected at maximal current responses. The
insets show the corresponding current density time course of the
same measurement.
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Figure 3.61.: NSC of potential ligand binding amino acids in cavity IV.

This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) £5SD compared to the wildtype NSC
during the given treatment (bottom). Statistical significance was
analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.
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Figure 3.62.: NSC of potential ligand binding amino acids in cavity IV.
This figure shows the calculated NSC (HERMANN ET AL., 2022)
of the given mutation (top) £SD compared to the wildtype NSC
during the given treatment (bottom). Statistical significance was
analyzed using the Mann-Whitney-U-test. n indicates the number
of independent experiments.
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This figure shows the calculated NSC (HERMANN ET AL., 2022) of
the given mutation (top) £5SD. The given treatment is compared
with the basal NSC before any treatment (bottom). Statistical sig-
nificance was analyzed using the Wilcoxon signed-rank test. n indi-
cates the number of independent experiments.



3.5. Docking Project II1

Since the mutations Y524A and Q573A significantly reduce the (-)-englerin
A induced current responses concomitant with riluzole induced current density
increases that are higher or as high as the (-)-englerin A induced currents, these
amino acids might be involved in a potential (-)-englerin A binding. Therefore,
they are further analyzed by performing additional functional amino acid ex-
changes.

The mutation Y524E results in a nonfunctional or non-expressed channel, as
the mutation produces a channel with significant reductions in current density
values before and during consecutive riluzole and (-)-englerin A application (Fig-
ure 3.60A). The current density time course and the extracted CDV curve likewise
show very small current density amplitudes (Figure 3.60C and embedded figure).
Probably the exchange from an aromatic to a polar amino acid is too severe in the
given position. The NSCs before and during a riluzole and during a (-)-englerin
A stimulation similarly depict highly significant changes when compared with
the wildtype NSC, respectively (Figure 3.61 green plot). The NSCs before and
during riluzole application even show no typical characteristics at all, indicated
by a linear slope (Figure 3.61A, B green plot).

The more conservative amino acid exchange tyrosine at position 524 for pheny-
lalanine results in no significantly changed current densities and no change in the
current density time course compared to the wildtype (Figure 3.60A, D, embed-
ded figure). The CDV curves show no noticeable differences compared to the
wildtype (Figure 3.60D). The NSC before riluzole activation shows some signifi-
cant differences in the inward current compared with the wildtype, but the NSC
has a high variance in this part of the plot, which may lead to artifacts (Fig-
ure 3.61A left yellow plot). The NSC of the riluzole evoked IV curves shows no
significant differences when compared to the wildtype (Figure 3.61B yellow plot).
However, the NSC during the (-)-englerin A activation exhibits some significant
differences compared with the wildtype, underlining a potential role of Tyr®** in
the (-)-englerin A binding (Figure 3.61C yellow plot). Therefore, Y524F to some
extent rescues the functionality of the wildtype Tyr®?*.

Mutating Tyr®2* to leucine results in small significant differences before and
during (-)-englerin A application and a highly significant reduction in the rilu-
zole evoked current densities (Figure 3.60A). The same effect can be observed
in the current density time course ((Figure 3.60E, embedded figure). The rilu-
zole elicited peak is not visible, whereas the (-)-englerin A evoked peak is still
prominent. The CDV shows a similar result with a congruent course before and
during application of riluzole (Figure 3.60E). Even the NSC exhibits only minor
significant differences when comparing the NSC before and the NSC during a rilu-
zole application, suggesting a specific effect on the riluzole mediated activation
of mutation Y524L (Figure 3.63).

Therefore, Y524L results in the opposite effect of the originate Y524 A mutation.
Aromatic amino acids are often heavily involved in stabilizing tertiary structures
by m-m interactions. Additionally, Tyr®?* is located in TM5, which seems to have
an impact on the riluzole specific activation of the channel, as other mutations
like G511A and N500Y suggest. TMb5 may be involved in a coupling, which is
further discussed in chapter 4 and may be a pivotal region linking the (-)-englerin
A and riluzole mediated activation pathway, respectively.

The amino acid exchange glutamine at position 573 for glutamate shows no sig-
nificant changes in the current densities compared to the wildtype (Figure 3.60A).
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The CDV curve and current density time course are not noticeable different from
the wildtype, respectively (Figure 3.60F and embedded figure). Surprisingly, the
NSC reveals highly significant differences especially in the (-)-englerin A evoked
IV course (Figure 3.62C green plot). This also points towards an effect specifically
targeting the (-)-englerin A mediated activation.

The amino acid exchange glutamine at position 573 for asparagine greatly re-
duces the overall channel functionality and /or expression, as indicated by signifi-
cant reductions of the current densities before and during consecutive application
of riluzole and of (-)-englerin A (Figure 3.60A). Nonetheless, the current density
time course and the CDV curves show a greater reduction in the (-)-englerin
A evoked current density than in the riluzole evoked current densities compared
with the wildtype, respectively (Figure 3.60G and embedded figure). This implies
a specific effect of Q573N on the (-)-englerin A mediated channel activation. The
NSCs similarly exhibits highly significant differences before and during riluzole
and (-)-englerin A application when compared with the wildtype, respectively
(Figure 3.62 yellow plot). But the least significant differences are observed when
comparing the riluzole evoked TV curve and their corresponding NSC of mutant
Q573N with the wildtype (Figure 3.63B yellow plot).

The introduction of a negative charge and the conservation of the chain length
at the same time (Q573E) seems to be less effective on the (-)-englerin A mediated
activation than the conservation of the functionality and concomitant reduction
of the chain length (Q573N). Therefore either the exact shape of the whole cavity
surface area created by the residue of GIn®™ is very important, or the exact po-
sition of the carbonyl-oxygen for a possible (-)-englerin A interaction is essential.

3.6. Surface Expression of Potential (-)-Englerin
A Mutants

The amino acids displayed in Figure 3.64 were selected as the most important
potential binding partners in the (-)-englerin A mediated activation of TRPCS5.
Therefore the surface expression was quantified using a surface biotinylation kit
and compared with the wildtype.
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Figure 3.64.: Surface expression of possible (-)-englerin A binding mu-
tants. This figure shows the surface expression of possible (-)-
englerin A binding mutants. (A) represents the results of 3 in-
dividual western blot experiments. The statistical significance was
calculated using a two sided t-test and tested against the wildtype
expression (WT) (* p < 0.05, ** p < 0.01, *** p < 0.001). (B)
shows a representative western blot of the respective mutant TRPC5H
channel expression. The image displays an automatically contrast
optimized image using the integrated BioRad software. The vertical
line represents a different, additional blot membrane. (C) repre-
sents the same blot as (B) after stripping and incubation with the
anti-NaK-ATPase antibody.
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3.6.1. Surface Expression Profile of Potential (-)-Englerin
A Binding Mutants

The mutation F576A shows a significantly reduced surface expression of 54 %
compared to the wildtype (Figure 3.64). The riluzole as well as the (-)-englerin A
evoked current densities are both greatly reduced. This cannot be explained just
by the lower surface expression, as the riluzole evoked current densities suggest
an even lower surface expression than 54 %. Therefore, the overall channel func-
tionality seems to be greatly impaired (Figure 3.49). This result can be explained
by the fact that Phe®™ is located in the pore helix and therefore represents a part
of a very delicate channel feature in the context of channel functionality.

The surface expression of Y524A is not significantly changed. In electrophys-
iological experiments however, Y524A shows greatly reduced current density re-
sponses to a riluzole stimulation as well as to an (-)-englerin A stimulation (Fig-
ure 3.53A, C) suggesting that the reduced current responses are not due to an
decreased surface expression, but rather to a loss of channel functionality.

Elimination of the aromatic moiety causes a (-)-englerin A specific reduction
of the elicited current densities as well as a general loss of the channel functional-
ity, as observed with the mutations Y524A and Y524E. However, re-introducion
of an aromatic residue as in the case of Y524F completely rescues the channel
functionality. Surprisingly, the introduction of a non-aromatic but non-polar and
smaller amino acid as in the case of Y524L reverts the effect of Y524A and causes
a riluzole specific current density reduction (Figure 3.60). Taken together, Tyr®*
which is located in TM5 seems to have a multi-functional role in the channel
physiology in general, not only for the potential (-)-englerin A binding.

The mutation L521A shows a significantly increased surface expression (Fig-
ure 3.49). Electrophysiological data shows that (Figure 3.49) the riluzole elicited
current densities are unchanged, whereas the (-)-englerin A evoked current densi-
ties are significantly reduced. It can be speculated that this effect is (-)-englerin
A specific and that Leu®?! might be involved in an (-)-englerin A binding. In the
case of the L521A mutant, the riluzole stimulation can serve as an estimation of
the surface expression.

The mutation Q573A however shows no changes in the surface expression which
is in line with electrophysiological data showing that only the (-)-englerin A in-
duced current densities are reduced while the riluzole induced current responses
are unchanged (Figure 3.64 and Figure 3.53). These findings suggest that the
riluzole stimulation might serve as a control for the estimation of the surface ex-
pression and it can be speculated that the amino acid Gln®"® might participate
in an (-)-englerin A binding.
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Figure 3.65.: Correlation between surface expression of (-)-englerin A
mutants measured via western blot and estimated via patch
clamp experiments. This figure shows the correlation analysis
between surface expression of (-)-englerin A mutants determined by
western blot and the normalized maximal riluzole induced current
densities determined by patch clamp experiments. Analysis of the
linear regression yields a pearson r = 0.371 with p = 0.629.

The Pearson Correlation Coefficient for the normalized current densities and
the surface expression determined by western blot analysis amounts to 0.371
and thus showing no correlation (Figure 3.65). Therefore riluzole evoked current
densities serve less well as a surface expression estimation for potential (-)-englerin
A binding mutants than vice versa (Figure 3.42). A possible cause might be
the importance of the potential (-)-englerin A binding mutants for the channel
functionality in general. Most of the mutants are located either in the pore
helix, which is directly involved in ion selectivity or they are located in helices
like TM5 which stabilizes the pore complex and therefore potentially mediate
channel activation.
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4. Discussion

4.1. Two Distinct Binding Pockets of
(-)-Englerin A and Riluzole

Summarizing the results of the whole-cell patch clamp measurements as well as
the surface expression data, it becomes obvious, that (-)-englerin A and riluzole
can bind to two distinct cavities in the TRPC5 channel. The most important
amino acids involved in the riluzole binding are I1e3%®, His3", Glu*®, Trp*,
Asp®? Arg*®? and Leu*®. Whereas the most important amino acids for the
(-)-englerin A binding are Leu®?!, Tyr®?!, GIn®"™ and Phe®™®.

The two distinct binding sites are depicted in Figure 4.1 which shows amino
acids that might be important for the binding of the two activators riluzole and
(-)-englerin A, respectively. The colors represent the ratios between maximal (-
)-englerin A and riluzole induced currents at 100mV. The mean (-)-englerin A
evoked current densities of wildtype TRPC5 were five times higher than the mean
riluzole evoked current densities. Thus, a lower current ratio of < 5 indicates
higher riluzole induced currents compared to (-)-englerin A induced currents and
vice versa. Consequently, a lower current density ratio points towards a mutant
with impaired (-)-englerin A mediated activation and vice versa.

The color scale is based on the assumption that a ratio change of either half or
double the wildtype ratio are noticeable effects. Half the wildtype value translates
to < 2.5 (blue) and represents a possible (-)-englerin A current reduction com-
pared to the riluzole-evoked current. Whereas double the wildtype ratio translates
to > 10 (red) and represents a possible riluzole current reduction compared to
(-)-englerin A.

As Figure 4.1 indicates, red colored amino acids cluster in one region, whereas
blue colored amino acids cluster in a distinct region. Red colored amino acids
gather near the VSLD and blue colored amino acids are grouping around the pore
helix, TM5 and 6, respectively. Interestingly, in the red cluster are a few blue
colored amino acids and vice versa. This could suggest either indirect effects on
the binding pockets (as demonstrated using the example of Phe!” Figure 4.7)
or effects on the signal transduction, as described in more detail in (section 4.2).

In the following, the docking poses were re-evaluated to find the actual binding
pose of both ligands. Therefore ligand poses with the most amino acid interactions
with the ligand, which were electrophysiologically confirmed, were considered.
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2.5

10

Figure 4.1.: (-)-Englerin A and riluzole evoked current density ratios.
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This figure represents TRPC5 (PDB: 6AEI, DUAN ET AL. (2019))
with a ratio calculation between the maximal (-)-englerin A and the
maximal riluzole evoked current densities. Blue indicates a low cur-
rent density ratio resulting from lower (-)-englerin A induced max-
imal current densities at 100mV compared to the maximal riluzole
induced current densities at 100mV. Red indicates a high current
density ratio resulting from higher maximal (-)-englerin A induced
current densities at 100mV compared to the maximal riluzole in-
duced current densities at 100mV. The wildtype ratio of the maxi-
mal (-)-englerin A evoked current densities compared to themaximal
riluzole evoked current densities equals the middle of the scale (vio-
let). If the amino acids were exchanged for other amino acids than
alanine, the most severe exchange was depicted, respectively. The
raw data is shown in Appendix D.
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4.1. Two Distinct Binding Pockets of (-)-Englerin A and Riluzole

4.1.1. The (-)-Englerin A Binding Site

The most important amino acids for the (-)-englerin A binding, according to the
results of the patch clamp measurements, are GIn®"®, Phe®™®, Tyr°?* and Leu®?!
(see Figure 3.49 and Figure 3.53). In Figure 4.2 all amino acids which were
electrophysiologically analyzed and were part of the most probable docking re-
sult are shown. Namely, the most promising (-)-englerin A pose is position 1
of the docking in cavity IV as a part of docking project III (see Figure 4.2 and
Figure B.8a). Amino acids with either significant results in the electrophysio-
logical measurements or very close contact to the predicted ligand position got
distance-measured and possible interactions are displayed in Figure 4.2.

Leu®?! seems to play a major role by potentially stabilizing the cavity surface
and forming hydrophobic interactions with the phenolic residue of (-)-englerin A
(as indicated by Figure 3.49 and Figure 4.2).

Tyr®2* may stabilize the phenolic part of (-)-englerin A as well (as indicated in
Figure 4.2), probably via aromatic interactions. The centroids of both aromatic
rings are displayed as black spheres in Figure 4.2 with a distance of 5.3 A between
each other. This may suggest a m-m interaction between both aromatic rings,
which typically occurs between 4.5 to 7 A distance of both centroids to one another
(ANJANA ET AL., 2012).

Even though Leu®”? appears in the docking result, the electrophysiological data
of mutant L572A show a significantly higher riluzole response compared to the
wildtype but an unchanged (-)-englerin A response. Therefore, Leu®™ might
rather has a stabilizing effect on (-)-englerin A with only weak interactions sug-
gesting a minor role of Leu®" for the binding of (-)-englerin A.

GIn®™ on the other hand plays a central role in the (-)-englerin A binding.
The mutation Q573A is the only exchange being able to strongly reduce the (-
)-englerin A evoked current while retaining a wildtype similar riluzole activation
(Figure 3.53). Depending on the rotation of the glutamic acid portion of (-)-
englerin A, GIn®™ is either able to interact with the hydroxyl-oxygen or -hydrogen.
One possibility is a glutamic acid HOH,N glutamine hydrogen bond (illustrated
in Figure 4.2) or a glutamic acid OH-~O=R glutamine hydrogen bond. Due to
no significant changes in the current density of the mutation Q573E (lacking the
HyN—R group) the latter case seems more reasonable.

Phe®”® may also stabilize the phenolic portion of (-)-englerin A as indicated by
both centroids and a distance of 5.6 A (Figure 4.2). Another possible interaction
side is the guaine-sesquiterpene backbone of (-)-englerin A. As indicated by the
centroids the average distance between the backbone and Phe®™ is 6.2 A and a
lot of hydrophobic interactions are possible. Another function of Phe’™® is the
stabilization of the cavity surface and back-wall. It has a central role in stabilizing
the whole pore region, especially the pore helix by interacting with Trp®”" (DUAN
ET AL., 2019).

Interestingly, Trp>"" shows no (-)-englerin A specific effect (Figure 3.20). In
the docking on the other hand Trp®"" has very interesting possible interactions,
including the possible NH--OH hydrogen bond with the glycolic acid part of
(-)-englerin A as indicated in Figure 4.2. Probably by eliminating the Trp°™”
functional moiety the pore helix and the close selectivity filter get destabilized
and therefore the channel functionality overall gets restricted. If a ligand binding
site is in a very delicate region of the channel, as it is the case for (-)-englerin A, it
is very likely that the overall channel functionality gets impaired by introducing
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4. Discussion

mutations which might interfere with specific effects.

Ala®%? appears in the docking but was not mutated due to very less possible
interactions of the sidechain.

Thr® does not seem to play a major role in the (-)-englerin A binding as
indicated by no significant changes in the current density values for the mutant
T603A (Figure 3.56).

V610A has a strongly reduced overall channel functionality, with a slightly
stronger reduction of the (-)-englerin A evoked current densities than of the rilu-
zole evoked current densities (Figure 3.56). Nonetheless, the influence on the
binding seems to be minor.

Val®!? could potentially stabilize the phenolic part of (-)-englerin A or builds
the pocket surface with minor hydrophobic interaction with (-)-englerin A as
indicated in Figure 4.2 and Appendix B.

Figure 4.2.: Predicted (-)-englerin A binding site. This figure shows a rep-
resentation of TRPC5 (PDB: 6AEI, DUAN ET AL. (2019)) and (-)-
englerin A (cyan) in the most probable binding position calculated
via molecular docking (see Figure B.8). Amino acids possibly con-
tribute to a (-)-englerin A binding which were either confirmed via
patch clamp measurements or were part of the docking result are
shown in magenta. Possible interactions are indicated with dotted
lines and the measured distance is given in A. Centroids of aromatic
rings are indicated with black dots. Two TRPC5 monomers are con-
tributing to the binding pocket (indicated by (A) or (B).

The proposed (-)-englerin A binding site is quite similar to the DAG (SoNG
ET AL., 2021) and xanthine binding site (WRIGHT ET AL., 2020) of TRPC5 as
well as to the AM-0883 binding site of TRPC6 (BA1 ET AL., 2020) which were
all identified via cryo-EM.

Interestingly, Pico-145 and HC-070 which are both inhibitors of TRPC5, be-
long to the xanthine based class of inhibitors and both bind to the same cavity
(WRIGHT ET AL., 2020; SONG ET AL., 2021). As previously mentioned, AM-0883
binds to the same site while being a TRPC6 activator that is structurally distinct
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4.1. Two Distinct Binding Pockets of (-)-Englerin A and Riluzole

from the xanthines and (-)-englerin A and related to SAR7334, an aminoindanol
that was characterized as an inhibitor of TRPC3/6/7 (MAIER ET AL., 2015).
AM237 is a selective TRPC5 activator also belonging to the xanthine class. How-
ever, AM237 has not being co-crystallized, yet (MINARD ET AL., 2019; SONG
ET AL., 2021). It is assumed that AM-237 binds to the same cavity as HC-070
and Pico-145 because of its chemical similarity. In addition, AM-237 is a selective
TRPC5 activator that inhibits (-)-englerin A induced currents, whereas HC-070
and Pico-145 are both strict inhibitors. This makes AM-237 a very versatile and
interesting compound.

In Figure 4.3 the possible (-)-englerin A binding site is compared to the HC-
070, Pico-145 and DAG binding sites of TRPC5. GIn®™ plays a key role in all
the compared structures by stabilizing the propanolic part (in the case of the
xanthine derivatives), the glutamic acid part (in the case of (-)-englerin A) and
the hydroxyl head group of DAG, respectively.

In all cases, Phe?™® stabilizes the backbone of the compound and builds the
cavity back-wall.

Tyr52* seems to play a major role in the binding of (-)-englerin A and Pico-145.
It stabilizes the phenolic portion especially if it is rotated towards the inside of
the channel, like in the case of (-)-englerin A and Pico-145.

The actual role of DAG in this binding pocket still remains elusive. It was
co-crystallized when SONG ET AL. (2021) tried to co-crystallize (-)-englerin A.
The authors reported that DAG (see Figure 4.3d) occupies this pocket in the
apo-state of the channel. However, their claimed apo-state represents a channel
that was previously treated with (-)-englerin A. Because no (-)-englerin A density
was found, this state was labeled as apo-state. Maybe this cavity is occupied by
a phospholipid in the closed state, which then gets displaced by for example
(-)-englerin A to transfer the channel in an open state, which then gets again
displaced by DAG during channel deactivation.

At present, it is unclear if DAG is permanently bound in this pocket and
stabilizes the whole upper channel. Residual parts of DAG still co-crystallize
in the HC-070 bound channel state suggesting that DAG is still present when
inhibitors are bound. Maybe ligands such as (-)-englerin A or HC-070 need the
presence of DAG for binding to the pore region. However, if DAG would always
be bound or at least when the cavity is occupied by a ligand, it is still confusing
why other groups did not manage to co-crystallize DAG as well.

WRIGHT ET AL. (2020) were able to co-crystallize Picol45 (a derivative of
HC-070) with TRPC5, but instead of DAG they found a phospholipid density
in the same pocket of the apo-state of the channel. The phospholipid partly
stayed in the position even when Picol45 was bound, thus being very similar
to the DAG density found by SONG ET AL. (2021). Previous publications of
TRPC4 and TRPC5 3D structures always reported a phospholipid density in
this pocket of the un-liganded TRPC4 and 5 channels in their apo-states (DUAN
ET AL., 2018a,b, 2019; VINAYAGAM ET AL., 2018, 2020). Other TRPC channel
structures like TRPC3 and TRPC6 show the same phospholipid density in the
given binding pocket of the apo-channel state (FAN ET AL., 2018; BAI ET AL.,
2020; TANG ET AL., 2018). Altogether, SONG ET AL. (2021) are the only ones
who identified DAG instead of a phospholipid in the pore region.
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4. Discussion

(c) Pico-145 (d) DAG

Figure 4.3.: Comparison of ligands binding to the (-)-englerin A bind-
ing site. This figure compares different ligands binding to the same
binding site in TRPC5. The potential (-)-englerin A binding site (a)
is presented in this thesis (TRPC5 was used as a template (PDB:
6AEL, DUAN ET AL. (2019))), whereas HC-070 (b) (PDB: 7D4Q),
SONG ET AL. (2021)), DAG (d) (PDB: 7TE4T, SONG ET AL. (2021))
and Pico-145 (c) (PDB: 6YSN, WRIGHT ET AL. (2020)) were re-
solved in complex with a TRPC5 structure. The ligand is colored in
cyan, whereas amino acids participating in a binding are colored in
magenta. Because two monomers are building the binding pocket,
(A) and (B) mark their respective structural elements.
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4.1. Two Distinct Binding Pockets of (-)-Englerin A and Riluzole

Nontheless, there is increasing evidence that the cavity plays a role in lipid-
sensing and especially in DAG mediated channel activation. In the TRPC3 chan-
nel LICHTENEGGER ET AL. (2018) reported a fenestration mechanism of Gly%5?,
which is the homologous amino acid to Gly%® in TRPC5, that has the ability to
distinguish between DAG derivatives.

Two years later, BAI ET AL. (2020) exchanged amino acids in TRPC6 in the
same region, with the result of reducing the DAG mediated Ca®" signal. They
showed that amino acid exchanges to alanine at positions Glu®?, PheS™ and
Trp% result in a decreased calcium signal. Interestingly, Trp®°® in TRPC6 (cor-
responding to Trp®’" in TRPC5) is the only amino acid, which BAT ET AL. (2020)
as well as SONG ET AL. (2021) both claim to participate in the DAG binding.
All other amino acids both authors suggest to be involved in the DAG binding
are different and not conserved between TRPC5 and 6. Strikingly, GIn®", which
seems to play a major role in the TRPC5 ligand binding to this pocket (as il-
lustrated in Figure 4.3) is not conserved in TRPC6. This would mean that the
DAG binding site between both channels is not conserved and slightly different
which might be the reason for the observed differences in the DAG sensitivity of
TRPC4, 5 and TRPC3, 6, 7 channels (STORCH ET AL., 2017; HOFMANN ET AL.,
1999).

Altogether, the proposed (-)-englerin A binding site is located between TM5
and the pore helix of one monomer and TM6 of the adjacent monomer. TM6
seems to play a minor role in ligand binding, as mutations show hardly any effects.
The site partially overlaps with the xanthine binding site of Pico-145, HC-070 and
probably AM-237, as well as with the DAG binding site (Figure 4.3).

GIn®™ and Phe®™® seem to play a major role in ligand binding as they are
conserved between the binding sites in TRPC5. Additionally, both amino acids
are located in the pore helix and thus might easily influence the selectivity filter.
Interestingly, the binding pocket seems to transduce various signals, as channel
inhibitors like Pico-145 and HC-070 bind there as well as channel activators like
(-)-englerin A. AM-237 highlights the versatility of the pocket due to its unique
role as a channel activator as well as a competitive antagonist of the (-)-englerin
A induced channel activation (MINARD ET AL., 2019).

Another similarity between the ligands is that they all have an ECjy in the
pico- to nanomolar range, except for DAG. But the role of DAG in the given
binding pocket is not finally understood and more research is needed.

4.1.2. The Riluzole Binding Site

Regarding the electrophysiological data, mutations of I1e3%8, His*®, Glu**® and
Asp*® have the most pronounced effects on the riluzole induced currents. These
amino acids are displayed in Figure 4.4 with distance measurements of the possible
interactions with riluzole.

I1e3®® may play a major role in riluzole binding, as described in section 3.3.
Mutation I368T shows a significant current density reduction in the electrophys-
iological measurements. The mutant channel is still expressed at the cell surface
similarly to the wildtype (Figure 3.41) making it a striking candidate for riluzole
binding. However, the 3D-structure reveals a bend in the helix structure of TM1
at the position of 11e*%® as indicated in Figure 4.4. Either the structure was mis-
calculated at the given position, or Ile?*® does not play a direct role in the riluzole
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binding.

The His3™ residue on the other hand is rotated towards riluzole and the binding
pocket. Depending on local pH value changes the protonation state of histidine
can change. In neutral pH, two neutral charged tautomers exist, thus the hy-
drogen can either be located at the 51-N (named n tautomer) or at the €2-N (as
indicated in Figure 4.4, named t tautomer) (L1 & HONG, 2011). In a low pH
milieu, histidine can even be positively charged. The distance from the 61-N to
the nearest fluorine of riluzole amounts to 3.1 A. If His3™ is then present in the
7 tautomer, this enables a suitable distance for a polar interaction between a
possible 81-N hydrogen of His3" and the tri-fluorine group of riluzole.

Phe*' possibly interacts with the benzothiazole m-electron system of riluzole.
In the given docking position the Phe*'* benzene centroid is 4.9 A away from
the benzene centroid of riluzole enabling a proper distance for a n-n interaction
(Figure 4.4).

The Glu*'® exchanges show significant, riluzole specific effects in electrophysio-

logical measurements (as described in section 3.3) as well as a surface expression
that is similar to the wildtype in the case of the mutant E418A (Figure 3.41).
The deprotonated carboxylate group might interact with the amino hydrogen of
riluzole to form a hydrogen bond over 2.8 A. This interaction seems to play a
major role in the riluzole binding, due to significant reductions in the current
response with minimal changes in the functionality of Glu*® (section 3.3) and
likewise appears in the docking result.
Trp*3’ is too far away from riluzole in the given docking pose to show any direct
interactions. Although W435A shows a very specific effect on the riluzole evoked
current densities (Figure 3.15) the surface expression is significantly reduced (Fig-
ure 3.41) supposing a more indirect effect on the riluzole binding. Trp**® may
stabilizes Arg?®? through a cation-m-interaction. Hence, by exchanging Trp*3®, the
Arg?®? position gets slightly changed, resulting in a weakened riluzole binding.

Asp?? is probably involved in a riluzole binding as already discussed in sec-
tion 3.3. It may, similar to Glu*®, forms a hydrogen bond with the amino hy-
drogen of riluzole (distance: 2.8 A) If exchanged to asparagine the delocalized
charge gets removed leading to a weaker riluzole binding (see section 3.3). An
exchange to glutamate on the other hand moves the charge further inward into
the binding pocket, moving past the riluzole amino hydrogen.

Arg?? might as well play an important role, as described in subsection 3.2.3
and section 3.4. Due to a positive charge delocalized between the amino groups
of Arg®? it may interact with the 7 electron-system of riluzole’s benzothiazole
moiety to form a cation-r-interaction. The distance between the benzene centroid
and the arginine’s delocalized charge amounts to 5 A, representing a good distance
for an interaction (FERREIRA DE FREITAS & SCHAPIRA, 2017).

Strikingly, the riluzole binding site was published during the thesis. YANG
ET AL. (2022) report that riluzole binds to the VSLD nearly identical to the
binding site propagated in this thesis. They report the interacting amino acids
are Tyr*™ and Phe*!* with a n-n stacking interaction, Arg**? with a cation- inter-
action and Asp**® and Ser*> with a hydrogen bond. Asn*#? forms a hydrophobic
interaction with riluzole whereas Met**?, Leu*®® and Leu?*® may form van der
Waals interactions with riluzole. This overlaps partly with the here presented
data, as Phe'' Asp®® Arg?? and Leu' show the same possible interactions,
but Tyr®™, Ser'®, Asn’3 Met*'? and Leu*® were evaluated differently regarding
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4.1. Two Distinct Binding Pockets of (-)-Englerin A and Riluzole

a possible binding in this thesis.

Tyr*™ and Asn?*® showed a rather non functional phenotype when exchanged
for alanine, respectively and were therefore not further tested as other amino
acids showed more obvious effects (Figure 3.26 and Figure 3.33).

The exchanges of Ser*” and Met*#? for alanine showed no significant reductions
in the current densities, respectively and were therefore not further analyzed
(Figure 3.4 and Figure 3.4).

Leu®® was not considered and not tested in the electrophysiological measure-
ments because of the very rare appearance in the dockings.

Figure 4.4.: Predicted riluzole binding site. This figure shows a represen-
tation of TRPC5 (PDB: 6AEIL, DUAN ET AL. (2019)) with riluzole
(cyan) in the a probable binding position calculated via molecular
docking. Amino acids that possibly contribute to a riluzole bind-
ing which were either confirmed via patch clamp measurements or
were part of the docking result are shown in magenta. Possible inter-
actions are indicated with dotted lines and the measured distance is
given in A. Centroids of aromatic rings are indicated with black dots.
The riluzole pose was part of the docking in cavity I during docking
project IT and represents pose 10 (Figure 4.4 and Figure B.9j).
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4. Discussion

Comparison with Other Inhibitors Binding to the Same Site

In the presented riluzole binding pocket of TRPC5, other ligands like clemizole,
GFB-8438, GFB-8749 and GFB-9289 have already been co-resolved (GFB-8438,
GFB-8749 and GFB-9289 with TRPC4 and clemizole with TRPC5). Nonethe-
less, all of these ligands except for riluzole are channel inhibitors. Therefore,
riluzole is the first channel activator, which is thought to bind at the presented
ligand binding site between TM1, 2, 3, 4 and the TRP helix. The amino acids
participating in the ligand binding seem to be partly conserved, but there are
slight variations between the particular ligand binding sites, even between the
very similar piperazinone/pyridazinone-based GFB compounds.

The only amino acids which are present is all five ligand binding sites are
Arg*? (corresponds to Arg*! in TRPC4) and Asp**® (corresponds to Asp*3® in
TRPC4). Interestingly, the chemical structures of the inhibitors are much larger
than that of riluzole. However, they still bind the same ligand binding pocket.
This suggests a flexibility in the binding pocket. Eventually, water molecules or
ions are additionally involved in the ligand binding. VINAYAGAM ET AL. (2020)
accordingly suggest a possible involvement of the Ca’" ion in ligand binding,
or the stabilization of the ion by a ligand. They further suggest an induced fit
mechanism enabling the ligand binding, were residues flip and rotate towards the
ligand during binding. This could explain why the ligands that differ in size still
bind to the same cavity and why amino acids like I1e*%® have an effect on the
riluzole binding even if they are rotated away from the binding site.

Taken together, the riluole binding site is monomeric and located in the VSLD,
between TM1, TM2, TM3, TM4 and the TRP-helix. Mutations of Ile3®® among
others show the strongest effects, but it is unclear if the amino acid plays a
role in direct ligand binding or if it has an indirect effect. Other amino acids
which show strong effects are His?™, Glu*'® and Asp??. Interestingly, Glu*'® and
Asp* are were also shown to be involved in Ca,'-ion binding (DUAN ET AL.,
2019; VINAYAGAM ET AL., 2018, 2020; SONG ET AL., 2021). The Ca®" binding
site seems to be at least conserved between TRPC4 and TRPC5, but its role
is not discovered yet. Especially the importance of the Ca*" ion for activator
and inhibitor binding in the VSLD is an interesting topic where more research is
needed.
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Figure 4.5.: Comparison of ligands binding to the proposed riluzole bind-
ing site. The riluzole binding site (a) which was identified in this
theses is presented with TRPC5 (PDB: 6AEL, DUAN ET AL. (2019)).
Clemizole (b) was resolved in complex with TRPC5 (PDB: 7D4P,
SONG ET AL. (2021)). GFB-8438 (c¢) (PDB: 7B0S), GFB-8749 (d)
(PDB: 7B05) and GFB-9289 (e) (PDB: 7TB16) were resolved in com-
plex with TRPC4 (VINAYAGAM ET AL., 2020). The ligand is colored
in cyan, whereas amino acids participating in a binding are colored

in magenta.
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4. Discussion

Cation binding site

VINAYAGAM ET AL. (2020) state, that the cation density in their electron map
of TRPC4 represents a Ca®" ion. They found the Ca®’ ion to be present in
the ligand bound state, as well as in the apo-state of the channel. They further
suggest that this ion may be stabilized by the ligand through a bridging water
molecule and vice versa. Other authors similarly found a cation density in TRPC4
and TRPC5 at this location but they were not sure about the exact ion because
the buffer used for the cryo-EM experiments only contained sodium ions (DUAN
ET AL., 2018b, 2019). Nevertheless, SONG ET AL. (2021) assumed a Ca*" ion
density to be present in the membrane bound channel. The Ca*" binding site
seems to be conserved with small deviations among other TRP channels as well,
including TRPM4, TRPM2 and TRPM8 (AUTZEN ET AL., 2018; ZHANG ET AL.,
2018; DIVER ET AL., 2019).

Even though TRPC5 can be activated by extracellular Ca”", which is abolished
by deleting the Ca*" binding site (SONG ET AL., 2021), (-)-englerin A seems to
still activate the channel when deleting this site in TRPC5 (DUAN ET AL., 2019).
Clemizol still inhibits (-)-englerin A evoked currents in these Ca*" non-binding
mutants (SONG ET AL., 2021). Therefore the role of this bound Ca*" remains
still elusive and needs to be investigated. In particular, its involvement in channel
modulation and ligand binding is not fully understood.

Strikingly, YANG ET AL. (2022) suggest a regulatory role of Ca’" for the rilu-
zole binding, as they found synergistic effects of riluzole and Ca®". In contrast,
they show that riluzole is able to activate TRPC5 when the Ca*" binding site
is deleted (so called EED-Mutant) and no extracellular Ca®" is present. How-
ever, in 2uM Ca*" conditions riluzole is not able to evoke any TRPC5 current in
the EED mutant. Therefore, due to the complex role of Ca’" in TRPC channel
modulation experimental design is challenging. Ca’" is involved in many regula-
tory processes and in binding of different PKC-subtypes, CaM and other TRPC
channel regulatory proteins.

4.2. Possible Transduction Mechanisms of the
(-)-Englerin A and Riluzole Acitivation

BAI ET AL. (2020) co-crystallized TRPC6 with a channel activator as well as
with a channel inhibitor thereby revealing some channel movements between both
structures. Although they did not manage to present the channel in an open
state, they observed significant structural changes between the activator and the
inhibitor-bound channel. They could show movements in the lower part of TM5
and in the extracellular part of TM3. VINAYAGAM ET AL. (2020) suggest, the
channel opening is mediated by the TRP-box and radial movements towards or
away from the channel pore. The TRP-box is also directly connected to TM6
which stays in close contact to TM5. BECK ET AL. (2013) already suggested a
very crucial role of the TM4-TM5 linker region in the gating process of TRPC5,
as mutations of Gly®® and Gly®** resulted in permantently open channels.

The results of this thesis likewise suggest a very prominent role of the amino
acids located in TM5 and in the TM4-5 linker region for the transduction and
thereby indirectly influencing the gating process. The amino acids Leu**s, Phe*"7,
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4.2. Possible Transduction Mechanisms of the (-)-Englerin A and Riluzole Acitivation

Asn®? Gly®'! are located in the same area, either in the lower part of TM4, the
lower part of TM5 or in the intracellular loop between these two TM domains.

The Intracellular Loop Between TM4 and TMS5 as a Critical
Transduction Domain

Leu*? might play an indirect role for the riluzole binding, because the residue is

rotated slightly away from the riluzole pocket and it is located around 5.7 A away
from the tri-flourine group of riluzole in the given docking pose. Therefore a direct
involvement of Leu® in riluzole binding in the given pose is unlikely. Due to its
close proximity to other amino acids which might be involved in transduction,
like Asn®?, Leu®® may also play a role for the transduction. However, in the
actual co-crystallized riluzole pose, Leu*®® may forms van der Waals interactions
and therefore also plays a minor role in riluzole binding (YANG ET AL., 2022).

Figure 4.6.: Possible interactions of mutation N500F. In this figure a repre-
sentation of TRPC5 (PDB: 6AEI, DUAN ET AL. (2019)) and possible
interactions of mutation N500F are shown. Amino acid residues are
colored in magenta, whereas centroids are depicted as white spheres
and distances are indicated via dotted lines and measurements are
given in A.

The amino acid Asn®® is located even more down-stream in the intracellu-
lar loop between TM4 and TMb5. The mutation N500A is already described
and published by DUAN ET AL. (2019). They found that Asn®" interacts with
cholesteryl hemisuccinate (CHS) leading to the hypothesis that cholesterol might
be important for channel activation via GPCRs. They showed that N500A is still
responding to (-)-englerin A, but not to a receptor stimulation. This may indicate
a different signal transduction of both activation mechanisms, the (-)-englerin A
and the receptor-mediated activation of TRPC5).
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4. Discussion

CHS is often used as a detergent to stabilize membrane proteins for cryo-EM
thereby mimicking the role of cholesterol in the membrane, especially in the case
of GPCRs (KULIG ET AL., 2014). However, the physical properties of cholesterol
and CHS differ in molecular dynamics simulations and the role as a mimicking
compound is controversially discussed (KULIG ET AL., 2014; AUGUSTYN ET AL.,
2019).

Another possibility is depicted in Figure 4.6. The region around Asn® even-
tually needs to be flexible during the riluzole activation. By exchanging as-
paragine for phenylalanine (N500F), the intracellular loop between TM4 and
5 gets more stabilized by an increased possibility for m-m-interactions between
N500F, His?®2, Phe®?? and Phe*””. Depending on the actual rotation angle of
the NH0OF residues, the distances between aromatic centroids could be viable
(typically: 4.5-7A (FERREIRA DE FREITAS & SCHAPIRA, 2017)).

Another possible interacting residue is His?®2. Histidine is one of the most
versatile interaction partners in protein structures, because the residue properties
depend on the protonation state, i. e. the local pH value. Histidine can be neutral
or positively charged and therefore can serve as a hydrogen bond donor, acceptor
or n-1 as well as m-cation interaction partner (GALLIVAN & DOUGHERTY, 1999;
LIAO ET AL., 2013b). Due to the low distance of 4.4 A from the His"* centroid
to the N500F centroid, an interaction may be possible.

4.2.1. TM5 is Fixed Through a Hinge Region

497

Figure 4.7.: Possible interactions of amino acid Phe In this figure a
representation of TRPC5 (PDB: 6AEI, DUAN ET AL. (2019)) and
possible interactions of amino acid Phe*” are shown. Amino acid
residues are colored in red, whereas centroids are depicted as black
spheres and distances are indicated via dotted lines and measured in
A. Channel structural elements are colored according to Figure 1.1.

Strikingly, mutations of the amino acid Phe*” significantly reduces the (-)-
englerin A evoked current density significantly, while the mutations of the neigh-

136


https://www.rcsb.org/structure/6AEI

4.2. Possible Transduction Mechanisms of the (-)-Englerin A and Riluzole Acitivation

boring residue Asn®® reduce the riluzole evoked current densities. Two scenarios
are imaginable.

Either Phe* is involved in the transduction of the (-)-englerin A mediated
activation, or Phe®7 indirectly stabilizes the (-)-englerin A binding site.

Figure 4.7 illustrates the position of Phe**” which might explain why F497Y
reduces the (-)-englerin A evoked current densities (subsection 3.2.2). Amino
acid Phe®7 which is located in the lower part of TM4, may interact with Phe®?2,
located in TM5 of the other monomer though a n-n interaction. Both benzene
centroids are 6.1 A apart from each other and the closest distance between both
benzene rings is 5.2 A (see Figure 4.7).

The amino acid exchange F497Y seems to already loosen the interaction be-
tween both helices. A study with synthetic peptides and inter-chain interac-
tions in B-hairpins suggests the following contribution to folding free energy:
Trp-Phe > Phe-Phe > Phe-Tyr. Therefore the given Tyr-Phe interation rep-
resents the lowest interaction energy of the three possible -7 interactions (MAK-
WANA & MAHALAKSHMI, 2014). The amino acid exchange F497Y seems to result
in binding energy loss between Phe®®” and Phe®22,

Phe®®? might stabilize the closeby (-)-englerin A binding site. The exchange
F497Y disturbs the interaction with Phe®?? in the previously described manner,
thereby reshaping the (-)-englerin A binding site.

The other possibility might be, that through the Phe**7-Phe’?? interaction the
connection between both helices may act like a hinge, stabilizing this exact part
of the helices and making it rigid. The lower part of TM5 on the other hand is
flexible, allowing a signal transduction through the helix.

Further down of Phe®?? in TM5, Gly®'! and Gly®** are located. Mutations
of Gly°!! are presented in this thesis (see Figure 3.8). The mutation G511A
results in a specific reduction of the riluzole current densities. Whereas G504S
is a mutation that was published by BECK ET AL. (2013). The mutation G504S
results in a permanently open channel which has lost any gating ability suggesting
that Gly®** stands in contact with the gate.

By making the exchange F497Y, this hinge might gets disrupted, resulting in
a loose TMb which is unable to make specific movements or to communicate
with the gate through the (-)-englerin A binding site. Interestingly, the riluzole
mediated channel activation remains unaffected as the exchange F497Y results in
riluzole evoked current densities that are similar to the wildtype current densities
(Figure 3.20). Therefore the top part of TM5 seems to be important for the
(-)-englerin A mediated channel activation and the lower part for the riluzole
mediated channel activation.
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4. Discussion

Figure 4.8.: Alignment of AM-0883 and AM-1473 bound TRPC6. This
figure shows an alignment of the agonist AM-0883 (cyan, PDB: 6UZ8,
BAIET AL. (2020)) and the antagonist AM-1473 (ochre, PDB: 6UZA,
BAIET AL. (2020)) bound TRPC6 structure. Amino acid residues are
colored in violet, whereas centroids are depicted as black spheres and
distances are indicated via dotted lines and measured in A. In orange
and red the protein backbone and residues of Gly%?® and Val®® are
colored, respectively (homologous to Gly®'! and Phe®?? in TRPC5).
The measurements indicates the distance between the residues in the
agonist and antagonist bound structure.

A similar mechanism can be observed in TRPC6 (Figure 4.8). Because of the
movements which were resolved comparing the inhibitor bound channel structure
and the apo-state of the channel (BAI ET AL., 2020), some insights in a possible
activation mechanism can be gained.

Phe®?? is missing in TRPC6 and the homologous amino acid is Val®®® (depicted
in Figure 4.8). Phe®® PheS™ as well as Phe®” are stabilizing the pore helix and
TM5 by interaction with each other, resulting in a similar hinge region as residue
Phe®?? in TRPC5.

The activator and inhibitor bound structures are nearly congruent at Pheb4,
whereas Gly®?® which is homologous to Gly°!! in TRPC5 displays a flexible re-
gion with a 2 A difference between the backbone carbonyl-carbon atoms of the
activator and inhibitor bound structures, respectively. Therefore in TRPC6 the
movement in TM5 takes place downstream of Phe®® and a similar movement
might occur downstream of Phe®?? in TRPC5 as well.
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4.3. Comparison of Transduction Mechanisms

Consequently, TM6 could follow this movement at the crossing of TM5 and 6
thereby opening the gate. Additionally, we have to keep in mind that the given
structure is not the channel in its open state, but it displays a closed state with
a bound activator. Therefore even greater movements between the open and the
closed state of the channel might take place.

4.3. Comparison of Transduction Mechanisms

So far, TRPC channels seem to have 3 conserved ligand binding sites. Two of them
are presented in this thesis (see Figure 4.3 and Figure 4.5) and the third binding
site is a binding site for the inhibitor (2-(benzo|d|[1,3]dioxol-5-ylamino)thiazol-4-
v1)((3S,5R)-3,5-dimethylpiperidin-1-yl)methanone (BTDM) that was identified in
the TRPC6 channel (TANG ET AL., 2018). This binding site is also conserved in
TRPMS, where it was found to be a binding site for the inhibitor resiniferatoxin
(RTX) (D1VER ET AL., 2019). However, a role of the pocket in other TRPC
channels except for TRPC6 has not been discovered yet.

The first two mentioned binding sites can either be occupied by channel in-
hibitors or channel activators. Therefore these two channel regions seem to be
regulatory hotspots. Interestingly, some ligands act as channel activators or chan-
nel inhibitors depending on the channel state, respectively. AM-237 can either
act as an activator for TRPC5, or act as an inhibitor when the channel is pre-
stimulated by (-)-englerin A (MINARD ET AL., 2019). Similarly, A54 is a compet-
itive antagonist of the (-)-englerin A mediated TRPC5 activation, but in contrast
to that A54 potentiates the Gd*" mediated TRPC5 activation.

Due to the structural similarity of AM-237, Pico-145 and HC-070, it can be
speculated that AM-237 binds to a similar site. (-)-Englerin A also seems to bind
to this site, as presented in Figure 4.3. Due to the derivative structure of A54
and (-)-englerin A it is likely that both ligands bind to the same cavity.

Lanthanides might also bind in close proximity to the xanthine/(-)-englerin A
binding site (JUNG ET AL., 2003). Therefore it is likely that ligands binding in
this channel region might interact and interfere with each other.

Additionally, the selectivity filter plays a key role in ligand binding to this
pocket. For potassium channels a model is established and discussed where the
channel activation can not only occur at the lower gate, but also at the selectivity
filter by coupling with the lower gate (HEER ET AL., 2017; KOPEC ET AL.,
2019; SCHEWE ET AL., 2019). In the described model the selectivity filter would
represent a second activation gate distinct from the intracellular lower gate.

HUFFER ET AL. (2020) suggests a key role of the selectivity filter in the gating
process of the ion permeation by comparing selectivity filter constriction points of
different published TRP channel 3D-structures and determining great variations.
This is in line with previous suggestions that the selectivity filter in TRPV1 might
act as a second gate (CAO ET AL., 2013; GAO ET AL., 2016).

Altogether, the role of the selectivity filter in TRP channels is only poorly
understood until now. However, the two gates might both serve as activation
gates that split the possibilities for channel activation into two segments. One
part of the ligands interacts with the upper gate (selectivity filter) and mediates
the channel regulation like the xanthines, (-)-englerin A and DAG, while other
ligands mainly interact with the lower gate like riluzole, clemizole, GFB-8749,
GFB-8438 and GFB-9289.
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4. Discussion

SCHEWE ET AL. (2019) denote the opening of a potassium channel at the
selectivity filter gate as a "pharmacological master key“. The (-)-englerin A ac-
tivation also offers unique features compared to other channel activators like a
non-selective cation inward current. Additionally, a triple mutant where all lower
gate amino acids are exchanged for alanine did result in a loss of potentiation by
Gd*" but in a non affected (-)-englerin A current response (DUAN ET AL., 2019).

This supports the uniqueness of the (-)-englerin A activation and it can be
speculated that (-)-englerin A might act in a similar fashion. This further high-
lights the sensitive channel regulation and shows that the regulation mechanism
of TRPC channels is still poorly understood.

Another possible interaction link for both binding sites to control the lower gate
is TM6 and the TRP-box. TM6 is directly involved in the binding site of (-)-
englerin A. Therefore, (-)-englerin A can gain access to the lower gate by counter-
clockwise rotation and unwinding of TM6 (BA1 ET AL., 2020). Interestingly,
mutations in TM6 have no specific effects on the (-)-englerin A current densities.
A significant reduction of (-)-englerin A induced currents by mutations located
in TM6 always occurs together with a significant reduction of riluzole evoked
currents. This indicates a decrease of the overall channel functionality rather than
an (-)-englerin A specific effect Figure 3.56. An (-)-englerin A specific effect would
be expected if TM6 is the main structural element involved in the transduction
of the (-)-englerin A mediated TRPC5 activation.

Riluzole could gain access to the lower gate through the TRP-box. If the
proposed mechanism of VINAYAGAM ET AL. (2020) is correct, the TRP-box which
is located right beneath the riluzole binding site can slide towards and away from
the ion conducting pathway thereby opening and closing the lower gate.

Taken together, riluzole and (-)-englerin A possess distinct binding sites and
it can be speculated that their transduction mechanisms are also different. The
functional link between both pockets and the gate are either TM5 or TM6 and
the TRP-box.

4.4. QOutlook

The two presented distinct activator binding sites for riluzole and (-)-englerin
A suggest a tight regulation of TRPC)5 channels. Interestingly, activators as
well as inhibitors bind the same binding pockets, indicating that these regions
are key regulatory sites of the channel. It is still obscure if the two binding
pockets interact with each other and how they influence the channel gate. The
two activator binding sites might act together and have a synergistic effect on the
channel current which needs to be analyzed in further studies. Hereby, a detailed
analysis of the IV curves by applying the NSC (HERMANN ET AL., 2022) could
also be very helpful.

Furthermore, it is not clear whether channel inhibitors and activators that bind
at the same or at a different binding site can interfere with each other and have
competitive effects.

In addition, the signal transduction mechanism of the channel inhibitors is
not fully understood since they do not directly block the channel pore as it is
described for some toxins like tetrodotoxin, a potent neurotoxin which blocks
voltage-gated sodium channels.
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4.4. Outlook

Another still unanswered question is the endogenous activation mechanism of
TRPC5 channels. An example to illustrate this topic is the discussion about
DAG in the context of TRPC5. SONG ET AL. (2021) managed to resolve a
DAG molecule that is bound in the pore region of TRPC5, but the role of DAG
in this binding site is still not fully understood. Although it was shown that
DAG can inhibit TRPC5 channels, under certain circumstances that involve the
dissociation of the C-terminal bound scaffolding protein NHERF, DAG was able
to directly activate TRPCH channels (STORCH ET AL., 2017). However, in the
3D-structure of TRPC5 a DAG molecule is bound in an inactive channel state
in the presence as well as in the absence of an inhibitor, suggesting that DAG
alone is not sufficient to cause an open channel state. Thus, the role of DAG for
TRPC5 channel activation needs to be analyzed in future studies.

Taken together, the concepts of strict inhibitors and activators at least for
TRPC5 channels should be rethought as some ligands can act as either inhibitor
or activator depending on the channel state.

Furthermore, the role of Ca®" for the TRPC5 channel regulation is also incom-
pletely understood. Recently, a Ca®" ion was found in the ligand binding site of
riluzole. Interestingly, SONG ET AL. (2021) show that high Ca”" concentrations
are not important for the clemizole binding in TRPCA4.

However, ZIMOVA ET AL. (2022) recently showed for the TRPC5 inhibitor du-
loxetine which binds roughly at the same site as clemizole and riluzole, that Ca®"
may influences the duloxetine induced channel inhibition as Ca®" free conditions
change the duloxetine induced inhibition kinetics. Molecular dynamic simulations
similarly suggest a better duloxetine binding when the Ca®" ion is present in the
binding site (ZIMOVA ET AL., 2022).

Interestingly, duloxetine is an antidepressant drug which raises the assumption
that the TRPC5 channel inhibition might play a role for the antidepressant effect.
The role of Ca?" for the riluzole binding is also still obscure. Notably, the Ca®’
binding messenger protein CaM is also important for the regulation of the TRPC5
activity. Therefore, both mechanisms might interfere with each other.

To address the mechanisms that regulate TRPC5 channel activation very pre-
cisely, planar lipid bilayers are an option (ZAKHARIAN, 2019). In the case of
TRP channels the technique was already used to discover the role of PIP; in
TRPMS8 channels (ZAKHARIAN ET AL., 2009, 2010). The advantage of using
reconstituted channels in artificial membranes is, that an involvement of other
interacting proteins and signal transduction pathways can be excluded.

Another tool to further characterize the pathways leading to TRPC5 channel
activation are single channel patch-clamp experiments. For example, specific lig-
and binding mutants can be used, like the TRPC5 channel mutant Q573A in the
case of (-)-englerin A or the mutants E418A or R492K in the case of riluzole.
Performing single-channel measurements, differences in the single-channel prop-
erties like the mean open time, the single-channel conductance and the current
kinetics can be investigated. This method might also allow to analyze whether
distinct amino acids are involved in ligand binding or rather in signal transduc-
tion. Because the structure of a TRPC channel in its open state is still missing,
a systematic biophysical characterization of the channel properties is still indis-
pensable to unravel the complex regulation of the activation mechanism of TRPC
channels.
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Table A.1.: Mutagenesis primers and their corresponding annealing temperatures. Mutagenesis primers and their corresponding
annealing temperatures. The mutation site is indicated by lower case letters. The codon-usage was optimized for the human
translation machinery.

Mutation Primer name Primer sequence (5-3’) Annealing temperature [°C]

1294A mTRPC5-1294A-Forw  GAAGGTGGCAgccAAATATCACCAGAAAG 62
mTRPC5-1294A-Rev AGCTTGGCCAGGTCATGA

204V mTRPC5 1294V _F  GAAGGTGGCAgtgAAATATCACCAGAAAG 64
mTRPC5_1294V_R AGCTTGGCCAGGTCATGA

W327A mTRPC5-W327A-Forw GAGAAAACACgcgGTAGTCAAGCTTCTGACCTGC 68
mTRPC5-W327A-Rev  CGCCATCCAGGGAAGCCA

C334A mTRPC5-C334A-F GCTTCTGACCgeccATGACCATTG 57
mTRPC5-C334A-R TTGACTACCCAGTGTTTTC

F367A mTRPC5-F367A-fw CTTTATTAAGgccATCTGCCACAC 56
mTRPC5-F367A-rev GGTTTCTTGATGAAAAGC

[368A mTRPC5-I368A-F TATTAAGTTCgecTGCCACACAGC 58
mTRPC5-1368A-R AAGGGTTTCTTGATGAAAAG

1368T mTRPC5 1368T F TATTAAGTTCaccTGCCACACAG 58
mTRPC5 1368T R AAGGGTTTCTTGATGAAAAG

1368V  mTRPCH 1368V _F  TATTAAGTTCgtg TGCCACACAC 58
mTRPC5 1368V _R AAGGGTTTCTTGATGAAAAG

H370A mTRPC5-H370A-Forw  GTTCATCTGCgcaACAGCATCCTATCTG 56
mTRPC5-H370A-Rev. TTAATAAAGGGTTTCTTGATG

H370F mTRPC5_H370F _F GTTCATCTGCttcACAGCATCCTATC 56
mTRPC5 H370F R TTAATAAAGGGTTTCTTGATG

H370K mTRPCH-H370K-fw GTTCATCTGCaagACAGCATCCTATC 60

mTRPC5-H370K-rev TTAATAAAGGGTTTCTTGATGAAAAG
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Mutation Primer name Primer sequence (5-3’) Annealing temperature [°C]

H370N mTRPC5 H370N F  GTTCATCTGCaacACAGCATCCT 63
mTRPC5 H370N R TTAATAAAGGGTTTCTTGATGAAAAGC

H370W  mTRPC5 H370W_F GTTCATCTGCtggACAGCATCCTATC 56
mTRPC5 H370W_ R TTAATAAAGGGTTTCTTGATG

T371A mTRPC5_T371A_F  CATCTGCCACgecGCATCCTATC 60
mTRPC5 T371A R AACTTAATAAAGGGTTTCTTGATG

T3711 mTRPC5-T3711-fw CATCTGCCACatcGCATCCTATCTG 56
mTRPC5-T3711-rev AACTTAATAAAGGGTTTCTTG

T371L m'TRPCH-T371L-fw CATCTGCCACctgGCATCCTATCTG 56
mTRPCH-T371L-rev AACTTAATAAAGGGTTTCTTG

T371Y mTRPC5-T371Y-Forw CATCTGCCACtacGCATCCTATCTGAC 56
mTRPC5-T371Y-Rev.  AACTTAATAAAGGGTTTCTTG

Y374A mTRPC5-Y374A-fw CACAGCATCCgccCTGACCTTCC 58
mTRPC5-Y374A-rev.  TGGCAGATGAACTTAATAAAG

L375A mTRPCH-F375A-F AGCATCCTATgeccACCTTCCTCTTC 59
mTRPC5-F375A-R GTGTGGCAGATGAACTTAATAAAG

F379A mTRPC5-F379A-F GACCTTCCTCgccATGCTTCTCC 60
mTRPC5-F379A-R AGATAGGATGCTGTGTGG

F414A mTRPC5-F414A-Forw  GGTTCTAGGTgccATTTGGGGGG 61
mTRPCH-F414A-Rev.  CAAGGCAGTATCATCCATTC

F414Y mTRPC5 F414Y F  GGTTCTAGGTtacATTTGGGGGG 61
mTRPC5 F414Y R CAAGGCAGTATCATCCATTC




¢Ll

Mutation

Primer name

Primer sequence (5’-3’)

Annealing temperature [°C]

E418A
E418D
E418K
E418N
£418Q
E421A
D424Q
H432A
N436A
N436D

N436L

mTRPC5-E418A-F
mTRPC5-E418A-R
mTRPC5 E418D F
mTRPC5 E418D R
mTRPC5 E418K F
mTRPC5 E418K R
mTRPC5-E418N-fw
mTRPC5-E418N-rev
mTRPC5 E418Q F
mTRPC5 E418Q R
mTRPC5 E421A F
mTRPC5 E421A R
mTRPC5-D424Q-Forw
mTRPC5-D424Q-Rev
mTRPC5-H432A-Forw
mTRPC5-H432A-Rev
mTRPC5-R436A-Forw
mTRPC5-R436A-Rev
mTRPC5 N436D F
mTRPC5 N436D R
mTRPC5 N436L F
mTRPC5 N436L R

CATTTGGGGCeeccATAAAGGAAATG
AAACCTAGAACCCAAGGC
CATTTGGGGGeacATAAAGGAAATG
AAACCTAGAACCCAAGGC
CATTTGGGGCGaagATAAAGGAAATG
AAACCTAGAACCCAAGGC
CATTTGGGGGaacATAAAGGAAATGTGG
AAACCTAGAACCCAAGGC
CATTTGGGGGeagATAAAGGAAATG
AAACCTAGAACCCAAGGC
GGAGATAAAGgecATGTGGGATG
CCCCAAATGAAACCTAGAAC
GGAAATGTGGcaaGGTGGATTCAC
TTTATCTCCCCCCAAATG
GGAATACATCgegGATTGGTGGAACCTGATGG
GTGAATCCACCATCCCAC
TGATTGGTCGGgeccCTGATGGATTTTG
TGGATGTATTCCGTGAATC
TGATTGGTGGgacCTGATGGATT
TGGATGTATTCCGTGAATCC
TGATTGGTGGttgCTGATGGATTTTG
TGGATGTATTCCGTGAATC

60

61

61

61

62

o7

29

60

60

26

o6
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Mutation

Primer name

Primer sequence (5-3’)

Annealing temperature [°C]

D439A
D439E
D439L
D439N
D439Q)
M442A
N443A
N443D
N443L
Y446 A
Y446F

Y446L

mTRPC5-D439A-fw
mTRPC5-D439A-rev
mTRPC5 D439E F
mTRPC5 D439E R
mTRPC5 D439L F
mTRPC5 D439L R
mTRPC5 D439N_F
mTRPC5 D439N R
mTRPC5-D439Q-fw
mTRPC5-D439Q-rev
mTRPC5-N442A-fw
mTRPC5-N442A-rev
mTRPC5-N443A-fw
mTRPC5-N443A-rev
mTRPC5 N443D F
mTRPC5 N443D R
mTRPC5 N443L F
mTRPC5 N443L R
mTRPC5-Y446A-fw
mTRPC5-Y446A-rev
mTRPC5 Y446F F
mTRPC5 Y446F R
mTRPC5 Y446L F
mTRPC5 Y4461, R

GAACCTGATGgecTTTGCAATGAAC
CACCAATCATGGATGTATTC
GAACCTGATGgagTTTGCAATGAAC
CACCAATCATGGATGTATTCC

GAACCTGATGttgI'TTGCAATGAACTCC

CACCAATCATGGATGTATTC
GAACCTGATGaacTTTGCAATGAAC
CACCAATCATGGATGTATTC
GAACCTGATGeagTTTGCAATGAAC
CACCAATCATGGATGTATTC
GGATTTTGCAgeccAACTCCCTCTACC
ATCAGGTTCCACCAATCATG
TTTTGCAATGgecTCCCTCTACCTG
TCCATCAGGTTCCACCAA
TTTTGCAATGgacTCCCTCTACC
TCCATCAGGTTCCACCAAT
TTTTGCAATGttgTCCCTCTACCTGGC
TCCATCAGGTTCCACCAA
GAACTCCCTCgecCTGGCAACTATTTC
ATTGCAAAATCCATCAGG
GAACTCCCTCttcCTGGCAACTA
ATTGCAAAATCCATCAGGTTC
GAACTCCCTCttgCTGGCAACTATTTC
ATTGCAAAATCCATCAGG

o7

62

56

99

99

99

99

64

29

o7

61

o7




VLI

Mutation

Primer name

Primer sequence (5’-3’)

Annealing temperature [°C|

S489A

R492A

R492K

S495A

L496A

L4961

L496T

F497A

F497Y

N500A

N500F

mTRPC5-S489A-fw
mTRPC5-S489A-rev
mTRPC5-R492A-Forw
mTRPC5-R492A-Rev
mTRPC5-F492K-F
mTRPC5-F492K-R
mTRPC5-S495A-Forw
mTRPC5-S495A-Rev
mTRPC5-L496A-fw
mTRPC5-L496A-rev
mTRPC5-L4961-fw
mTRPC5-L4961-rev
mTRPC5-L496T-fw
mTRPC5-L496T-rev
mTRPC5-F497A-F
mTRPC5-F497A-R
mTRPC5-R497Y-Forw
mTRPC5-R497Y-Rev
mTRPC5-N500A-fw
mTRPC5-N500A-rev
mTRPC5-N500F-Forw
mTRPC5-N500F-Rev

CAACATTTTAgecTCCTTGCGTCTCATATC

GATATTGCGAAGAGTGCTTC
AAGTTCCTTGgecCTCATATCCTTGTTC
AAAATGTTGGATATTGCG
AAGTTCCTTGaaaCTCATATCCTTGTTC
AAAATGTTGGATATTGCG
GCGTCTCATAgec TTGTTCACAG
AAGGAACTTAAAATGTTGGATATTGC
TCTCATATCCgec TTCACAGCCAACTCC
CGCAAGGAACTTAAAATG
TCTCATATCCatc TTCACAGCCAAC
CGCAAGGAACTTAAAATG
TCTCATATCCacc TTCACAGCCAACTCC
CGCAAGGAACTTAAAATG
CATATCCTTGgegACAGCCAACTC
AGACGCAAGGAACTTAAAATG
CATATCCTTCtacACAGCCAACTC
AGACGCAAGGAACTTAAAATG
GTTCACAGCCgec TCCCATTTAG
AAGGATATGAGACGCAAG
GTTCACAGCCttcTCCCATTTAG
AAGGATATGAGACGCAAG

57

56

56

63

56

57

o7

57

61

o7

57
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Mutation Primer name Primer sequence (5’-3’) Annealing temperature [°C]

G511A  mTRPC5-G511A-Forw GATCTCTTTGgeaCGAATGCTGC 64
mTRPC5-G511A-Rev  TGCAGAGGCCCTAAATGG

R512A  mTRPC5-L512A-Forw CTCTTTGGGAget ATGCTGCTTGATATACTC 60
mTRPC5-L512A-Rev ~ ATCTGCAGAGGCCCTAAA

R512K  mTRPC5 R512K_F  CTCTTTGGGAaagATGCTGCTTGATATACTC 61
mTRPC5 R512K_R  ATCTGCAGAGGCCCTAAA

L514A  mTRPC5-L514A-Forw GGGACGAATGgegCTTGATATACTC 59
mTRPC5-L514A-Rev  AAAGAGATCTGCAGAGGC

L521A  mTRPC5-L521Afw  ACTCAAATTTgee TTTATCTACTGCC 57
mTRPC5-L521Arev  ATATCAAGCAGCATTCGTC

L5211 mTRPC5-L5211-fw ACTCAAATTTate TTTATCTACTGC 58
mTRPC5-L521Ttev  ATATCAAGCAGCATTCGTC

L521T  mTRPC5-L521T-fw ~ ACTCAAATTTaccTTTATCTACTGCC 57
mTRPC5-L521T-rev ATATCAAGCAGCATTCGTC

Y524A  mTRPC5-Y524A-fw  TCTCTTTATCgecTGCCTAGTACTAC 56
mTRPC5-Y524Arev  AATTTGAGTATATCAAGCAGC

Y524E  mTRPC5 Y524E F  TCTCTTTATCgagTGCCTAGTAC 56
mTRPC5 Y524E R AATTTGAGTATATCAAGCAGC

Y524F  mTRPC5 Y524F F  TCTCTTTATCttcTGCCTAGTAC 58
mTRPC5_Y524F R AATTTGAGTATATCAAGCAGC

Y524 mTRPC5_Y524L F  TCTCTTTATCttgTGCCTAGTACTACTG 57

mTRPC5 Y524 R AATTTGAGTATATCAAGCAGC

GLT
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Mutation

Primer name

Primer sequence (5’-3")

Annealing temperature [°C]

C525A
L528A
R557A
F569A
F569Y
L572A
Q573A
Q573D
Q573E
Q573N
Q573R

Q573W

mTRPC5-C525A-fw
mTRPC5-C525A-rev
mTRPC5-L528A-fw
mTRPC5-L528A-rev
mTRPC5-R557A-F
mTRPC5-R557A-R
mTRPC5-F569A-fw
mTRPC5-F569A-rev
mTRPC5-F569Y-fw
mTRPC5-F569Y-rev
mTRPC5-L572A-fw
mTRPC5-L572A-rev
mTRPC5-Q573A-fw
mTRPC5-Q573A-rev
mTRPC5-Q573D-fw
mTRPC5-Q573D-rev
mTRPC5-Q573E-fw
mTRPC5-Q573E-rev
mTRPC5-Q573N-fw
mTRPC5-Q573N-rev
mTRPC5-Q573R-fw
mTRPC5-Q573R-rev
mTRPC5 Q573W _F
mTRPC5_ Q573W_R

CTTTATCTACgeccCTAGTACTACTGGC
AGAAATTTGAGTATATCAAGC
CTGCCTAGTAgecCTGGCTTTTGCC
TAGATAAAGAGAAATTTGAGTATATC
CAAGGGGATCgeg TGTGAAAAACAGAAC
CAGTTGTTAGGTTCATCAATAG
CTCCACGCTCgecGAAACCCTTC
AAGGCGTTGTTCTGTTTTTC
CTCCACGCTCtacGAAACCCTTC
AAGGCGTTGTTCTGTTTTTC
CTTTGAAACCgecCAGTCGCTCTTCTGGTCTG
AGCGTGGAGAAGGCGTTG
TGAAACCCTTgecTCGCTCTTCTGGTCTGTCTTTG
AAGAGCGTGGAGAAGGCG
TGAAACCCTTgacTCGCTCTTCTGGTCTG
AAGAGCGTGGAGAAGGCG
TGAAACCCTTgagTCGCTCTTCTG
AAGAGCGTGGAGAAGGCG
TGAAACCCTTaacTCGCTCTTCTGGTCTG
AAGAGCGTGGAGAAGGCG
TGAAACCCTTagaTCGCTCTTCTGGTCTGTC
AAGAGCGTGGAGAAGGCG
TGAAACCCTTtgg TCGCTCTTCTGG
AAGAGCGTGGAGAAGGCG

o6

o7

o7

57

61

66

65

65

66

64

63

64
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Mutation Primer name Primer sequence (5-3’) Annealing temperature [°C]

F576A mTRPC5-F576A-F TCAGTCGCTCgegTGGTCTGTCTTTGG 60
mTRPC5-F576A-R AGGGTTTCAAAGAGCGTG

F576Y mTRPC5-F576Y-fw  TCAGTCGCTCtacTGGTCTGTCT 63
mTRPCH-F576Y-rev.  AGGGTTTCAAAGAGCGTG

WHTTA mTRPCH-W577A-fw  GTCGCTCTTCgecTCTGTCTTTGGCC o7
mTRPCH-W577A-rev. TGAAGGGTTTCAAAGAGC

Ws7TH mTRPC5-W577H-fw ~ GTCGCTCTTCcacTCTGTCTTTGGCC o7
mTRPC5-W577H-rev TGAAGGGTTTCAAAGAGC

V579A mTRPCH-V579A-fw  CTTCTGGTCTgecTTTGGCCTCC 66
mTRPC5-V579A-rev.  AGCGACTGAAGGGTTTCAAAG

E595Q mTRPC5-E595Q-F GGCCCGACATcagTTCACTGAGT 64
mTRPC5-E595Q-R TTCACATTGGTAACATAGAGATTTAGG

F596A mTRPC5-F596A-F CCGACATGAGgcgACTGAGTTTGTG 59
mTRPC5-F596A-R GCCTTCACATTGGTAACATAG

F599A mTRPC5-F599A-F GTTCACTGAGgegGTGGGAGCTACGATG 64
mTRPC5-F599A-R TCATGTCGGGCCTTCACA

T603A mTRPC5-T603A-fw  TGTGGGAGCTgecATGTTTGGGAC 62
mTRPC5-T603A-rev.  AACTCAGTGAACTCATGTCG

G606A mTRPC5-G606A-fw  TACGATGTTTgccACATACAACGTCATC 61
mTRPC5-G606A-rev.  GCTCCCACAAACTCAGTG

T607TA mTRPCH-T607A-fw  GATGTTTGGGgeccTACAACGTCATC 61
mTRPC5-T607A-rev.  GTAGCTCCCACAAACTCAG
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Mutation

Primer name

Primer sequence (5’-3’)

Annealing temperature [°C|

V610A
L613A
V614A
L617A
E638A
E638D
E638Q)
A642S
L646A
Y650A

N662A

mTRPC5-V610A-fw
mTRPC5-V610A-rev
mTRPC5-L613A-fw
mTRPC5-L613A-rev
mTRPC5-V614A-fw
mTRPC5-V614A-rev
mTRPC5-L617A-fw
mTRPC5-L617A-rev
mTRPC5-E638A-Forw
mTRPC5-E638A-Rev
mTRPC5 E638D F
mTRPC5 E638D R
mTRPC5 E638Q F
mTRPC5 E638Q R
mTRPC5-L642S-Forw
mTRPC5-L642S-Rev
mTRPC5-L646A-Forw
mTRPC5-L646A-Rev
mTRPC5-Y650A-Forw
mTRPC5-Y650A-Rev
mTRPC5-N662A-Forw
mTRPC5-N662A-Rev

GACATACAACgecATCTCCCTGG
CCAAACATCGTAGCTCCC
CGTCATCTCCgecGTAGTGCTGC
TTGTATGTCCCAAACATC
CATCTCCCTGgecGTGCTGCTGA
ACGTTGTATGTCCCAAAC
GGTAGTGCTGgecAATATGCTCATC
AGGGAGATGACGTTGTATG
TGCTGATATTecg TGGAAGTTTGC
TGATCGGCAATGAGCTGG
TGCTGATATTgacTGGAAGTTTGCG
TGATCGGCAATGAGCTGG
TGCTGATAT TeagTGGAAGTTTGC
TGATCGGCAATGAGCTGG
GTGGAAGTTTtegAGAACAAAGC
TCAATATCAGCATGATCG
GAGAACAAAGgecTGGATGAGTTAC
GCAAACTTCCACTCAATATC
CTGGATGAGTgccTTTGATGAAGG
AGCTTTGTTCTCGCAAAC

ACCTCCTTTCgecATTATTCCCAGCCC

GGTAAGGTGCCACCTTCA

64

57

61

57

63

61

62

57

57

57

63
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Figure B.1.: Docking results and interacting amino acids of TRPC4 docked with englerin B in cavity I. This figure shows the

docking results and interacting amino acids (Ligand position 1 (a) to position 10 (j)) of TRPC4 (PDB: 5Z96) docked with
englerin B in cavity I. Dashed green lines indicate hydrogen bonds (with their distance given in A), dashed red lines indicate
polar and non-polar interactions. Filled black circles represent carbon atoms, blue circles represent nitrogen atoms, red circles
indicate oxygen atoms, yellow stands for sulphur atoms and green for fluorine. Letters in brackets behind interacting amino
acids indicate the protein chain.
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Figure B.2.: Docking results and interacting amino acids of TRPC4 docked with A54 in cavity I. This figure shows the docking
results and interacting amino acids (Ligand position 1 (a) to position 10 (j)) of TRPC4 (PDB: 5796) docked with A54 in cavity
I. Dashed green lines indicate hydrogen bonds (with their distance given in A), dashed red lines indicate polar and non-polar
interactions. Filled black circles represent carbon atoms, blue circles represent nitrogen atoms, red circles indicate oxygen atoms,
yellow stands for sulphur atoms and green for fluorine. Letters in brackets behind interacting amino acids indicate the protein
chain.
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Figure B.3.: Docking results and interacting amino acids of TRPC5 docked with (-)-englerin A in cavity I. This figure shows
the docking results and interacting amino acids (Ligand position 1 (a) to position 10 (j)) of TRPC4 (PDB: 5Z96) docked with
(-)-englerin A in cavity I. Dashed green lines indicate hydrogen bonds (with their distance given in A), dashed red lines indicate
polar and non-polar interactions. Filled black circles represent carbon atoms, blue circles represent nitrogen atoms, red circles
indicate oxygen atoms, yellow stands for sulphur atoms and green for fluorine. Letters in brackets behind interacting amino

acids indicate the protein chain.
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Figure B.4.: Docking results and interacting amino acids of TRPC5 docked with (-)-englerin A in cavity ITa. This figure shows
the docking results and interacting amino acids (Ligand position 1 (a) to position 10 (j)) of TRPC5 (PDB: 6AEI) docked with
(-)-englerin A in cavity ITa (lower part). Dashed green lines indicate hydrogen bonds (with their distance given in A), dashed
red lines indicate polar and non-polar interactions. Filled black circles represent carbon atoms, blue circles represent nitrogen
atoms, red circles indicate oxygen atoms, yellow stands for sulphur atoms and green for fluorine. Letters in brackets behind
interacting amino acids indicate the protein chain.
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C. Western Blots
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Figure C.1.: Raw pictures of the surface expression of (-)-englerin A non-
binding mutant TRPC5 channels. This figure shows raw pic-
tures of four (technical replicates) western blots detecting TRPC5H
(A-D) and NaK-ATPase surface expression (E-H) in biotinylated
samples of HEK293T cells expressing indicated mutant channels that
are possibly involved in (-)-englerin A binding. (A-D) and (E-H)
show the same blots after stripping and reprobing, respectively. The

| 4y

used antibodies and dilutions can looked up in Table 2.14.
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Figure C.2.: Raw pictures of the surface expression of riluzole non-
binding mutant TRPC5 channels. This figure shows raw pic-
tures of three (technical replicates) western blots detecting TRPC5
(A-F) and NaK-ATPase surface expression (G-L) in biotinylated
samples of HEK293T cells expressing indicated mutant channels that
possibly are invovled in riluzole binding. (A-F) and (E-L) show the
same blots after stripping and reprobing, respectively. Because one
gel could hold a maximum of ten samples, two blots were used to
detect all mutants. The used antibodies and dilutions can looked up
in Table 2.14.
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D. (-)-Englerin A/Riluzole Ratios
of All Mutants
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D. (-)-Englerin A/Riluzole Ratios of All Mutants

Table D.1.: Ratios between mean maximal (-)-englerin A and mean max-
imal riluzole evoked current densities of the measured mu-
tants. The ratios are visualized in Figure 4.1.

Mutation Ratio

WT 5.00
1294A 1.83
W327A 5.69
C334A 4.22
F367A 2.37
I368A 111.80
1368T 60.57
1368V 15.62
H370A 32.95
H370W 23.63
H370L 4.10
H370N 2.07
T371Y —4.52
T371A 4.13
Y374A 12.97
F414A 22.64
E418A 80.74
E418D 20.36
D424Q 4.25
H432A 3.51
W434H 12.58
W435A 143.61
N436A 26.90
N436L 23.79
D439A 36.91
D439L 7.28
D439N 10.82
D439E 122.87
M442A 6.61
N443A 13.37
Y446A 8.46
Y446L 7.34
Y446F 4.83
S489A 4.75
R492A 1.08
R492K  —175.00
S495A 3.68
L496A 15.07
F497Y 2.29
N500F 44.25
R512A 21.33
L514A 5.57
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Mutation Ratio

WT 5.00
L521A 2.23
Y524A 2.83
Y524E 2.33
Y524L 27.55
Y524F 3.48
C525A 5.71
L528A 5.75
R557A 3.31
F569Y 6.20
F569A 2.53
L572A 2.19
Q573N 1.94
Q5H73A 0.47
QO73E 2.20
F576A 0.72

W577TH 10.67
WHTTA 2.78

V579A 1.73
E595A 7.69
E598A 3.74
E598Q) 5.76
F599A 5.50
T603A 4.09
G606A 23.32
T607A 4.46
V610A 2.03
L613A 1.67
L617A 2.37
E638A 2.35
E638D —3.76
A642S 15.78
L646A 6.53
Y650A 1.73
N662A 6.51
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