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Abstract

Abstract

Serotonin 2A (5-HT2a) receptors are involved in the treatment and development of a variety of
diseases. It was proven in various pre-clinical and clinical settings that influencing their activity
is important in the treatment of depressive disorders. St. John's wort extracts have been used
to treat depressive disorders for decades, but their influence on the 5-HT2a receptor is still not
fully understood. To get a deeper understanding of the influences St. John's wort extracts
exhibit on 5-HT2a receptors, a fluorescently labeled 5-HT2a receptor agonist was synthesized
in the first part of this work. Using fluorescence correlation spectroscopy (FCS) measurements,
the ligand was characterized for its binding affinity and selectivity to 5-HT.a receptors.
Additionally, two distinct diffusive states of slow and fast diffusing receptor-ligand complexes
were determined. The lateral mobility of 5-HT2a receptor-ligand complexes was further
investigated in single-particle tracking (SPT) experiments. Furthermore, the agonistic activity
of the constructed ligand was determined using the calcium-dependent, fluorescent reporter
protein B-GECO1 stably transfected into HEK293 cells together with the 5-HT»a receptor.

In the second part of this work, the newly constructed fluorescent ligand was used to
investigate the influence of the St. John's wort extract STW3-VI® on the 5-HT.a receptor.
Receptor binding studies using FCS on SH-SY5Y cells showed a dose-dependent increase in
5-HT.a receptor binding after preincubation with STW3-VI®, whereas two of its active
ingredients hyperforin and hyperoside showed no significant effects. Interestingly, the
receptor-ligand complexes were redistributed in a dose-dependent manner to their faster
diffusing state for STW3-VI®, hyperforin and hyperoside. However, this effect was most
pronounced for STW3-VI®. The receptor-ligand complexes with increased lateral mobility are
presumably less able to induce their downstream signaling, due to reduced interactions with
their respective G protein. The postulated inhibition of 5-HT.a receptor signaling after
preincubation with STW3-VI® was further investigated by measuring receptor density,
internalization after stimulation and signaling activity. Therefore, two luminescence-based
HEK293 reporter cell lines were created and stably transfected with the 5-HT.a receptor.
Receptor density and internalization were investigated using the Nano-Glo® HiBiT Extracellular
Detection System. Again, STW3-VI® dose-dependently inhibited 5-HT2a receptor activity by
reducing the receptor density and internalization after stimulation with the agonist (+)-TCB-2.
Hyperforin and hyperoside displayed neither significant effects on receptor density nor
internalization after agonistic stimulation. Lastly, the signaling activity after preincubation with
STW3-VI®, hyperforin and hyperoside was investigated with the luminescent, calcium-
dependent reporter protein aequorin. Intracellular calcium levels after agonistic stimulation with

the 5-HT.a receptor agonist (+)-TCB-2 were significantly reduced after preincubation with
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STW3-VI®. This effect again could not be explained by either hyperforin or hyperoside, since

both displayed no significant influences on 5-HT2a receptor induced calcium signaling.

These findings indicate a correlation between receptor activity and mobility for 5-HTza
receptors. STW3-VI® clearly demonstrated its inhibitory effect on 5-HT2a receptors in the
cellular models used within this work. By using different fluorescence- und luminescence-
based approaches, deeper insights into the interactions of St. John's wort extract STW3-VI®
and 5-HT.a receptors were made possible. This contributes to the better understanding of
5-HT2a receptors themselves, their involvement in the treatment of depressive disorders and

the therapeutic effects observed after the administration of St. John's wort extracts.

Zusammenfassung

Serotonin 2A (5-HT2a) Rezeptoren spielen bei der Entwicklung und Behandlung einer Vielzahl
von Krankheiten eine wichtige Rolle. In unterschiedlichen praklinischen und klinischen
Untersuchungen zu depressiven Erkrankungen wurde nachgewiesen, dass eine
Beeinflussung der 5-HT,a Aktivitdt zum Behandlungserfolg beitragt. Zur Behandlung von
depressiven Erkrankungen werden schon seit Jahrzehnten Johanniskrautextrakte eingesetzt,
jedoch ist ihr Einfluss auf den 5-HT2a Rezeptor noch nicht vollstandig aufgeklart. Um den
Einfluss von Johanniskrautextrakten auf den 5-HT.a Rezeptor zu untersuchen, wurde im
ersten Teil dieser Arbeit ein fluoreszenzmarkierter 5-HT,a Rezeptor Agonist synthetisiert.
Mittels Fluoreszenz-Korrelations-Spektroskopie (FCS) Messungen wurde dieser Ligand
hinsichtlich seiner Bindungsaffinitdt und Selektivitdt an 5-HT.a Rezeptoren untersucht.
Zusatzlich konnten zwei Diffusionszustande von Rezeptor-Ligand-Komplexen mit langsamer
und schneller Bewegungsgeschwindigkeit beobachtet werden. Die laterale Mobilitdt von
5-HT,a Rezeptor-Ligand-Komplexen wurde in Single-Particle-Tracking (SPT) Experimenten
weiterflhrend untersucht. AuBerdem wurde die agonistische Aktivitat des synthetisierten
Liganden unter Zuhilfenahme des Calcium-abhangigen, fluoreszierenden Reporterproteins
B-GECO1 bestimmt, welches stabil in HEK293-Zellen zusammen dem 5-HT.a Rezeptor

transfiziert wurde.

Im zweiten Teil dieser Arbeit wurde dieser fluoreszenzmarkierte Ligand genutzt, um den
Einfluss des Johanniskrautextraktes STW3-VI® auf den 5-HT.a Rezeptor zu untersuchen.
Rezeptorbindungsstudien an SH-SYS5Y-Zellen mittels FCS zeigten einen dosisabhangigen
Anstieg der 5-HTa Rezeptorbindung nach Vorinkubation mit STW3-VI®, wohingegen die
beiden Reinsubstanzen Hyperforin und Hyperosid keinen signifikanten Einfluss zeigten. Die
Umverteilung von Rezeptor-Ligand-Komplexen in ihren schnelleren Diffusionszustand nach

Vorinkubation mit STW3-VI®, Hyperforin und Hyperosid erfolgte erstaunlicherweise
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dosisabhangig fiir alle Vorinkubationten. Am starksten war dieser Effekt jedoch fiir STW3-VI®
ausgepragt. Die Rezeptor-Ligand-Komplexe mit erhdhter Bewegungsgeschwindigkeit sind
vermutlich aufgrund der dadurch reduzierten Interaktionsmoglichkeiten mit ihrem jeweiligen
G Protein seltener in der Lage ihre Signaltransduktion zu initiieren. Die aufgestellte These zur
Hemmung der 5-HT.a Rezeptor Aktivitdt nach Vorinkubation mit STW3-VI® wurde durch
Messungen der Rezeptordichte, der Rezeptorinternalisierung nach Stimulation mit
(£)-TCB-2 und der Signaltransduktion weiter untersucht. Dazu wurden zwei HEK293-
Reporterzelllinien mit stabil transfiziertem 5-HT,n Rezeptor fir Lumineszenzmessungen
erzeugt. Die Rezeptordichte und Rezeptorinternalisierung wurden mittels des Nano-Glo®
HiBiT Extracellular Detection Systems untersucht. Auch in diesen Experimenten hemmte
STW3-VI® dosisabhangig die Aktivitat des 5-HT2a Rezeptors, indem es die Rezeptordichte und
auch die Rezeptorinternalisierung nach Stimulation mit dem Agonisten (x)-TCB-2 reduzierte.
Hyperforin und Hyperosid zeigten weder auf die Rezeptordichte noch auf die
Rezeptorinternalisierung nach agonistischer Stimulation einen signifikanten Einfluss.
Abschlieend wurde die Signaltransduktion nach Vorinkubation mit STW3-VI®, Hyperforin und
Hyperosid mittels Aequorin, einem lumineszenten, calciumabhangigen Reporterprotein,
untersucht. Die intrazellularen Calciumspiegel nach agonistischer Stimulation mit dem 5-HT2a
Rezeptor Agonisten (+)-TCB-2 waren nach Vorinkubation mit STW3-VI® signifikant erniedrigt.
Dieser Effekt konnte wiederum weder durch Hyperforin noch durch Hyperosid erklart werden.
Beide Substanzen zeigten keinen signifikanten Einfluss auf die Signaltransduktion des 5-HT2a

Rezeptors.

Die hier prasentierten Ergebnisse deuten auf einen Zusammenhang zwischen
Rezeptoraktivitat und Rezeptormobilitat fiir 5-HT.a Rezeptoren hin. STW3-VI® zeigte eindeutig
eine hemmende Wirkung auf den 5-HT,an Rezeptor in den in dieser Arbeit verwendeten
Zellmodellen. Durch die Verwendung verschiedener Systeme auf Fluoreszenz- und
Lumineszenz-Basis konnten  weitergehende  Erkenntnisse  zur Interaktion des
Johanniskrautextraktes STW3-VI® mit physiologischen Zielstrukturen gewonnen werden,
welche im Rahmen von depressiven Erkrankungen eine wichtige Rolle spielen.
Zusammengenommen tragen all diese Ergebnisse zum besseren Verstandnis der 5-HT2a
Rezeptoren selbst, ihrer Beteiligung an der Behandlung depressiver Erkrankungen und der

nach Einnahme von Johanniskrautextrakten beobachteten therapeutischen Effekte bei.
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Introduction

1. Introduction
1.1 Depressive disorders — impact and treatment approaches

People suffering from depressive disorders display a variety of different symptoms. Some
examples are depressed mood, insomnia/hypersomnia, feelings of worthlessness and even
recurring thoughts of death as well as suicidal thoughts and many more’. Depressive disorders
are very complex and frequent diseases. They belong to the leading causes of disabilities in
modern society recorded for the years 1990, 2007 and 2017. Roughly 260 million people
worldwide suffer from depressive disorders, with females being affected more often than
males?3. Although being one of the most frequent causes of disabilities, the therapy of mental
disorders (including depressive disorders) is highly affected by the development stage of the
country patients live in. Overall, the share of patients receiving mental health services and
follow-up treatment was highly affected by the countries’ health care budget*. Depressive
disorders are not only a burden for the affected patients but also the economy due to their high
direct and indirect costs®. Because of the strong impact on patients’ personal life and the whole

society, it is evident that depressive disorders should not be left untreated.

The treatment of depressive disorders is commonly carried out with psychotherapy,
pharmaceutical antidepressants and electroconvulsive therapy (ECT) or a combination of
those depending on the severity of symptoms®. Selective serotonin reuptake inhibitors (SSRI),
e.g. escitalopram, citalopram or sertraline, and serotonin-norepinephrine reuptake inhibitors
(SNRI), such as duloxetine, replaced tricyclic antidepressants (TCA), for instance amitryptiline
or desipramine, as first in line therapeutic options mainly because of their improved adverse
drug effect (ADE) profile rather than their better efficacy’’. Extracts of Hypericum perforatum
L. (St. John's wort) are used to treat depressive patients and their beneficial effects are
documented in many randomized controlled trials, although not all trials showed superiority
compared to placebo intervention. Overall, studies from German-speaking countries showed
more favorable effects compared to other countries, which may be caused by the high
acceptance of herbal medicinal products in those countries®®. In general, they were found to
be superior to placebo and similar in efficacy compared with standard antidepressants, e.g.
the widely-used SSRI escitalopram, citalopram or sertraline, while having a highly favorable
ADE profile®. Due to this reliable research data and the long-lasting experience with St. John's
wort extracts, they are included as the only phytopharmaceutical in the S3-Leitlinie/Nationale
Versorgungs Leitlinie “Unipolare Depression”. A variation in the contents of the active
ingredients in extracts from different manufacturers and products is to be concerned.
Consequently, only products with a proven efficacy in clinical trials are recommended for

prescription in mild to moderate depressive disorders®. Another safety concern is their
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pharmacokinetic interaction with other drugs by inducing cytochrome P450 enzyme activity.
In a recent phase |, open-label, nonrandomized, single-sequence study no pharmacokinetic
interactions between a St. John's wort extract low on hyperforin and a variety of cytochrome
P450 enzymes or P-glycoprotein were observed''. As already observed, the active ingredient
hyperforin seems to be responsible for the interaction with cytochrome P450 enzymes. A St.
John's wort extract low on hyperforin may be favorable in terms of pharmacokinetic safety.
Overall, a deeper understanding of the mode of action of St. John's wort extracts is crucial for

a safer and broader use in daily practice.

1.2 Molecular mechanisms of depression

In order to come to a better understanding of the mode of action of antidepressants, the
underlying mechanisms leading to depressive disorders have to be outlined first. Until today,
there is no satisfactory explanation or model explaining all facets of depressive disorders.
However, there are several mechanisms commonly associated with the development of

depressive disorders'?.

One of the first theories was the monoamine hypothesis. It was observed that reduced levels
of the monoamines serotonin (5-HT), norepinephrine, and dopamine could trigger depressive
disorders and elevating monoamine levels through therapy showed antidepressant effects.
Since this discovery, many substance classes (e.g. TCA, SSRI, SNRI) were developed and
are widely used in clinical practice to this day'2. Unfortunately, this theory does not explain the
delayed onset of classic antidepressants of up to four weeks compared to hallucinogens such
as LSD or psilocybin, where no such onset was observed in recent pilot trials'®. The variability
of responses to the same antidepressant for different patients or even the different depressive
episodes for the same patient are also not explained by the monoamine hypothesis'*. Hence,

many factors seem to influence the development and progression of depressive disorders.

One of those factors is the influence on the hypothalamic-pituitary-adrenal (HPA) axis. Chronic
stress leads to a more active HPA axis resulting in increased plasma cortisol levels'®. The
activity of the HPA axis is controlled by a negative feedback mechanism. Corticotropin-
releasing hormone is the main activator of the HPA axis and its release is in turn regulated by
cortisol. This negative feedback mechanism is strongly affected by the immunophilin FK506
binding protein 51 (FKBP51). Increased levels of FKBP51, caused by genetic polymorphism,
lead to a higher risk for anxiety related and depressive disorders by inhibiting the negative
feedback mechanism'®. Prolonged hyperactivity of the HPA axis is also linked to an activation
of macrophages and microglia leading to chronic inflammation, another factor believed to be

of interest in the development of depression. Chronic inflammation is the subject of

2
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antidepressant research with increasing interest, even leading to the examination of non-
steroidal anti-inflammatory drugs in the treatment of depression'>'. One important factor in
the development and progression of inflammation are reactive oxygen species (ROS). They
are mainly produced by cells belonging to the adaptive immune system, leading to dysfunction
of endothelia and signaling proteins'®. St. John's wort extracts displayed high antioxidant
activity, which could also benefit their antidepressant action by inhibiting chronic inflammation
through inactivation of ROS'®. Changes in neuroplasticity through hyperactivity of the HPA axis
or inflammation are also directly linked to the development of depressive disorders.
Neuroplasticity is a recently discovered process during which neurons are able to adapt to
changes in their environment or can even be generated anew from pluripotent stem cells by
neurogenesis'??°, Structural changes of the brain through functional plasticity where functions
of the brain are transferred from damaged regions to still intact regions, or through structural
plasticity where synapses, neurons, axons etc. are broken down or build again, as well as
influence of genetic predisposition, stressful life events and environmental changes and the
interaction of genetics and environment, the so-called epigenetics, are further aspects

associated with depressive disorders'?2"22,

Despite the discoveries in recent years in terms of neuroplasticity, genetics and the other fields
of research mentioned above, the clinical practice of antidepressant treatment is dominated by
substances influencing monoamines, in most cases serotonin, its transporters and

receptors®23,

1.3 The monoamine hypothesis — a tale of many targets

The first antidepressants imipramine and iproniazide were discovered back in the 1950s.
Imipramine inhibits the reuptake of serotonin and norepinephrine from the synaptic cleft and
iproniazide irreversibly inhibits monoamine oxidases (MAO). This discovery caused
researches to conclude that a dysregulation of monoamine signaling was one of the main
causes for developing depressive disorders. From this time onward, many pharmaceutical
agents have been discovered and used in clinical practice?*. During the 1980s substances
were identified which selectively inhibited serotonin reuptake by blocking the serotonin
transporter (SERT), the so-called SSRI. Fluoxetine was the first clinically approved SSRI and
was followed by many others, even leading to SNRI, a completely new substance class
discovered in the 1990s. SNRI block the norepinephrine transporter (NET) in addition to
blocking SERT. SSRI and SNRI are still the first in line option for treating depressive disorders
because of their proven efficacy and favorable ADE profile compared to TCA or MAO

inhibitors”?%26, Their targets SERT and NET have been studied extensively, and it was also
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proven that St. John's wort extracts inhibit serotonin reuptake, mainly through one of its

ingredients: hyperforin?"28,

Apart from blocking serotonin and/or norepinephrine reuptake, also other targets are
influenced by SSRI and SNRI. For example, the SSRI sertraline strongly inhibits dopamine
reuptake, fluoxetine is a highly active antagonist for serotonin 2C receptors (5-HT2c) and
sertraline shows rather high affinities for muscarinic acetylcholine receptor M1 (M4) and a1
adrenergic receptor (a4). Citalopram and its more potent pure enantiomer escitalopram only
show weak affinities for targets beside SERT, with a least a thousand-fold selectivity for SERT
over other targets?®3°. Strictly speaking, SSRI and SNRI are not selective, with escitalopram
and citalopram being an exception. But they mostly affect only a small number of targets
besides SERT and/or NET?%*", In contrast to SSRI and SNRI, TCA have been known for many
years to exert their antidepressant effect by mainly antagonizing different receptors in addition
to blocking serotonin reuptake. The main receptors targeted by TCA are the histamine
H1 receptor (H1), M4, a1 and also the serotonin 1A and 2A receptors (5-HT1a and 5-HT2a)%.
This broad range of influences can be problematic. It leads to an inferior ADE profile of TCA
compared to SSRI, but also help to understand which receptors and neurotransmitter systems
are affected by antidepressants and are likely of importance in the treatment of depressive
disorders. Additionally, inhibiting MAO and thereby reducing the degradation of monoamines
also proved effective in the treatment of depression. MAO inhibitors with iproniazide were the
first type of antidepressant drugs discovered. On the one hand, selective inhibition of the
isoform MAO-A by e.g. moclobemid leads to elevated serotonin and norepinephrine levels as
MAO-A preferably metabolizes serotonin and norepinephrine. Therefore, selective and non-
selective MAO-A inhibitors are used in the treatment of depressive disorders. On the other
hand, an inhibition of MAO-B by e.g. selegilin in combination with L-3,4-dihydroxyphenyl-
alanine (L-DOPA) is often used in the therapy of Parkinson's disease®:. Due to their high
potential of ADE, mainly by interacting with SSRI and SNRI causing serotonin syndrome, and
the necessary restrictions in diet and other medications, their usage in the treatment of
depressive disorders has to be monitored closely. Overall, if supervised by experienced
personnel, they are a promising option for a combination therapy in treatment resistant

depression®*.
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1.4 Serotonin receptors 1A and 2A

The family of serotonin receptors consists of 14 receptors, 13 of which belong to class A
G protein-coupled receptors (GPCR) and one ligand-gated ion channel (5-HT; receptor)®. The
diversity of GPCR as the largest class of membrane-associated receptors and their
involvement in many physiological processes makes them one of the most important targets

in drug discovery?*.

For example, in recent years the 5-HT1a and 5-HT2a receptors have been studied extensively
for their involvement in the development and treatment of depressive disorders and other
diseases such as Parkinson's disease®’. 5-HT1a receptors can act in two distinct ways. On the
one hand, they act as heteroreceptors, which means that their selective stimulation leads to
an inhibition of the activity of non-serotonergic neurons. For example, they reduce L-DOPA
induced dyskinesia by influencing dopaminergic signaling. On the other hand they act as
autoreceptors, controlling the release of serotonin from serotonergic neurons. Their stimulation
facilitates the release of serotonin leading to anxiolytic and antidepressant-like effects®”%.
Overall, a stimulation of 5-HT+a receptors seems to be beneficial in the treatment of depressive
disorders. The influence of hyperforin, hyperoside and hypericin on the lateral mobility and
signaling of 5-HT1a receptors was investigated in a prior work*®. Additionally, St. John's wort

extracts increased 5-HT1a and, in contrast to TCA, also 5-HT.a receptor density*'.

Standing out of the family of serotonin receptors is the 5-HT2a receptor due to its involvement
in many different processes. It is associated with the development and treatment of anxiety,
schizophrenia, and depressive disorders®’#2. Blocking 5-HT2a receptors and thereby
modulating the release of other neurotransmitters such as dopamine with TCA or the
downregulation of 5-HT.a receptors seen after treatment with SSRI is both linked to their
antidepressant effects® 43, Additionally, 5-HT.a receptor activation causes desensitization of
5-HT1a receptors which is relevant in the regulation of mood**. Antipsychotic effects of drugs
like clozapine (atypical antipsychotic) for the treatment of delusions and hallucinations in
schizophrenic or bipolar patients is exerted by 5-HTa receptor antagonism*. The functional
crosstalk between the 5-HT2a receptor and the metabotropic glutamate receptors (mGIuR2)
received extensive attention in recent years. It is believed to be a major factor in the
mechanism of action of atypical antipsychotics*®. One of the most outstanding features of the
5-HT2a receptor is its involvement in the hallucinogenic effects of lysergic acid diethylamide
(LSD) or psilocybin. The main part of the hallucinogenic action of those and related substances
is mainly mediated through agonism of 5-HT.a receptors*’8, After initial clinical research
involving LSD in the treatment of depression in the 1950s and 1960s, it received the status of
a controlled substance around 1970 and research ended. In recent years a growing body of

studies and evidence supports the antidepressant effects of LSD and its related molecule
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psilocybin in small pilot trials*. The effects are often observed after the first drug administration
in comparison to a delay of sometimes four or six weeks for classic antidepressants. The
reasons for that are still not fully discovered'. Nevertheless, randomized controlled trials for
LSD or psilocybin in the treatment of depressive disorders are still lacking. Interestingly,
5-HT2a receptors are also relevant for the infection of glial cells by the human polyomavirus
(JCV)®°. The 5-HT2a receptor with its involvement in many physiological processes is an
important target in the research of depressive disorders. Furthermore, the question if and how
St. John's wort extracts and/or their main ingredients influence this particular receptor is still

not fully answered.
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2. Aim and Approach

This work aims to investigate how St. John's wort extract STW3-VI® and/or its active
ingredients hyperforin and hyperoside mediate parts of their antidepressant action via the
5-HT2a receptor. To study the effects in real-time fluorescence correlation spectroscopy (FCS)
was chosen as a suitable technique. In comparison to more commonly used techniques like
radioligand binding studies FCS allows to measure real-time receptor-ligand interactions in a
dynamic system with living cells on a single-molecule level. For radioligand binding studies,
the cells have to be treated, lysed, filtered through a membrane, washed several times and
analyzed afterwards. Interaction between ligand and receptor could be disrupted mainly during
lysis, filtration and washing. The challenging part of applying FCS is the construction of a
fluorescent ligand that is still selective and binds with high affinity to the 5-HT.a receptor. In
that regard, constructing a radioligand is a lot easier because one only has to replace a single
atom of the chosen molecule with its radioactive counterpart. This process does not affect

selectivity or binding affinity.

Due to the complexity of ligand construction, this work is divided into two major parts. The first
part covers the synthesis and characterization of a fluorescent 5-HT.a receptor agonist. As
mentioned before, such a tool is useful to investigate real-time receptor dynamics and receptor-
ligand interaction by using single-molecule techniques like fluorescence correlation
spectroscopy (FCS) and single-particle tracking (SPT)%"%2. In contrast to commonly used GFP-
labeled or SNAP-tagged receptors in molecular drug research, fluorescent ligands are required
for detecting receptor-ligand complexes exclusively®®%. Many fluorescent ligands for
serotonergic receptors were successfully produced in recent years (e.g. 5-HT1a, 5-HT2s,
5-HT,c, 5-HT3, 5-HT4, and 5-HTe receptors), but until today a selective, fluorescent 5-HT2a
receptor ligand is still missing®-%. The construction of a fluorescent 5-HT.a receptor agonist
demonstrated to be dependent on the choice of starting molecule and the chosen fluorophore.
Whether the constructed ligand bound selectively to the 5-HT.a receptor was investigated by
FCS with two different approaches. First, the displaceability of the observed receptor binding
was measured with selective ligands for different serotonin receptors (5-HT1a, 5-HT2a, 5-HT2c,
and 5-HT7). Second, human embryonic kidney cells (HEK293) were stably transfected with the
aforementioned serotonin receptors and investigated for detectable receptor binding of the
constructed ligand. Ligand and receptor characteristics Kp and Bmax were determined by
saturation experiments using FCS. The lateral mobility and diffusion behavior of the receptor-
ligand complexes on the cell surface was visualized by SPT. The agonistic activity of the
constructed ligand was proven by measurements of the intracellular Ca?* levels using HEK293
cells stably transfected with the 5-HT.a receptor and B-GECO1, a fluorescent, calcium-

dependent, proteinaceous reporter®’.
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The second part of this work covers the investigation of the influence of St. John's wort extract
(STW3-VI®) and their active ingredients hyperforin and hyperoside on 5-HTa receptors using
different techniques. The ligand constructed in the first part of this work was used in FCS
studies with SH-SY5Y cells to assess whether the ligand binding and lateral mobility of 5-HT2a
receptors are affected by a six days preincubation period with said substances. After
investigating the ligand binding and later lateral mobility of 5-HT.a receptors, further
experiments regarding receptor density, internalization, and signaling were conducted.
Receptor density and trafficking after stimulation were investigated in HEK293 cells stably
transfected with the HiBiT-tagged human 5-HT2a receptor. After the addition of the LgBIT, a
functional NanoLuc® luciferase is formed emitting chemiluminescence after binding and
converting its substrate. The HiBiT-system allows to only detect receptors in the plasma
membrane due to the substrate not being able to enter the cell. Lastly, the influence of the
preincubations with STW3-VI®, hyperforin and hyperoside on the signaling of 5-HT2a receptors
after stimulation was investigated. Therefore, a chemiluminescence-based system was
employed. HEK293 cells were stably transfected with the human 5-HT2a receptor and the

calcium-dependent luciferase aequorin®.



3. Materials

3.1 Celllines

Materials

Table 1: Bought cell lines

Name Cell type Supplied by Reference number
Deutsche Sammlung von
Mikroorganismen und Zellkulturen
C6 Rat glioma cells ) ACC 550
(DSMZ) GmbH Braunschweig,
Germany
Human
SH-SY5Y DSMz ACC 209
neuroblastoma cells
Human embryonic
HEK293 DSMz ACC 305
kidney cells
Table 2: Stably transfected cell lines
Transfection
Name Expressed genetic information

method (see 4.4.4)

HEK293-B- - Blue fluorescent proteinaceous calcium indicator (B- o
Polyethylenimine
GECO1 GECO1)
- Blue fluorescent proteinaceous calcium indicator (B-
HEK293-B-

GECO1-5HT2a

GECO1)

Human 5-HT2a receptor

Polyethylenimine

HEK293-HiBiT-

- HiBiT-tagged human 5-HT2a receptor Electroporation
5HT2a
HEK293- - Apoaequorin part of the calcium-dependent
Aequorin-HiBiT- luciferase aequorin Electroporation
5HT2¢ - HiBiT-tagged human 5-HT2c receptor
HEK293-

. - cAMP-dependent firefly luciferase (GloSensor) .

GloSensor-HiBiT- - Electroporation

- HiBiT-tagged human 5-HT7 receptor
5HT7

- Apoaequorin part of the calcium-dependent
HEK293-

) luciferase aequorin .
Aequorin-Tetoff- L ] Electroporation
- HiBiT-tagged human 5-HT2a receptor, expression

HiBiT-5HT2a

levels are controllable by tetracyclines (doxycycline)




3.2 Solutions

Table 3: Bought solutions

Materials

o ) Reference
Name Abbreviation Supplied by
number
Dulbecco's modified eagle
DMEM/F-12, no Life Technologies
medium / nutrient mixture F- 21331046
glutamine Ltd.; Paisley, UK
12, no glutamine
Dulbecco’s modified eagle DMEM, high glucose,
medium, high glucose, no no glutamine, no Life Technologies 31053028
glutamine, no phenol red phenol red
Dulbecco’s modified eagle
) DMEM Life Technologies 31885049
medium
Dulbecco’s modified eagle )
] ] ] DMEM, no glutamine, . ]
medium, no glutamine, without Life Technologies 11054020
no phenol red
phenol red
Fetal bovine serum FBS Life Technologies 10270
GlutaMAX™ Supplement GlutaMAX™ Life Technologies 35050061
InvivoGen, Toulouse,
Hygromycin B Gold™ Hygromycin ant-hg-1
France
Nano-Glo® HiBiT Extracellular . Promega GmbH,

] HiBiT Assay ) N2420
Detection System Mannheim, Germany
Penicillin-Streptomycin

P/S Life Technologies 15140122
10,000 U/ml
Phosphate buffered saline PBS Life Technologies 10010056
Trypsin EDTA 0.05%, phenol . )

T/IE Life Technologies 25300104
red
Zeocin™ Selection Reagent Zeocin Life Technologies R25001
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Table 4: Self-made solutions

Materials

Name Abbreviation Composition
5 mM KCI
15 mM MgCl2
Electroporation 15 mM HEPES
buffer for HEK293 cells 50 mM NaCl
150 mM NazHPO4/NaH2PO4
pH 7.2
150 mM NaCl
5.6 mM KCI
2.3 mM CaClz
1.0 mM MgCl2
Locke’s solution Locke
3.6 mM NaHCO3
5.0 mM HEPES
20 mM Glucose
pH 7.4
1% (w/v) Bacto™ Tryptone
] ] 0.5% (w/v) Bacto™ Yeast extract
Lysogeny broth-medium | LB-medium
1% (w/v) NaCl
pH 7.0
137 mM NaCl
2.7mM KCI
Phosphate buffered
PBS 10 mM Na2HPO4
saline
1.5 mM K2HPOq4
pH 7.4
Tris, acetic acid, 40 mM Tris
EDTA buffer TAE buffer 20 mM acetic acid
1 mM EDTA
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Table 5: Chemicals

Materials

Name Supplied by Reference number
Acetonitrile VWR International, Radnor, 20060.320
Pennsylvania, USA
Alexa Fluor™ 532 NHS Ester Life Technologies A20101MP
Alexa Fluor™ 647 NHS Ester Life Technologies A20006
Atto532-NHS-Ester Atto-Tec GmbH, Siegen, Germany AD 532-21
CHEMPUR Feinchemikalien und
6-(Boc-amino)hexyl bromide Forschungsbedarf GmbH, Karlsruhe, fl-37106-1
Germany
Caesium hydroxide Sigma-Aldrich, Darmstadt, Germany 21000
Coslenterazine Carl Roth GmbH + Co. KG, Karlsruhe, 4094.4
Germany
lonomycin, calcium salt Biomol GmbH, Hamburg, Germany Cay-11932
Neomycin (G418) Merck, Darmstadt, Germany 345810
SB 242084 Tocris Bioscience, Bristol, UK 2901
SB-269970 hydrochloride Sigma-Aldrich S7389
(2)-TCB-2 hydrobromide Tocris Bioscience 2592
WAY-100135 Sigma-Aldrich W1895
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3.4 Software

Table 6: Software

Materials

Name Supplied by Version
Axiovision® Carl Zeiss Microscopy GmbH, Jena, Germany Rev. 4.8
Agilent ChemStation | Agilent Technologies Inc., Santa Clara, CA, USA Rev. B04.01
Fiji (ImageJ) National Institutes of Health, Bethesda, MD, USA 1.52n
GraphPad Prism GraphPad Software Inc., San Diego, CA, USA 6.01

MATLAB® The MathWorks, Inc. Natick, MA, USA R2009a and R2016b
Tecan i-control® Tecan Trading AG, Maennedorf, Switzerland 1.10

Thermo Fisher Scientific Inc., Grand Island, NY,
Xcalibur® 4.2.28.14

USA

13
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4. Methods
4.1 General procedures
4.1.1 Cell culture

Rat glioma cells (C6), obtained from Leibniz Institute DSMZ (Braunschweig, Germany), were
cultivated in DMEM/F-12, no glutamine (Life Technologies Ltd.; Paisley, UK) supplemented
with 2 mM GlutaMAX™ (Life Technologies), 100 units/ml penicillin, 100 ug/ml streptomycin
(Life Technologies) and 5% fetal bovine serum (Life Technologies). C6 cells were maintained

by ten-fold dilutions with fresh medium every 2-3 days in 10 cm dishes.

Human neuroblastoma cells (SH-SY5Y), obtained from Leibniz Institute DSMZ, were cultivated
in DMEM, high glucose, no glutamine, no phenol red (Life Technologies) supplemented with
100 units/ml penicillin, 100 pg/ml streptomycin and 15% fetal bovine serum. SH-SY5Y cells

were maintained by three-fold dilutions with fresh medium every 3-4 days in 10 cm dishes.

Human embryonic kidney cells (HEK293) obtained from Leibniz Institute DSMZ were cultivated
in DMEM (Life Technologies) supplemented with 100 units/ml penicillin, 100 pg/ml
streptomycin and 10% fetal bovine serum. HEK293 cells and all generated clones were

maintained by ten-fold dilutions with fresh medium every 3-4 days in 10 cm dishes.

All cells were cultured at 37 °C and 5% CO..

4.1.2 High-performance liquid chromatography

High-performance liquid chromatography (HPLC) analyses were performed on an Agilent
Series 1200 HPLC system equipped with a degasser (G1322A), a quaternary pump (G1311A),
an autosampler (G1329A), and a photodiode array detector (G1315D), operated by Agilent
ChemStation Rev. B.04.01. The following methods were used (Table 7).

14
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Table 7: Overview of employed HPLC methods.

Eluent composition

Gradient (linear)

(VIv) time Eluent [%] flow
No. Column A [nm] A B [min] [ A g | [m/min]
o [100 | o0 1.0
210
1 e 25 | 52 | 48 | 1.0
40 | 0 | 100 | 1.0
210 0 | 100 | © 10
2 647
40 | 0 | 100 | 1.0
210 o | 80 | 20 | 10
3
532 20 | 50 | 50 | 1.0
AcCN 1
LiChrospher® RP 18 H.0 22 0 100 0 1.0
AcCN
(5 1im.125 x 4 mm) pH 2 8 | 825|175 | 10
4 210 | (HsPO4)
047 14 | 825 | 175 | 1.0
20 | 70 | 30 | 1.0
o | 8 | 15 | 10
210
5 532 10 | 75 | 25 | 1.0
20 | 50 | 50 | 1.0
210 0 | 100 | O 1.0
6 254
280 30 | 25 | 75 | 10
o [100 | o0 0.5
8 [ 100 | o0 0.5
210 |AcCN 19 |AccN 89 |0 [ 920 7O | 0O
™ C C
7 (5S¥an§(t)r¥<3§:T?m) 254 |H,0 80 |[MeOH 40 | 37 | 50 | 50 | 05
Hm. ' 590 |HsPOs 1 [HsPOs 1
52 | 0 | 100 | 05
52 | 0 | 100 | 1.0
85 | 0 | 100 | 1.0
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4.1.3 High-resolution mass spectrometry

High-resolution mass spectrometry (HRMS) analyses were performed with an LTQ Orbitrap
Velos mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) by direct infusion
nano spray (TriVersa NanoMate, Advion, Harlow, UK). Chips with 400 uym nozzles were used
with 1.6 kV in positive mode. MS1 spectra were recorded in the Orbitrap mass analyzer with a
resolution of 60,000. A lock mass (polysiloxane [M+H]", 445.120024 mass-to-charge ratio
(m/z)) was applied for internal calibration resulting in a typical mass error <1 ppm. Data were
manually inspected and m/z values compared to the theoretical values of the analytes after

averaging several spectra in Xcalibur® software Version 4.2.28.14 (Thermo Fisher Scientific).

4.2 Synthesis of (+)-SAH268

2.2 mg (6.23 pmol) of (x)-TCB-2 hydrobromide together with 0.9 mg (6.23 ymol) CsOH, 1.8 mg
of 0.4 nm molecular sieve (both dried for 24 h at 120 °C) and 2.05 mg (7.32 ymol) 6-(BOC-
amino)hexyl bromide were dissolved in 300 yl dried DMF and stirred for 21 h at room
temperature to receive (£)-SAH267. The reaction mixture was not further worked up but mixed
with 150 pl aq. 85% H3PO4 and stirred for additionally 6 h at room temperature to generate
(£)-SAH268. (+)-SAH268 was isolated using HPLC method 6 (Table 7). Collected fractions of
(£)-SAH268 were pooled and adjusted to pH 12 using ammonium hydroxide solution (27%).
Subsequent solvent extraction with 3 x 10 ml ethyl acetate and evaporation in vacuo yielded

(£)-SAH268 as yellowish oil, which was dissolved in H.O. The overall yield was 31%.

4.3 Synthesis of fluorescent ligands

All fluorescent ligands were synthesized using the same protocol only varying in the molar
equivalents and purification procedures used. A general protocol is described below. Further
information regarding a specific ligand is provided in Table 8.

(£)-TCB-2 / ()-SAH268 and a fluorescent dye (Alexa532-NHS, Alexa647-NHS or, Atto532-
NHS) were reacted in an aqueous solution of 0.1 M NaHCOs for 24 h at room temperature. All
chemicals were prepared in stock solutions with defined concentrations in the range of 1 to
100 mM of which the required amount was taken (Table 8 column 2). All reaction mixtures
were separated by HPLC with a distinct method (Table 8 column 3). Fractions containing the
fluorescent ligand were pooled and H3PO, was removed by solid-phase extraction (SPE) on a
LiChrolut® RP-18 cartridge (Merck; Darmstadt, Germany) using distilled water. The
fluorescent ligand was eluted using a defined solvent mixture (Table 8 column 4). Solvents

were removed by evaporation in vacuo. The residue of the fluorescent ligand was dissolved in
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H.O and the aqueous solution was prepared in a defined concentration suitable for further

measurements.

Table 8: Synthesis conditions for fluorescent ligands.

Reaction partners Molar equivalents HPLC method (Table 7) SPE solvent
(£)-TCB-2 / Alexa532-NHS 2:1 1 80% AcCN
(£)-TCB-2 / Alexa647-NHS 5:1 2 50% EtOH
(£)-SAH268 / Alexa532-NHS 1:2 3 50% AcCN
(£)-SAH268 / Alexa647-NHS 2:1 4 50% AcCN
(£)-SAH268 / Atto532-NHS 1:1 5 80% AcCN

(£)-TCB-2 / Atto532-NHS 6:1 5 80% AcCN

4.4 Generation of stable cell lines
441 Plasmid data

1) pCDNAS3.1Zeo(+)-B-GECO1
The plasmid CMV-B-GECO1 was a gift from Robert Campbell (Addgene plasmid # 32448)%".

To enable cell clone selection by Zeocin, the information for B-GECO1 was transferred from
this plasmid into the pCDNAS3.1Zeo(+) vector (Life Technologies), using BamHI/Xhol restriction

endonuclease sites of both plasmids.

2) pCDNA3-hu5HTR2a

The plasmid pCDNA5-FRT-huSHTR2a was a gift from Alexander Glassmann. From this
plasmid, the genetic information for the human 5-HT2a receptor was extracted and inserted
into the pCDNAS vector (Life Technologies), using BamHI/Xhol restriction endonuclease sites

of both plasmids.

3) pPCDNA3.1Zeo(+)-Aequorin

The plasmid pCDNA3.cytGAP was a gift from Teresa Alonso (Addgene plasmid # 78734)%,
From this plasmid, the genetic information for the calcium-dependent Luciferase Aequorin was
amplified via PCR (forward primer: 5-GATCGTCGACATGGGTACCGGTAAACTTACATC-3/,
reverse primer: 5~-TAGAAGGCACAGTCGAGG-3'). To enable cell clone selection by Zeocin,
the information for Aequorin was inserted into the pCDNA3.1Zeo(+) vector using Nhel/Notl
restriction endonuclease sites. The PCR conditions were as follows: initial activation of the Q5®

High-Fidelity DNA Polymerase for 60 s at 98 °C, followed by 25 cycles of 10 s denaturation at
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98 °C, 10 s annealing at 63 °C and extension for 30 sec at 72 °C. The program ended with a
2 min fill in step at 72 °C.

4) pCDNAS3.1Zeo(+)-HiBiT-huSHTR2a
The already existing plasmid pCDNA3.1Zeo(+)-HiBiT-ADRB2 was used as a template. The
sequence of the human [2-adrenergic receptor (ADRB2) was exchanged with the human

5-HT2a receptor via Nhel/Xhol endonuclease sites.

5) pPCDNA3-HIBiT-huSHTR2¢c

5HT2C-RNA2-Flag was a gift from Stefan Stamm (Addgene plasmid # 79679)%*. The
information for the human 5-HTac receptor was amplified via PCR (forward primer: 5-CTC-
GGATCCACCATGGTGAACC -3/, reverse primer: 5- AGACTCGAGTCACACACTGCTAATC-
CTTTC-3') and exchanged for the human 5-HT2a receptor via BamHI/Xhol endonuclease sites
in pCDNAS3.1Zeo(+)-HiBiT-huSHTR2a. Afterwards, the N-terminally HiBiT-tagged human
5-HT. receptor was transferred into the pCDNAS3 vector via EcoRV/Xhol endonuclease sites
for selection with Neomycin (G418). The PCR conditions were as follows: initial activation of
the Q5® High-Fidelity DNA Polymerase for 60 s at 98 °C, followed by 25 cycles of 10 s
denaturation at 98 °C, 10 s annealing at 58 °C and extension for 30 sec at 72 °C. The program

ended with a 2 min fill in step at 72 °C.

6) pCDNA3.1Zeo(+)-HiBiT-huSHTR7

HTR7-Tango was a gift from Bryan Roth (Addgene plasmid # 66415)%. The information for the
human 5-HT7 receptor was amplified via PCR (forward primer: 5-CTCGCTAGCGGGATC-
CATGATGGACGTTAACAGC-3', reverse primer: 5-AGACTCGAGTCAGTCATGGATCATT-
ACCTTC-3‘) and exchanged for the human 5-HTa receptor in the pCDNA3.1Zeo(+)-HiBiT-
huSHTRZ2a vector via Nhel/Xhol endonuclease sites. The PCR conditions were the same as
for pPCDNA3-HiBiT-huSHTR2c.

7) pTet-NewMCS-HiBiT-huSHTR2a

The already existing plasmid pTet-NewMCS (based on Exp-pcDNA3.2delCMV(EF1a-
tTA/TetO-mCh-Rs1) (the plasmid was a gift from Edward Hsiao (Addgene plasmid # 26797)5¢
was used as a template. Into this vector, the genetic information for the HiBiT-tagged human

5-HT2a receptor was inserted via Bsu151/Spel restriction endonuclease sites.

All constructs were amplified by transformation into XL1-blue bacteria and subsequent
isolation of plasmid DNA. The integrity of all constructs was confirmed by agarose gel

electrophoresis and cycle sequencing performed by GATC (part of Eurofins Genomics,
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Ebersberg, Germany). Plasmid cards for all mentioned constructs and agarose gel
electrophoresis for constructed plasmids are available in the supplementary information
(Figure S 1 to Figure S 24). Ligation was performed for 1 h at room temperature by combining
1 Unit T4-DNA ligase with 20 ng vector-DNA and 3-fold amount of the insert-DNA fragment in

1x ligase buffer.

4.4.2 Transformation of XL1-blue bacteria cultures

The amplification of the DNA constructs described above was achieved by mixing approx. 1 ng
of DNA with 100 pl competent XL-1 blue bacteria. The mixture was kept on ice for 30 min. A
heat shock was performed by heating the mixture for 30 s to 42 °C and suddenly cooling it on
ice for 1 min. Subsequently, 900 pl of pre-warmed LB medium was added to the bacteria—DNA
mix and the mixture was incubated in a shaker at 37 °C for 1 h. Afterwards, the bacteria were
harvested by centrifugation at 3,000 x g for 5 min at RT. After resuspension in 50 yl LB medium,
10 to 25 pl were spread on agar-LB-medium plates (1.5% w/v agar in LB-medium) containing
appropriate antibiotics (50 pg/ml ampicillin or 25 pg/ml kanamycin) and incubated at 37 °C
overnight. Single clones arising from single bacterial cells were picked and inoculated each in
5 ml antibiotic containing LB-medium and incubated at 37 °C for 8 h in an orbital shaker.
Afterwards, 500 pl of pre-culture was added to 50 ml fresh, antibiotic-containing LB-medium
and allowed to grow at 37 °C overnight in an orbital shaker. Plasmid DNA was isolated
according to the step-by-step Miraprep protocol from Pronobis et. al. (Figure S 25)%. Resulting
plasmids were digested with the suitable restriction enzymes and the correct insert size was

verified by agarose gel electrophoresis in comparison to a DNA standard ladder.

4.4.3 Agarose gel electrophoresis

An agarose gel (1 %) was prepared by suspending the required amount of agarose in 1 x TAE
buffer and heating in a microwave oven until the solution became clear. After cooling the
solution down to approximately 55 °C, ethidium bromide was added in a final concentration of
1 pg/ml and the mixture was allowed to polymerize in a prepared casting tray with a comb of
suitable size. After being completely polymerized, the gel was placed into an electrophoresis
chamber filled with a 1 x TAE buffer. The digested DNA samples were mixed with the sample
buffer and slowly loaded into the wells before an electric current was applied (3-10 V/cm?) for

30 min. Finally, DNA fragments were detected using an UV detector.
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444 Transfection of HEK293 cells

1) Polyethylenimine (PEI) transfection

HEK293 cells were transfected using Polyethylenimine (PEI). The cells were seeded in 6 well
plates and allowed to attach to the surface for at least 24 h. The medium was changed prior to
transfection to 1.8 ml fully supplemented culture medium. Three ug DNA was mixed with
9.87 ul of 1 mg/ml PEI solution in 200 pyl 150 mM NaCl. The mixtures were added dropwise to
the wells and incubated for 24 h at 37° C and 5% CO.. After 24 h, the medium was changed
to selection medium containing 150 pug/ml Zeocin for HEK293-B-GECO1 and 700 pg/mi
Neomycin (G418) and 150 pg/ml Zeocin for HEK293-B-GECO1-5HT2a. After two weeks of
selection, single colonies were isolated using trypsin solution and metal cloning rings and
transferred into distinct wells of a 12 well plate. The resulting clones were tested for
functionality and one clone for each cell line was chosen for measurements and further on

cultured in 10 cm dishes.

2) Transfection by electroporation

Table 9: Transfection by electroporation. Transfected HEK293 cell lines and their corresponding

antibiotic resistances

Cell line Antibiotic resistance
HEK293-HiBiT-5HT2a 150 pg/ml Zeocin
HEK293-Aequorin-HiBiT-5HT2c 150 pg/ml Zeocin + 700 pg/ml G418
HEK293-GloSensor-HiBiT-5HT7* 150 pg/ml Zeocin + 100 pg/ml Hygromycin
HEK293-Aequorin-Tetoff-HiBiT-5HT2a 150 ug/ml Zeocin + 700 pg/ml G418

*HEK293-GloSensor cells have been transfected and characterized in our workgroup and are

comparable to Binkowski et. al.t8

HEK293 cells were transfected by Amaxa electroporation technology, Nucleofector® II. For
each transfection 1 x 10° cells were diluted in 100 pl of a self-made electroporation buffer with
1 ug DNA and transfected with the program Q-001 according to the manufacturer’s protocol
(Amaxa GmbH, Koeln, Germany) (Figure S 26). After transfection, the cells were seeded in
6 well plates and allowed to attach to the surface for at least 24 h. The medium was changed
to selection medium containing the appropriate antibiotic (150 ug/ml Zeocin, 700 pg/ml G418,
100 pg/ml Hygromycin or a combination of them; see Table 9). After two weeks of selection
single-cell colonies were isolated using a single cell cloning protocol (Corning Inc., New York,
USA) (Figure S 27). The resulting clones were tested for functionality and one clone was

chosen for measurements and further on cultured in 10 cm dishes.
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45 FCS measurements

Experimental setup

FCS measurements were performed with a ConfoCor 1 instrument (Carl Zeiss Microscopy
GmbH; Jena, Germany). For excitation, the 514 nm line of an argon-ion laser (LGK 7812 ML
2, Lasos; Jena, Germany) was focused through a water immersion objective (C Apochromat,
63x, NA 1.2, Carl Zeiss Microscopy GmbH) into the sample localized in an illuminated open
volume element of 0.2 fl (laser power: psianm = 2.4 kW/cm?). The emitted fluorescence was
collected by the same objective. After passing a dichroic mirror (FT540, Andover, Salem, USA),
a band-pass filter (EF530-600, Andover), and a pinhole with a diameter of 40 um, the emitted
photons were detected by an avalanche single-photon counting module (SPCM) (SPCM-AQ
Series, EG & G Optoelectronics Canada Inc.; Vaudreuil, Quebec, Canada). Using the MATLAB
Software (version R2009a, The MathWorks Inc., Natrick, MA) autocorrelation curves were

evaluated with the autocorrelation function:

29N, 1 \/ 1
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where N is the average number of molecules of the species j in the volume element, p; is the
diffusion time constant of the species j, r is the correlation time, wo is the radius of the
observation volume in the focal plane, z, is the radius of the observation volume in the z-
direction, D; is the translational diffusion coefficient of the species j, Q; is the quantum yield
factor, o; is the absorption coefficient, 5, is the fluorescence quantum yield and g; is the

fluorescence detection efficiency of the species j.
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Cell measurements

C6/ SH-SY5Y cells were seeded in a density of 50,000 cells per cm? on 18 mm glass coverslips
(Menzel-Glaser, Germany) in their respective fully supplemented culture media two days prior
to the experiment. On the day of the experiment, C6 / SH-SY5Y cells reached a density of
75-90% and were washed with Locke’s solution (Locke / HEPES 5 mM, NaCl 154 mM, KCI
5.6 mM, MgCl, 1 mM, Na;COs 3.6 mM, glucose 20 mM, CaCl; 2.3 mM, pH 7.4) at 37 °C.
Coverslips were mounted on a coverslip carrier with 300 pl of Locke and the respective
fluorescent ligand was added in the desired concentration. The focal plane of the open volume
element was positioned to the upper plasma membrane by motor aided scanning through the
cell in the z-direction. At the position of half-maximal fluorescence, simultaneous detection of
fast diffusing free ligand and slow diffusing ligand bound to the receptor was possible. The
diffusion time constant for the free diffusing ligand was measured after 30 min incubation of

C6 / SH-SY5Y cells by positioning the open volume element in the solution above the cells.

Ligand binding and non-specific binding

C6 / SH-SY5Y cells were incubated for 30 min at room temperature with the respective
fluorescent ligand in the desired concentration. Fluorescence fluctuation in the plasma
membrane and in the solution above was measured 10 times for 30 s each per cell. Non-
specific binding was measured on the same cell after a further 30 minutes incubation with
10 uM (2)-TCB-2.

Displacement experiments

Experiments were performed by 30 min incubation of SH-SY5Y cells with 10 nM (+)-SAH268-
Atto532 and measurement of the total binding. After the addition of 10 uM (£)-TCB-2, 5 uM
WAY-100635, 5 uM SB-242084 and 5 uM SB-269970, respectively, incubation was continued
for further 30 min to displace (+)-SAH268-Atto532 binding. (x)-SAH268-Atto532 binding and
displacement were determined at the same cell. Remaining binding after displacement was
normalized to the binding before displacement and plotted for every condition. Statistical

significance was determined by Student’s unpaired t-test with a p-value < 0.05.

Selectivity of the (+)-SAH268-Att0532-binding to 5HT2a receptors

HEK293-HiBiT-5HT2a, HEK293-Aequorin-HiBiT-5HT2c, and HEK293-GloSensor-HiBiT-5HT7
cells were seeded in a density of 50,000 cells per cm? on 18 mm glass coverslips in their fully
supplemented culture medium. Beforehand, the coverslips were coated using 500 ul of
0.1 mg/ml PDL solution for 30 min at 37 °C and washed three times with 500 yl PBS. Binding
experiments were performed by 30 min incubation of cells with 10 nM (£)-SAH268-Atto532

and measurement of total binding. Afterwards, 10 uM (+)-TCB-2 was added and incubated for
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further 30 min to displace ()-SAH268-Atto532 binding. (+)-SAH268-Atto532 binding and
displacement were determined at the same cell. Remaining binding after displacement was
normalized to the binding before displacement. Statistical significance was determined by

Student’s unpaired t-test with a p-value < 0.05.

Saturation experiment

SH-SY5Y cells were incubated with concentrations between 5 nM and 200 nM (+)-SAH268-
Atto532 for 30 min at room temperature. Fluorescence fluctuation in the plasma membrane
and in the solution above was measured 10 times for 30 s each per cell. Total binding
represents the sum of receptor-ligand fractions with the diffusion time constants Tair, and Tairs
for each concentration. The fraction of bound (+)-SAH268-Atto532 was plotted against the total
concentration of (+)-SAH268-Atto532 used in the saturation experiment. Kp and Bmax Were
obtained by computer-assisted curve fitting (GraphPad Prism, San Diego, CA, USA) using a

nonlinear fit for one site-specific binding with Hill slope.

4.6 SPT measurements

Experimental setup

All SPT data were recorded with an EMCCD camera (iXon DV-860DCS-BV, Andor
Technology), being part of a custom-built inverted wide-field epifluorescence microscope
(TE2000-S, Nikon) equipped with a water immersion objective (Plan APO VC, 60x, 1.2 NA,
Nikon) and a 200-mm-focal length tube lens. Due to a 4x-magnification lens (VM Lens C-x,
Nikon), the setup had an effective magnification of 240x, translating to an image width of 10 ym
with a pixel width of 0.1 um. A 532 nm continuous wave laser (LasNova GLK 2350 TO1,
532 nm, 50 mW) was used for excitation. Laser intensity was regulated using an acousto-optic
tunable filter (AA Opto-Electronic) and set to 0.733 kW/cm? in the object plane.

Cell measurements

SH-SY5Y cells were seeded in a density of 50,000 cells per cm? on 18 mm glass coverslips in
their fully supplemented cell culture medium two days prior to the experiment. On the day of
the experiment, SH-SY5Y cells reached a density of 75-90% and were washed with Locke at
37 °C. The coverslips were mounted on a coverslip carrier with 300 ul of Locke and 2 nM
(£)-SAH268-Atto532 was added. To avoid photobleaching before image acquisition, cells were
searched and focused to the epical plasma membrane in transmitted light, before opening the
laser shutter and starting the recording. Image sequences were acquired with a frame-rate of
20 Hz.
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Spot detection and tracking

Two-dimensional particle tracks from image data were generated and further diffusion analysis
was conducted using the MATLAB software (version R2016b). Direct import of the images and
further processing were accomplished by the u-track package with the following settings:
1.32 px spot radius, 3 frame rolling window time-averaging for local maxima detection, 2 frame
minimum track segment length, 1 frame maximum gap length, other settings on default®.
Identification of discrete diffusive states from particle tracks was carried out using variational
Bayes single particle tracking with the help of the vbSPT Matlab package. Tracks were
thereby segmented and variably classified to one of three states according to their diffusion
speed. Higher order models were recognized by the program but not used, since they resulted
in degenerate states of insignificant occupancy and indistinct diffusion behaviour. The following
settings in the runinput-file were used: timestep = 0.05, dim = 2, trjLmin = 4, runs = 36,

maxHidden = 4, bootstrapNum = 100, fullBootstrap = 0.

4.7 Calcium measurements for (x)-SAH268-Atto532

Experimental setup

Fluorescence imaging was conducted with an Axiovert® 200 M microscope, equipped with a
Colibri.2® LED system including a 365 nm LED, LD Achroplan 40x, NA 0.60 Corr objective,
AxioCamMR3® camera, and filter set 49 (Excitation: G 365, Beam Splitter: FT 395 Emission:
BP 445/50). The system was operated with Axiovision® Rev. 4.8. All parts mentioned were

from Carl Zeiss Microscopy GmbH, Jena, Germany.

Cell measurements

HEK293-B-GECO1 and HEK293-B-GECO1-5HT2a cells were seeded in a density of
12,500 cells per cm? on 18 mm glass coverslips in DMEM, no glutamine, no phenol red (Life
Technologies Ltd.; Paisley, UK) supplemented with 10% FBS and 2 mM L-glutamine two days
prior to the experiment. Beforehand, the coverslips were coated using 500 ul of 0.1 mg/ml PDL
solution for 30 min at 37 °C and washed three times with 500 yl PBS. On the day of the
experiment, the cells reached a density of 75-90% and were washed with Locke at 37 °C. The
coverslips were mounted on a coverslip carrier with 300 ul of Locke. After focusing on the
cellular layer, pictures were taken every 3 s with an illumination time of 1 s and LED power of
50%. After ten seconds (between pictures 4 and 5) the compound of interest (1.4 uM
ionomycin, 10 uM (z)-TCB-2 or 5 uM (2)-SAH268-Atto532, each dissolved in Locke and Locke

itself) was applied to the cells and pictures were taken for additional 60 s.
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Data analysis

Acquired image sequences were analyzed with the optional Time Series Analyzer v3 plugin
for the Fiji software package. Cells were randomly chosen and overlaid with ROI. The mean
fluorescence intensity for the chosen ROl was determined for every picture of the sequence.
The background was subtracted from all values by positioning an ROI of the same size in cell-
free areas of the picture. Mean fluorescence intensity after 9 s was set to 100% for each cell
measured. Then mean fluorescence intensity for each time-point was normalized to this value.

Statistical significance was determined by Student’s unpaired t-test with a p-value < 0.05.

4.8 Characterization of STW3-VI® via HPLC

STW3-VI® was dissolved in 50% EtOH in a concentration of 1.0 mg/ml and analyzed by HPLC
method 7 (Table 7). Identification of rutin, hyperoside, isoquercetin, quercetin, quercitrin,
amentoflavone, hyperforin, pseudohypericin, and hypericin was carried out by comparison of
UV spectra of reference substances and their corresponding retention times (Figure 31).
Concentrations for hyperforin and hyperoside were determined to be 36.8 uM for hyperforin
and 53.3 uM for hyperoside (calculations in supplemental material). STW3-VI® was used for
preincubations in the concentrations of 0.02, 0.002 and 0.0002 mg/ml. Hyperforin and

hyperoside were used in concentrations of 1.0, 0.1 and 0.01 yM.

4.9 Influence of STW3-VI®, hyperforin, and hyperoside on the ligand binding and

diffusion of 5-HT2a receptors

SH-SY5Y cells were preincubated for at least six days with 1.0, 0.1 and 0.01 uM hyperforin
and hyperoside or with 0.02, 0.002 and 0.0002 mg/ml STW3-VI® and with the highest
concentration of 0.5% ethanol used in the experiment as a control. On day four of the
preincubation period, SH-SY5Y cells were seeded in a density of 50,000 cells per cm? on
18 mm glass coverslips in fully supplemented culture medium containing the respective test

substance. Measurement and data analysis were conducted as described in 4.5.

4.10 Influence of STW3-VI®, hyperforin, and hyperoside on the receptor density and
internalization of HiBiT-tagged 5-HT2a receptors

Experimental setup
Luminescence measurements were conducted on a Tecan Infinite® M200 PRO plate reader

operated by Tecan i-control ver. 1.10 (Tecan Trading AG, Maennedorf, Switzerland).
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Cell measurements

HEK293-HiBiT-5HT2a cells were preincubated for at least six days with 1.0 uM hyperforin and
hyperoside or with 0.02, 0.002 and 0.0002 mg/ml STW3-VI® and with the highest concentration
of 0.5% ethanol used in the experiment as a control. The cells were seeded in a density of
50,000 cells per cm? on a white 96-well plate with a transparent flat bottom for luminescence
measurements (Greiner Bio One International GmbH, Frickenhausen, Germany) three days
prior to the experiment. Beforehand, the plates were coated using 50 pl of 0.1 mg/ml PDL
solution for 30 min at 37 °C and washed three times with 50 yl PBS. On the day of the
experiment, the cells were treated either with 1.0 uM of (2)-TCB-2 for 15 min or with buffer as
control. Afterwards, the experiment was undertaken according to the manufacturer's protocol
for Nano-Glo® HiBiT Extracellular Detecton System (Promega GmbH, Walldorf, Germany)
(Figure S 28). Emitted light was measured in relative light units (RLU) every 2 min with an

integration time of 1 s for the duration of 60 min.

Data analysis

RLU values at assay time point t = 30 min were considered optimal in terms of reproducibility
during method implementation. First, the influence of different preincubations on the amount
of 5-HT2a receptors in the cellular membrane under non-stimulating conditions was evaluated.
Therefore, the RLU values for cells preincubated with STW3-VI®, hyperforin and hyperoside
were normalized to non-preincubated control cells. Second, the influence of the preincubations
on the (x)-TCB-2 induced internalization of 5-HT.a receptors was assessed. RLU values for
cells treated with 1.0 uM (z)-TCB-2 for 15 min were normalized to non-treated cells for each
experimental condition (non-preincubated cells and all preincubations) at the assay time point
t = 30 min. Statistical significance was determined by Student’s unpaired t-test with a p-value
< 0.05.

4.11 Influence of STW3-VI®, hyperforin, and hyperoside on the 5-HT2a receptor-

mediated intracellular Ca?* levels

Experimental setup
Luminescence measurements were conducted on a Tecan Infinite® M200 PRO plate reader

operated by Tecan i-control ver. 1.10.

Cell measurements
HEK293-Aequorin-Tetoff-HiBiT-5HT2a cells were preincubated for at least six days with
1.0 uM hyperforin and hyperoside or with 0.02, 0.002 and 0.0002 mg/ml STW3-VI® and with

the highest concentration of 0.5% ethanol used in the experiment as a control. The cells were
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seeded in a density of 25,000 cells per cm? on a white 96-well plate with a transparent flat
bottom for luminescence measurements three days prior to the experiment. Beforehand, the
plates were coated using 50 pl of 0.1 mg/ml PDL solution for 30 min at 37 °C and washed three
times with 50 yl PBS. Two hours before assay start, the culture medium was replaced with
99 ul Locke. Afterwards, 1 ul of 500 uM coelenterazine stock solution was added to each well.
Right before assay start, another 95 ul Locke was added to the wells. The injection system
was loaded with 400 uM (z)-TCB-2 solution and 5 ul of it were injected, resulting in 10 uM
(x)-TCB-2 per well. RLU were measured every 2 s with an integration time of 1 s for the

duration of 50 s, 8 s before injection and another 42 s after injection.

Data analysis
For the resulting measurement curve of RLU over time [s] the area under the curve (AUC) was

determined via trapezoidal rule.

1
Areazz*(a+c)*h

An exemplary calculation of the trapezoid between t = 8 s and t = 10 s with:
a= RLUSS Cc = RLUIOS

h=10s—-8s=2s
1
AreaSs,lOs = E * (RLUSS + RLUlOS) * 2 S

For calculating the AUC all trapezoidal areas have to be summed up (26 time points result in

25 trapezoids, therefore m = 25).

m 25
AUC = Z = Z Areazn_zlzn
n n=1

Resulting AUC values for each preincubation were normalized to non-preincubated control

cells. Statistical significance was determined by Student’s unpaired t-test with a p-value < 0.05.
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5. Results
5.1 Synthesis of a fluorescent 5-HT2a receptor ligand

The general synthetic approach for a selective fluorescent 5-HT2a receptor agonist started from
the racemic mixture of the 5-HT»a receptor agonist (+)-TCB-2. Different succinimidylester-
activated fluorophores were coupled to the primary amine group of (z)-TCB-2. The rhodamine-
based dyes Alexa-Fluor532-NHS and Atto532-NHS, as well as the cyanine-based dye Alexa-
Fluor647-NHS were employed. The binding to 5-HT.a receptors of the resulting molecule could
be impacted by coupling a large fluorophore to (+)-TCB-2. Furthermore, converting the primary
amine of (x)-TCB-2 to an acid amide by reacting it with NHS esters, leads to a nitrogen atom,
which cannot be further protonated in aqueous solution. It is described in the literature that a
protonable amine in the phenylalkylamine moiety is important for the agonistic binding of
5-HT2a ligands "72. Therefore, additionally to labelling (x)-TCB-2 with fluorophores differing in
their detection wavelengths and general chemical structure, an aminohexyl-linker was
introduced to (+)-TCB-2. The resulting (£)-SAH268 with a secondary amine, which can still be
protonated in aqueous solution, was also coupled to Alexa-Fluor532-NHS, Alexa-Fluor647-
NHS and Atto532-NHS via its primary amine function.

An overview for the synthesized ligands is provided in Figure 1.

(£)-TCB-2 > (+)-SAH268

| |
| I ’ ’ ; |

(x)-TCB-2- (x)-TCB-2- (£)-TCB-2- (£)-SAH268- (+)-SAH268- (+)-SAH268-
Alexab532 Alexa647 Atto532 Alexab32 Alexab47 Atto532

Figure 1:Overview - synthesis of a fluorescent 5-HT2a receptor ligand

In the first step, (£)-TCB-2 was coupled to Alexa-Flour532-NHS in aqueous 0.1 M NaHCO3
solution overnight at room temperature (Figure 2). The used molecular equivalents and

purification conditions are displayed in Table 8.
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OCH; aq 0.1 M NaHCO,
RT, 24 h
OCHj
Br ;
OCHj,4 Br
OCHj
oA, o
OH
(x)-TCB-2 Alexa-Fluor532-NHS N-Hydroxysuccinimide (+)-TCB-2-Alexa532

Figure 2:Synthesis of (+)-TCB-2-Alexa532. Alexa-Flour532-NHS was directly coupled to the primary
amine of (+)-TCB-2 in aqueous 0.1 M NaHCOs solution overnight at room temperature, forming the

desired amide (+)-TCB-2-Alexa532 and N-Hydroxysuccinimide (NHS) as a leaving group.

After purification, (x)-TCB-2-Alexa532 with the sum formula C41H42BrN3;010S; was detected
using high-resolution mass spectrometry as a Na*-adduct with m/z = 902.13837 [M+Na]*. It
was identified by comparing the detected m/z and the typical isotopic pattern resulting from the
bromide atom to a simulated spectrum with a calculated value of m/z = 902.13872 [M+Na]*
(Figure 3).
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Figure 3: HRMS spectrum for (t)-TCB-2-Alexa532. Measured spectrum (A) and simulated spectrum
with a resolution of R = 60,000 (B).

In the second step, Alexa-Fluor647-NHS was coupled to (+)-TCB-2 in aqueous 0.1 M NaHCOs3
solution overnight at room temperature (Figure 4). With Alexa-Fluor647-NHS, a fluorophore
with a cyanine-based structure compared to Alexa-Fluor532-NHS with a rhodamine-based
structure was used. The used molecular equivalents and purification conditions are displayed
in Table 8.
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Figure 4:Synthesis of (£)-TCB-2-Alexa647. Alexa-Flour647-NHS was directly coupled to the primary
amine of (£)-TCB-2 in aqueous 0.1 M NaHCOs3 solution overnight at room temperature, forming the

desired amide (+)-TCB-2-Alexa647 and NHS as a leaving group.

(£)-TCB-2 Alexa647 with the sum formula C47HssBrN3:O15S4 was detected using high-resolution
mass spectrometry as a H*-adduct with m/z = 1112.20223 [M+H]*. It was identified by
comparing the detected m/z and the isotopic pattern to a simulated spectrum with a calculated
value of m/z = 1112.20069 [M+H]* (Figure 5).
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Figure 5:HRMS spectra for (+)-TCB-2-Alexa647. Measured spectrum (A) and simulated spectrum with
a resolution of R = 60,000 (B).

For the completion of the first set of fluorescent ligands, Atto532-NHS was coupled to
(¢)-TCB-2 in aqueous 0.1 M NaHCOs3; solution overnight at room temperature (Figure 6).
Atto532-NHS and Alexa-Flour532-NHS are both rhodamine-based fluorophores, but Atto532-
NHS differs from Alexa-Flour532-NHS in the heterocyclic ring system and the distance of the
fluorophore to the NHS-group. The used molecular equivalents and purification conditions are

displayed in Table 8.
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Figure 6:Synthesis of (+)-TCB-2-Atto532. Atto532-NHS was directly coupled to the primary amine of
(2)-TCB-2 in aqueous 0.1 M NaHCOs solution overnight at room temperature, forming the desired amide
(x)-TCB-2-Atto532 and NHS as a leaving group.

(2)-TCB-2-Atto532 with the sum formula C4oH43BrN4O11S, was detected using high-resolution
899.16394 [M+H]*. It was identified by

mass spectrometry as a H-adduct with m/z
comparing the detected m/z and the isotopic pattern to a simulated spectrum with a calculated
value of m/z = 899.16259 [M+H]* (Figure 7).
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Figure 7:HRMS spectra for (+)-TCB-2-Atto532. Measured spectrum (A) and simulated spectrum with
a resolution of R = 60,000 (B).

As already mentioned, a protonable amine in the phenylalkylamine moiety is necessary for the
agonistic binding of 5-HT2a receptor ligands. By direct coupling of (+)-TCB-2 via NHS esters,
an acid amide is formed from the primary amine, whose nitrogen atom cannot be further
protonated in aqueous solution. To address this problem, an aminohexyl linker was introduced
to (£)-TCB-2 to allow coupling to an NHS-activated dye and to ensure protonation on an
aliphatic nitrogen (Figure 8). In addition, the linker should also facilitate an improved binding

to the 5-HT2a receptor.
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Figure 8:Synthesis of (*)-SAH268. Starting from (x)-TCB-2, in a cesium-catalyzed reaction a Boc-
protected aminohexyl linker was introduced to the primary amine of (+)-TCB-2, which was deprotected

in the following reaction by aqueous phosphoric acid, finally leading to (+)-SAH268.

(x)-SAH268 with the sum formula C47H27BrN2O2 was detected using high-resolution mass
spectrometry as a H*-adduct with m/z = 371.13289 [M+H]*. It was identified by comparing the
detected m/z and the isotopic pattern to a simulated spectrum with a calculated value of
m/z = 371.13287 [M+H]* (Figure 9).
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Figure 9:HRMS spectra for (*)-SAH268. Measured spectrum (A) and simulated spectrum with a
resolution of R = 60,000 (B).

Following the reasoning for the (+)-TCB-2-based fluorescent ligands, (+)-SAH268 was coupled
to Alexa-Fluor632-NHS (Figure 10), Alexa-Fluor647-NHS (Figure 12) and Atto532-NHS
(Figure 14) in aqueous 0.1 M NaHCOs solution overnight at room temperature. The used
molecular equivalents and purification conditions are displayed in Table 8 for all those

reactions.
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Figure 10: Synthesis of (*)-SAH268-Alexa532. Alexa-Fluor532-NHS was directly coupled to the

primary amine of (+)-SAH268 in aqueous 0.1 M NaHCOs; solution overnight at room temperature,

forming the desired amide (+)-SAH268-Alexa532 and NHS as a leaving group.

(£)-SAH268-Alexa532 with the sum formula Cs7HssBrN4O+10S2 was detected using high-

resolution mass spectrometry as a H*-adduct with m/z = 979.26025 [M+H]*. It was identified

by comparing the detected m/z and the isotopic pattern to a simulated spectrum with a
calculated value of m/z = 979.26157 [M+H]* (Figure 11).
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Figure 11: HRMS spectra for (+)-SAH268-Alexa532.

with a resolution of R = 60,000 (B).
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Figure 12: Synthesis of (*)-SAH268-Alexa647. Alexa-Fluor647-NHS was directly coupled to the
primary amine of (+)-SAH268 in aqueous 0.1 M NaHCOs; solution overnight at room temperature,

forming the desired amide (+)-SAH268-Alexa647 and NHS as a leaving group.

(x)-SAH268-Alexa647 with the sum formula Cs3H71BrN4O1sSs was detected using high-
resolution mass spectrometry as a H*-adduct with m/z = 1211.30495 [M+H]*. It was identified
by comparing the detected m/z and the isotopic pattern to a simulated spectrum with a
calculated value of m/z = 1211.30549 [M+H]* (Figure 13).
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Figure 13: HRMS spectra for (+)-SAH268-Alexa647. Measured spectrum (A) and simulated
spectrum with a resolution of R = 60,000 (B).
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Figure 14: Synthesis of (*)-SAH268-Atto532. Atto532-NHS was directly coupled to the primary amine
of (+)-SAH268 in aqueous 0.1 M NaHCOs solution overnight at room temperature, forming the desired
amide (1)-SAH268-Atto532 and NHS as a leaving group.

(£)-SAH268-Atto532 with the sum formula CssHs7BrNsO11S, was detected using high-
resolution mass spectrometry as a H*-adduct with m/z = 998.26773 [M+H]". It was identified
by comparing the detected m/z and the isotopic pattern to a simulated spectrum with a
calculated value of m/z = 998.26739 [M+H]* (Figure 15).
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Figure 15: HRMS spectra for (+)-SAH268-Atto532. Measured spectrum (A) and simulated spectrum
with a resolution of R = 60,000 (B).
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5.2 Determination of the 5-HT2a receptor binding by FCS

The synthesized fluorescent ligands described in 5.1 were examined for their binding affinity
to 5-HT2a receptors. This was accomplished by employing fluorescence correlation
spectroscopy (FCS) as technique on single-molecule level. FCS measures fluorescence
fluctuation in a defined, very small observation volume. Fluorescent molecules can be
distinguished by the time they remain in the observation volume, the so-called diffusion time
constant Tqi. Fast diffusing molecules, e.g. free diffusing fluorophores in solution, only remain
in the observation volume for a short time, whereas slower diffusing molecules, e.g. fluorescent
ligands bound to parts of the plasma membrane remain in the observation volume for a longer
duration. The detected fluorescence fluctuation over time is converted into an autocorrelation
curve. The turning point(s) of the autocorrelation curve represent the mean diffusion time
constant(s). Exemplary autocorrelation curves for measurements of only free diffusing
fluorescent molecules in solution and for a mixture of free diffusing and bound fluorescent

molecules in a plasma membrane are shown in Figure 16.
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Figure 16: Autocorrelation curves determined by FCS measurements. Exemplary autocorrelation

curves for only free diffusing (A) and a mixture of free diffusing and bound (B) fluorescent molecules.
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For receptor-ligand complexes it is possible to record more than one Tqs. Different Tqir each
characterize a distinct diffusive state for a receptor-ligand complex. GPCR commonly occur in
different diffusive states represented by their distinct diffusion coefficients, which can be
calculated using the measured Tgr and formula (2) shown in 4.5. The evaluation of the
autocorrelation curves was accomplished by a three-component model, where both fractions
of Taire and Tairs account for the fluorescent ligand bound to the plasma membrane and T
represents the free diffusing ligand. In case one of the synthesized ligands displayed binding
affinity by showing elevated amounts of fluorescent molecules belonging to Taire and Tairs, @
1000-fold excess of (+)-TCB-2 was added. If the autocorrelation curve remained nearly
unchanged after the addition, the observed binding affinity was considered not selective for
5-HT.2a receptors. If the excess of (+)-TCB-2 was able to shift the autocorrelation curve to the
left, by displacing fluorescent ligand from its binding, the binding affinity was considered
selective for 5-HT2a receptors. Nevertheless, a complete displacement of fluorescent ligand
from its binding is not expected, due to the remaining non-specific binding, which is always

observed.

The first ligand tested for its binding affinity to 5-HT.a receptors on C6 cells was (+)-TCB-2-
Alexa532. After 30 min incubation with 10 nM (1)-TCB-2-Alexa532, three distinct Tqr were
identified. Tais1 with 0.067 ms represents free and therefore fast diffusing (z)-TCB-2-Alexa532
in solution above the plasma membrane. Slower diffusing particles with Tqi> = 2.08 ms and
Tairs = 83.33 ms account for (x)-TCB-2-Alexa532 specifically bound to 5-HT2a receptors or non-
specifically bound to other components of the plasma membrane. The corresponding fractions
and diffusion coefficients are provided in Table 10. The addition of a 1,000-fold excess of
(x)-TCB-2 was not able to significantly displace the bound fractions of (+)-TCB-2-Alexa532,
neither in Tgir2 NOr in Tgirs. This can be seen in Figure 17, where the blue autocorrelation curve
for the measurement after displacement was not shifted towards the grey dotted curve for the
measurement in solution next to cells, but remained nearly identical to the black curve

measured before displacement.
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Figure 17: Exemplary autocorrelation curves for (*¥)-TCB-2-Alexa532 on C6 cells. Incubation of C6

cells with 10 nM (z)-TCB-2-Alexa532 for 30 min and subsequent FSC measurement on their surface

(black line). Measurement after the addition of 10 uM (¢)-TCB-2 and incubation for another 30 min (blue

line). The grey dotted line represents 10 nM (+)-TCB-2-Alexa532 measured in solution next to cells.

Table 10: FCS data for (*)-TCB-2-Alexa532 on C6 cells. Diffusion time constants (Tai), their

respective fractions and diffusion coefficients (Duitr) for (x)-TCB-2-Alexa532 on the surface of C6 cells

presented as mean + SD.

fraction | fraction | fraction
Taifr1 Taitr T3 Duifr1 Duift2 Duift3
Taifr1 Taitr2 Taift
[ms] [ms] [ms] [um?/s] | [um?/s] | [um?/s]
[%] [%] [%]
10 nM 0.067* | 2.08 83.33 36.9 415 22.6 149.25 | 4.81 0.12
(+)-TCB-2- + + + + + + + + +
Alexa532 0.005 0.96 75.20 6.2 55 7.5 11.14 2.22 0.11
10 nM
(x)-TCB-2- 0.067* 1.71 14.82 27.3 35.3 374 149.25 5.85 0.68
Alexa532 + + + + + + + + +
+ 10 uM 0.005 0.06 13.08 3.5 17.0 15.3 11.14 0.21 0.60
(x)-TCB-2

* determined by measuring 10 nM (z)-TCB-2-Alexa532 in solution next to cells

(x)-TCB-2-Alexa532 displayed high amounts of non-specific binding to the plasma membrane

of C6 cells and is not suitable for further 5-HT2a receptor binding studies.
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Following (+)-TCB-2-Alexa532, (+)-TCB-2-Alexa647 was tested for its binding affinity to 5-HT2a
receptors on C6 cells. After 30 min incubation with 20 nM (£)-TCB-2-Alexa647, two distinct Tgit
were identified: Tqir1 with 0.067 ms and Tairre With 58.44 ms. The corresponding fractions and
diffusion coefficients are provided in Table 11. Neither the black nor the blue autocorrelation
curve differed significantly from the grey dotted curve measured in solution next to cells (Figure
18). (2)-TCB-2-Alexa647 displayed no notable selective binding.

0 P | Lol P e : S—

107 10° 1072 107 10° 10’
tins
Figure 18: Exemplary autocorrelation curves for (+)-TCB-2-Alexa647 on C6 cells. Incubation of C6
cells with 20 nM (z)-TCB-2-Alexa647 for 30 min and subsequent FSC measurement on their surface
(black line). Measurement after the addition of 20 uM (£)-TCB-2 and incubation for another 30 min (blue

line). The grey dotted line represents 20 nM (+)-TCB-2-Alexa647 measured in solution next to cells.
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Table 11: FCS data for (*)-TCB-2-Alexa647 on C6 cells. Diffusion time constants (Tai), their
respective fractions and diffusion coefficients (Dair) for (+)-TCB-2-Alexa647 on the surface of C6 cells

presented as mean + SD.

fraction | fraction | fraction
T aifr1 Taifr2 Taifr3 Duifr1 Duifr2 Duift3
T aifr1 Taifr2 Tt
[ms] [ms] [ms] [um?/s] | [um?/s] | [um?/s]
[%] [%] [%]

20 nM 0.067* | 58.44 89.0 11.0 149.25 0.17
(x)-TCB-2- * + n.a. * * n.a. * t n.a.
Alexa647 0.006 | 70.13 4.8 4.8 11.14 0.20

20 nM
(x)-TCB-2- 0.058* | 84.87 92.0 8.0 172.41 0.11
Alexab647 + + n.a. + + n.a. + + n.a.

+20 uM 0.002 | 35.40 0.2 0.2 5.95 0.05
(x)-TCB-2

* determined by measuring 20 nM (z)-TCB-2-Alexa647 in solution next to cells
n.a. = not applicable

(x)-TCB-2-Alexa647 displayed no notable selective binding and is not suitable for further

studies 5-HT2a receptor binding studies.

Two fluorescent ligands with the fluorophore directly coupled to (+)-TCB-2 were not suitable
for FCS investigations. Therefore, (+)-SAH268-Alexa532 was tested for its binding affinity to
5-HT2a receptors on C6 cells in the next step. After 30 min incubation with 10 nM ()-SAH268-
Alexab32, three distinct Tqir were identified: Tair1 with 0.053 ms, Taire With 1.32 ms and Tqiz
with 210.30 ms. The corresponding fractions and diffusion coefficients are provided in Table
12. A 1,000-fold excess of (+)-TCB-2 slightly but not significantly reduced the bound fractions
Taire and Tairrs in total from 53.9% to 45.4%. Nevertheless, the shift of the blue autocorrelation
curve to the grey dotted one is not detectable (Figure 19). The detected binding of (+)-SAH268-
Alexa532 was not displaceable by (+)-TCB-2.
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Figure 19: Exemplary autocorrelation curves for (+)-SAH268-Alexa532 on C6 cells. Incubation of
C6 cells with 10 nM (£)-SAH268-Alexa532 for 30 min and subsequent FSC measurement on their
surface (black line). Measurement after the addition of 10 uM ()-TCB-2 and incubation for another 30
min (blue line). The grey dotted line represents 10 nM (+)-SAH268-Alexa532 measured in solution next

to cells.

Table 12: FCS data for (+)-SAH268-Alexa532 on C6 cells. Diffusion time constants (Tair), their
respective fractions and diffusion coefficients (Duaif) for (£)-SAH268-Alexa532 on the surface of C6 cells

presented as mean £ SD.

fraction | fraction | fraction
Taifr1 Taitr T3 Duifr1 Duifr2 Duift3
Taifr1 Taitr2 Taift3
[ms] [ms] [ms] [um?/s] | [um?/s] | [um?/s]
[%] [%] [%]

10 nM 0.053* | 1.32 | 210.30 | 46.1 32.0 21.9 188.68 | 7.58 0.05

(x)-SAH268- + + + + + + + + +
Alexa532 0.003 0.27 | 333.08 6.6 6.2 9.3 10.68 1.55 0.08
10 nM

(x)-SAH268- | 0.053* 1.26 17.38 54.6 29.6 15.8 188.68 7.94 0.58
Alexa532 +
+ 10uM 0.003 0.76 6.08 21.2 16.2 5.1 10.68 4.79 0.20

(x)-TCB-2
* determined by measuring 10 nM (+)-SAH268-Alexa532 in solution next to cells

=+

+
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Since the observed binding for (+)-SAH268-Alexa532 was non-displaceable and thereby non-

specific, it cannot be employed for further 5-HT2a receptors binding studies.
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Thereafter, (+)-SAH268-Alexa647 was tested for its binding affinity to 5-HT.a receptors on C6
cells. After 30 min incubation with 20 nM (+)-SAH268-Alexa647, two distinct Tqr were
identified: Taix1 with 0.067 ms and Tar with 26.33 ms. The corresponding fractions and
diffusion coefficients are provided in Table 13. Since the bound fraction of (+)-SAH268-
Alexa647 was 3.2%, the courses of the autocorrelation curves for (+)-SAH268-Alexa647 in
solution next to cells and in the plasma membrane of C6 cells are almost identical (Figure 20).

Consequently, no further displacement experiments were undertaken.

The synthesis of (+)-SAH268-Alexa647 yielded a ligand with no notable selective binding to
the 5-HT2a receptor. Therefore, (+)-SAH268-Alexa647 is not suited for further FCS studies.

107 10° 10!

Figure 20: Exemplary autocorrelation curves for (+)-SAH268-Alexa647 on C6 cells. Incubation of
C6 cells with 20 nM (+)-SAH268-Alexa647 for 30 min and subsequent FSC measurement on their
surface (black line). The grey dotted line represents 20 nM (+)-SAH268-Alexa647 measured in solution

next to cells.

Table 13: FCS data for (*)-SAH268-Alexa647 on C6 cells. Diffusion time constants (Tui), their
respective fractions and diffusion coefficients (Duaiff) for (+)-SAH268-Alexa647 on the surface of C6 cells

presented as mean + SD.

fraction | fraction | fraction
Taitr1 Tt Ttz Duifr1 Duifr2 Duift3
Tttt Taitr2 Tt
[ms] [ms] [ms] [um?/s] | [um?/s] | [um?/s]
[%] [%] [%]
20 nM 0.077* | 26.33 96.8 3.2 129.87 0.38
(£)-SAH268- * * n.a. * * n.a. * * n.a.
Alexa647 0.002 | 48.36 1.2 1.2 3.37 0.70

* determined by measuring 20 nM (+)-SAH268-Alexa647 in solution next to cells
n.a. = not applicable
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Since none of the fluorescent ligands with Alexa-Fluor fluorophores was suitable for FCS
binding studies, (+)-SAH268-Atto532 was tested for its binding affinity to 5-HT.a receptors on
C6 cells. After 30 min incubation with 10 nM (x)-SAH268-Atto532, two distinct Tar were
identified: Tt with 0.067 ms and Tare with 26.33 ms. The corresponding fractions and
diffusion coefficients are provided in Table 14. Since the bound fraction of (+)-SAH268-Atto532
was 10.4%, the courses of the autocorrelation curves for (+)-SAH268- Atto532 in solution next
to cells and in the plasma membrane of C6 cells are only slightly different (Figure 21).

Consequently, no further displacement experiments were undertaken.
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Figure 21: Exemplary autocorrelation curves for (+)-SAH268-Atto532 on C6 cells. Incubation of C6
cells with 10 nM (2)-SAH268-Atto532 for 30 min and subsequent FSC measurement on their surface
(black line). The grey dotted line represents 10 nM (+)-SAH268-Atto532 measured in solution next to
cells.

Table 14: FCS data for (*)-SAH268-Atto532 on C6 cells. Diffusion time constants (Tair), their

respective fractions and diffusion coefficients (Duaitf) for (£)-SAH268-Atto532 on the surface of C6 cells

presented as mean £ SD.

fraction | fraction | fraction
Taifr1 Taitr Taifr3 Duifr1 Duifr2 Duift3
Taifr1 Taitr2 Taift3
[ms] [ms] [ms] [um?/s] | [um?/s] | [um?/s]
[%] [%] [%]
10 nM 0.058* | 39.47 89.6 10.4 172.41 0.25
(x)-SAH268- * * n.a. * * n.a. * * n.a.
Atto532 0.002 | 55.15 2.9 29 5.95 0.35

* determined by measuring 10 nM ()-SAH268-Atto532 in solution next to cells
n.a. = not applicable
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C6 cells are known to genuinely express 5-HT2a receptors. However, those cells were isolated
from Rattus norvegicus and therefore express murine 5-HT.a receptors. Remarkably, the
fluorescently labeled (+)-TCB-2 and (£)-SAH268 derivatives showed either a high non-specific
binding to the plasma membrane of C6 cells or no notable selective binding to the 5-HT2a
receptor. The non-specific binding could be attributed to the fluorophore, whereas the absence
of selective binding to the 5-HT2a receptor could be attributed to the differences between
murine and human 5-HT2a receptors. They differ in only three amino acids in the
transmembrane region associated with ligand binding. The different amino acids are isoleucine
and valine at position 150, threonine and alanine at position 82 and alanine and serine at
position 242. Alanine/Serine-242 seems to be mainly responsible for the differences in ligand
binding for the two species’ . Consequently, the human neuroblastoma cell line SH-SY5Y
was used to investigate whether (+)-SAH268-Atto532 displays binding affinity to human 5-HT2a
receptors. After 30 min incubation with 10 nM (x)-SAH268-Alexa532, three distinct Tqir were
identified: Tair1 with 0.063 ms, Taire With 1.27 ms and Tairs with 55.40 ms. The corresponding
fractions and diffusion coefficients are provided in Table 15. After another 30 min incubation
with 10 uM (z)-TCB-2, the bound fractions Tai> and Tairs were reduced from 43.5% to 10.8%
in total, which is equal to the non-specific binding measured for (+)-SAH268-Alexa532 on C6
cells (Table 14). The displacement of the bound fractions of (+)-SAH268-Alexa532 by
(x)-TCB-2 is indicated by a clear left shift of the blue autocorrelation curve towards the grey
dotted curve, since increased amounts of free diffusing ligand are detected (Figure 22).
(£)-SAH268-Atto532 showed 5-HT:a receptor binding in SH-SY5Y cells.
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Figure 22: Exemplary autocorrelation curves for (%)-SAH268-Atto532 on SH-SY5Y cells.
Incubation of SH-SY5Y cells with 10 nM (+)-SAH268-Atto532 for 30 min and subsequent FSC
measurement on their surface (black line). Measurement after the addition of 10 uM (£)-TCB-2 and
incubation for another 30 min (blue line). The grey dotted line represents 10 nM (+)-SAH268-Att0532

measured in solution next to cells.

Table 15: FCS data for (+)-SAH268-Atto532 on SH-SY5Y cells. Diffusion time constants (Tair), their
respective fractions and diffusion coefficients (Duitr) for (+)-SAH268-Atto532 on the surface of SH-SY5Y

cells presented as mean + SD.

fraction | fraction | fraction
Taitr1 Taifr2 Taifr3 Duif1 Duifr2 Duift3
Tair1 Taitr2 Taifr3
[ms] | [ms] | [ms] [um?/s] | [um?/s] | [um?/s]
[%] [%] [%]

10 nM 0.063* | 1.27 | 55.40 | 565 | 196 | 239 |158.73 | 7.90 | 0.18
(+)-SAH268- | + +
Atto532 0.008 | 0.19 | 22.96 | 124 | 10.1 48 | 2016 | 120 | 0.07

+ + + +

+
+
+

10 nM
(£)-SAH268- | 0.063* | 1.93 43.72 89.2 3.7 7.1 158.73 | 5.18 0.23
Atto532 + + + + + + * * *
+10 uM 0.008 0.93 11.17 25 0.5 2.1 20.16 2.50 0.06
(x)-TCB-2

* determined by measuring 10 nM (+)-SAH268-Atto532 in solution next to cells

After ()-SAH268-Atto532 demonstrated displaceable binding on SH-SY5Y cells, (+)-SAH268-
Alexab647 needed to be examined on SY-SY5Y cells to assess whether the dye moiety
influences the 5-HT2a receptor binding. After 30 min incubation with 30 nM ()-SAH268-
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Alexab47, two distinct Tqir were identified: Tair1 with 0.079 ms and Tgime With 8.36 ms. The

corresponding fractions and diffusion coefficients are provided in Table 16. Since the bound

fraction of (x)-SAH268- Alexa647 was 4.7%, the courses of the autocorrelation curves for

(£)-SAH268-Alexa647 in solution next to cells and in the plasma membrane of SH-SY5Y cells

are only slightly different (Figure 23). Therefore, no further displacement experiments were

undertaken.
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Figure 23: Exemplary autocorrelation curves for (t)-SAH268-Alexa647 on SH-SY5Y cells.
Incubation of SH-SY5Y cells with 30 nM (+)-SAH268-Alexa647 for 30 min and subsequent FSC
measurement on their surface (black line). The grey dotted line represents 30 nM (+)-SAH268-Alexa647

measured in solution next to cells.

Table 16: FCS data for (+)-SAH268-Alexa647 on SH-SY5Y cells. Diffusion time constants (Taif), their
respective fractions and diffusion coefficients (Duitf) for (+)-SAH268-Alexa647 on the surface of SH-SY5Y

cells presented as mean £ SD.

fraction | fraction | fraction
Taifr1 Taitr T3 Duif1 Duifr2 Duift3
Taifr1 Taitr2 Taift3
[ms] [ms] [ms] [um2/s] | [um?/s] | [um?/s]
[%] [%] [%]
30 nM 0.079* | 8.36 95.3 4.7 126.58 1.20
(x)-SAH268- * * n.a. * * n.a. * * n.a.
Alexa647 0.002 5.33 4.1 4.1 3.20 0.76

* determined by measuring 30 nM (+)-SAH268-Alexa647 in solution next to cells

n.a. = not applicable
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(£)-SAH268-Alexab647 showed no notable selective binding to 5-HT2a receptors on SH-SY5Y
cells with 4.7%, in contrast to (+)-SAH268-Atto532 with 43.5%. (+)-SAH268-Alexa647 is not

suitable for further 5-HT2a receptors binding studies.

Lastly, the introduction of an aminohexyl linker to (£)-TCB-2 resulting in (+)-SAH268 needed
to be reviewed critically. Therefore, (+)-TCB-2-Atto532 was tested for its binding affinity to
5-HT2a receptors on SH-SY5Y-cells. After 30 min incubation with 10 nM (+)-TCB-2-Atto532,
two distinct Tqir were identified: Tqir with 0.052 ms and Tgirrz with 14.55 ms. The corresponding
fractions and diffusion coefficients are provided in Table 17. Since the bound fraction of
(£)-TCB-2-Atto532 was 11.0%, the courses of the autocorrelation curves for (+)-TCB-2-
Atto532 in solution next to cells and in the plasma membrane of SH-SY5Y cells are only slightly
different (Figure 24).

10° 10!

tins

Figure 24: Exemplary autocorrelation curves for (+)-TCB-2-Atto532 on SH-SY5Y cells. Incubation
of SH-SY5Y cells with 10 nM (+)-TCB-2-Atto532 for 30 min and subsequent FSC measurement on their
surface (black line). The grey dotted line represents 10 nM ()-TCB-2-Atto532 measured in solution next

to cells.
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Table 17: FCS data for (+)-TCB-2-Atto532 on SH-SY5Y cells. Diffusion time constants (Tai), their
respective fractions and diffusion coefficients (Duair) for (+)-TCB-2-Atto532 on the surface of SH-SY5Y

cells presented as mean + SD.

fraction | fraction | fraction
T aifr1 Taifr2 Taifa Duifr1 Duifr2 Duift3
Taifr1 Taifr2 Tt
[ms] [ms] [ms] [um?/s] | [um?/s] | [um?/s]
[%] [%] [%]
10 nM 0.052* | 14.55 89.0 11.0 192.31 0.69
(x)-TCB-2- * * n.a. * + n.a. + + n.a.
Atto532 0.000 12.2 2.8 2.8 3.70 0.58

* determined by measuring 10 nM (£)-TCB-2-Atto532 in solution next to cells
n.a. = not applicable

(+)-TCB-2-Atto532 displayed no notable selective binding to the 5-HT2a receptors on SH-SY5Y
cells. With 11.0%, the amount was in the range of the measured non-specific binding for
(x)-SAH268-Atto532 on C6 cells with 10.8%. (x)-TCB-2-Atto532 is not suitable for further
5-HT.2a receptors binding studies. The introduction of the aminohexyl linker was necessary to

construct a ligand with binding affinity to 5-HT2a receptors.
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5.3 Selectivity of the 5-HT2a receptor binding for (+)-SAH268-Atto532

The binding of (+)-SAH268-Atto532 to 5-HT.a receptors was investigated on SH-SY5Y cells
through displacement experiments using FCS measurements with different subtype-specific
5-HT ligands. The closely related 5-HT1a, 5-HT2c and 5-HT+ receptors were chosen due to their
high sequence homology compared to 5-HT2a receptors in regions associated with ligand
binding®. To conduct the displacement experiments, an excess of (x)-TCB-2 (10 uM, 5-HTza
receptor agonist), WAY-100635 (5 uM, 5-HT1a receptor antagonist), SB-242084 (5 uM, 5-HT2¢
receptor antagonist), and SB-269970 (5 uM, 5-HT~ receptor antagonist) was used. The binding
of (+)-SAH268-Atto532 was measured before and after the addition of the compound of interest
after 30 min incubation at room temperature. Each data set includes three independent
experiments using the same cell before and after displacement. Binding of (+)-SAH268-
Atto532 after displacement with the aforementioned compounds was normalized to the binding
values before displacement (Figure 25, panel A). Only (z)-TCB-2 was able to significantly
displace (+)-SAH268-Atto532 from the receptor-binding site. A 1,000-fold excess of
(x)-TCB-2 significantly reduced the 5-HT2a receptor binding of (x)-SAH268-Atto532 to 25.4 +
2.7%, whereas WAY-100635 non-significantly increased it to 103.5 + 24.4%. SB-242084 with
a decrease to 93.9 + 3.1% and SB-269970 with an increase to 118.4 + 13.5% showed no
significant difference in (x)-SAH268-Atto532 receptor binding (Figure 25, panel B).
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Figure 25: Displacement experiments for (+)-SAH268-Atto532. Displacement of 10 nM (+)-SAH268-
Atto532 on SH-SY5Y cells using selective ligands for different 5-HT-receptors. Data are presented as
single experiments with the same cell before (full dot) and after displacement (empty dot) in panel A and
as mean + SEM for 3 independent experiments with n = 13 for each column, with only one exemplary
control column in panel B. The same cell was measured before and after displacement and normalized
to their respective controls. Concentrations for the chosen ligands were 10 uM for (+)-TCB-2 (5-HT2a
receptor agonist) and 5 yM each for WAY-100635 (5-HT1a receptor antagonist), SB-242084 (5-HT2c
receptor antagonist) and SB-269970 (5-HT7 receptor antagonist). Marked value * p < 0.05 is significantly

different from its corresponding control, determined by Student’s unpaired t-test.
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Displacement experiments using selective ligands for 5-HT1a, 5-HT2c and 5-HT7 receptors lead
to the conclusion that the observed (+)-SAH268-Atto532 binding is mainly attributed to 5-HT2a
receptors. It is proven for SH-SY5Y cells in several settings that they endogenously express
5-HT:a receptors’7®. Since it is not evident if SH-SY5Y cells express 5-HT.c and 5-HT-
receptors, those two receptors were investigated further. To make sure the receptors of
interest are expressed, three stably transfected cell lines originating from HEK293 cells were
created. Availability of 5-HT2c and 5-HT+7 receptors was demonstrated by conducting second
messenger assays for the respective cell line, which were negatable by selective antagonists
(Figure S 29). HEK293-HiBiT-5HT2a, HEK293-Aequorin-HiBiT-5HT2c, and HEK293-
GloSensor-HiBiT-5HT7 cells were investigated for (+)-SAH268-Atto532 binding to the
respective receptor. After 30 min incubation at room temperature with10 nM (+)-SAH268-
Atto532, only cells transfected with human 5-HT2a receptors displayed binding with 2.76 *
0.15 nM. After treatment with a 1,000-fold excess of (+)-TCB-2, the binding of (+)-SAH268-
Atto532 was significantly reduced by 78.3 £ 3.7% to 0.63 £ 0.10 nM. The measured binding of
(£)-SAH268-Atto532 for the cells expressing the human 5-HTc receptor with 0.60 + 0.05 nM
and the human 5-HT7 receptor with 0.79 + 0.06 nM were not significantly different from the
cells expressing the 5-HT2a receptor after displacement with (x)-TCB-2 (Figure 26). Thus,
(£)-SAH268-Atto532 is a selective 5-HTa receptor ligand.
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Figure 26: 5-HT-receptor selectivity for (*)-SAH268-Atto532. 5-HT receptor binding and
displacement of 10 nM ()-SAH268-Atto532 on HEK293-HiBiT-5HT2a, HEK293-Aequorin-HiBiT-
5HT2c¢, and HEK293-GloSensor-HiBiT-5HT7 cells. Data are presented as mean + SEM for 3
independent experiments with n = 18 for each data point. For displacement experiments on HEK293-
HiBiT-5HT2a cells, the same cell was measured before and after displacement with a 1,000-fold excess
of (x)-TCB-2. Measured binding was normalized to HEK293-HiBiT-5HT2a cells before displacement.
Marked value * p < 0.05 is significantly different from its corresponding control, determined by Student’s

unpaired t-test (ns = not significant).
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54 (+)-SAH268-Atto532 saturation experiments on SH-SYS5Y cells

After demonstrating selectivity for 5-HT2a receptors, the binding affinity (Kp) of (+)-SAH268-
Atto532 and total receptor density (Bmax) of 5-HT2a receptors on SH-SY5Y cells were
investigated. Saturation experiments with FCS were carried out by using different
concentrations of (+)-SAH268-Atto532 ranging from 5 to 200 nM. SH-SY5Y cells were
incubated for 30 min at room temperature. Afterwards, the total concentration of (x)-SAH268-
Atto532 was plotted against the determined concentration of bound (+)-SAH268-Atto532. From
the saturation curve, fitted by a nonlinear fit for one site-specific binding with Hill slope, a Bmax
value of 23.95 + 5.91 nM and a Kp value of 81.03 £ 24.99 nM were obtained (Figure 27).
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Figure 27: FCS saturation experiments for (+)-SAH268-Atto532 on SH-SY5Y cells. SH-SY5Y cells
were incubated with 5, 25, 50, 75, 100, 150 and 200 nM (+)-SAH268-Atto532 for30 min and measured
afterwards Data are presented as mean + SEM for 3 independent experiments with n = 19 for each data

point.
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5.5 Lateral mobility of 5-HT2a receptor-(£)-SAH268-Atto532 complexes on SH-SY5Y

cells

Further characterization of (+)-SAH268-Atto532 and 5-HT2a receptors was undertaken by
applying the ligand in single-particle tracking (SPT) measurements. After incubating SH-SY5Y
cells with 2 nM (+)-SAH268-Atto532 for 30 min at room temperature, pictures were taken and
recorded particles were tracked using the u- track package and analyzed by variational Bayes

single-particle tracking (vbSPT) (Figure 28)%°7°,
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Figure 28: Single-particle tracking and further analysis of (*)-SAH268-Atto532 receptor-ligand
complexes on SH-SY5Y cells. (A) Example of a single ligand-receptor complex on the surface of a
single SH-SY5Y cell over the course of 600 ms (1-12). Individual frames and emerging trajectory of SPT
recording acquired at 20 fps. (B) The trajectory of the particle recorded in A (C) Overlay of all recorded
trajectories for (+)-SAH268-Atto532-receptor complexes. (D) Distribution of single jumping distances for
the trajectories in C. Mixed fit for all diffusion coefficients and individually fitted diffusion coefficients are
shown. (E) Trajectories analyzed by vbSPT. Each diffusive state (S1-S3) is represented by a circle.
Circle area and arrow thickness are proportional to occupancy and intratrack transition probability.

n = 18 (overall 7350 trajectories).
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Three distinct diffusive states S1-S3, their diffusion coefficients (Dspr), occupancy, and
intratrack transition probability were identified (Table 18). The diffusive states account for
almost immobile (diffusive state S1), slow diffusing (diffusive state S2) and fast diffusing
(diffusive state S3) receptor-ligand complexes. Switches between diffusive states occurred
mostly in sequential order from S1 to S3 and backward. Switches between S12S2 and S12S3

are relatively rare, while the transition from S3—S2 clearly dominates (Figure 28).

Comparing diffusion coefficients acquired by SPT (Dspr) and FSC (Drcs) it can be concluded,
that Dsspr (0.2031 * 0.0017 pum?/s) and Darcs (0.18 + 0.07 um?/s) represent the same

population of receptor-ligand complexes (compare Table 15 and Table 18).

Taken together, FCS and SPT measurements enable the characterization of four distinct
diffusive states of 5-HT.a receptor-ligand complexes, possibly representing different

functionalities.

Table 18: SPT data for (*)-SAH268-Atto532 receptor-ligand complexes on SH-SY5Y cells.
Diffusion coefficients (Dspt), occupancy and intratrack transition probabilities of three different diffusive
states S1, S2, and S3 of (+)-SAH268-Atto532-receptor-complexes acquired by single-particle tracking
on SH-SY5Y cells and subsequent analysis with voSPT. Data are presented as mean * SD for 3

independent experiments with n = 18 (overall 7350 trajectories).

Transition probability to [%]
Diffusive state Dspt [um?/s] Occupancy [%]
S1 S2 S3
S1 0.0130 + 0.0002 7.7 - 9.1 1.1
S2 0.0718 £ 0.0004 63.3 1.3 - 14.3
S3 0.2031 £ 0.0017 29.0 0.5 32.9 -
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5.6 5-HT2a receptor agonistic profile of (+)-SAH268-Atto532

Lastly, the activity profile of (+)-SAH268-Atto532 was characterized. The G4 coupled 5-HT2a
receptor leads to increased cytosolic Ca?* levels after agonistic stimulation””. Therefore,
HEK293 cells were transfected with a blue fluorescent calcium indicator (B-GECO1) alone and
together with the human 5-HT2a receptor. The blue fluorescence does not interfere with the
fluorescence of the Atto532 tag. Increasing cytosolic Ca?* levels, as seen after 5-HT.a receptor

stimulation, result in elevated fluorescence signals from B-GECO1.

B-GECO1 consists of the blue fluorescent protein (BFP) coupled to calmodulin (CaM) and the
calmodulin-binding region of chicken myosin light chain kinase (M13). In the presence of Ca?",
M13 interacts with Ca?*-loaded CaM, resulting in a reorganization of the CaM-BFP binding.
Subsequently, hydrophilic interactions of CaM and the chromophore of BFP result in increased

fluorescence of BFP at 446 nm after excitation at 378 nm (Figure 29)%".

5-HT,,
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Figure 29: Principle of cytosolic Ca?" detection using B-GECO1. Fluorescence emission of
B-GECO1 is measured at Aem = 446 nm after structural reorganization induced by Ca?* binding and

excitation at Aex = 378 nm.
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HEK293 cells stably transfected with either B-GECO1 alone (HEK293-B-GECO1) or together
with the human 5-HT,a receptor (HEK293-B-GECO1-5HT2a) were created. Using the
B-GECO1 detection system, the following results were obtained. lonomycin in a concentration
of 1.4 uM, was able to induce increased cytosolic Ca?* levels in both cell lines. It is a positive
control for both cells lines by acting as a Ca?* ionophore. Additionally, 10 uM (z)-TCB-2, as
well as 5 uM (2)-SAH268-Atto532 only induced an increase in cytosolic calcium in HEK293-B-
GECO1-5HT2a cells (Figure 30). Thereby, the 5-HT.a receptor specific increase after

(£)-TCB-2 or (£)-SAH268-Att0532 administration in contrast to lonomycin is demonstrated.

Overall, (+)-SAH268-Atto532 can be described as a selective 5-HT.a receptor agonist with a

binding affinity in the nanomolar range.
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Figure 30: Calcium measurements for (+)-SAH-268-Atto532. HEK293-B-GECO1 and HEK293-B-
GECO1-5HT2a cells were investigated for their fluorescence intensity following the treatment with
ionomycin, (£)-TCB-2 and (+)-SAH268-Atto532. Nine seconds after starting the measurement the cells
were treated with 1.4 yM ionomycin (A) (positive control for both cell lines), 10 uM (£)-TCB-2 (B) (positive
control for HEK293-B-GECO1-5HT2a cells) or 5 uyM (+)-SAH268-Atto532 (C). Results of at least 3
independent experiments are shown as mean + SEM with n = 10. Marked values for HEK293-B-GECO1-
5HT2a cells with p < 0.05 are significantly different from HEK293-B-GECO1 cells, determined by
Student’s unpaired t-test.
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5.7 Characterization of STW3-VI® via HPLC

This work aims to investigate the influence of STW3-VI® and two of its active ingredients
hyperforin and hyperoside on 5-HT2a receptors. Therefore, STW3-VI® was analyzed via HPLC
method 7 (Table 7) and its main components were identified using reference substances by
comparing retention times and absorption spectra. Three different classes of natural
substances were identified. Rutin, hyperoside, isoquercetin, quercetin, quercitrin and
biapigenin represent the class of flavonoids. Hyperforin is a prenylated phloroglucin derivative
and pseudohypericin and hypericin are naphthodiantrones. For the detection of the different
chemical structures mentioned, two different detection wavelengths were necessary. All
flavonoids and hyperforin were detected at A=210 nm, whereas the naphthodiantrones were
detected at A=590 nm (Figure 31). Detection at 590 nm is inserted into the chromatogram for
210 nm starting from 60 minutes, as there were no peaks recorded at 590 nm until then.
Concentrations for hyperforin and hyperoside were determined to be 36.8 uM for hyperforin
and 53.3 uM for hyperoside (calculations in supplemental material). STW3-VI® was used for
preincubations for the following experiments in the concentrations of 0.02, 0.002 and

0.0002 mg/ml. Hyperforin and hyperoside were used in concentrations of 1.0, 0.1 and 0.01 pM.
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Figure 31: HPLC chromatogram of STW3-VI® at 210nm (insert at 590 nm)
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5.8 Influence of STW3-VI®, hyperforin, and hyperoside on the ligand binding and
diffusion of 5-HT2a receptors on the surface of SH-SYSY cells

SH-SY5Y cells were preincubated for 6 days with 1.0, 0.1 and 0.01 uM hyperforin and
hyperoside or 0.02, 0.002 and 0.0002 mg/ml STW3-VI® and measured for the total receptor
binding of (+)-SAH268-Atto532 and distribution of 5-HT2a receptor-ligand complexes into the

diffusion time constants Tair2 and Tair3, using the FCS setup described in 4.5.

The diffusion time constants Tair, and Tairs together with their calculated diffusion coefficient
Ddire and Dgirrs are displayed in Table 19. They are shown for each preincubation in comparison
to their respective control measurements. The fast diffusing receptor-ligand complexes,
belonging to Tai> and Dairre respectively, were not influenced by any of the preincubations. In
contrast, Tairrz representing the slow diffusing receptor-ligand complexes was increased from
approx. 50 ms over all control measurements to more than 100 ms for all concentrations of
STW3-VI®, 1.0 uM Hyperforin and 0.1 uM Hyperoside. An increase even beyond 200 ms was
observed for 0.02 mg/ml STW3-VI®.

Total binding consists of the two fractions of fraifrz @and frairs. Acquired total binding data was
normalized to control cells preincubated with the highest ethanol concentration used in the
measurements for each independent experiment and preincubation individually. Furthermore,
the distribution of (+)-SAH268-Atto532 receptor-ligand complexes into the two diffusion time
constants was investigated. Therefore, the determined fractions frae and fraims after
preincubation were compared to their respective fraction measured for control cells with the

highest ethanol concentration used (Figure 32).

The highest concentration of 0.02 mg/ml STW3-VI® significantly increased the normalized total
binding of (+)-SAH268-Atto532 to 5-HT2a receptors to 1.27 + 0.08. For the concentrations of
0.002 and 0.0002 mg/ml STW3-VI®, the normalized total binding with 0.99 + 0.03 and 1.08 +
0.04 respectively was not significantly influenced. Hyperforin in the concentrations of 1.0, 0.1
and 0.01 uM non-significantly altered the total binding to 1.09 + 0.04, 0.99 + 0.04 and 0.94 +
0.03. Similar results were obtained for hyperoside, where 1.0, 0.1 and 0.01 pM non-
significantly changed the total binding to 1.06 + 0.05, 1.03 £ 0.03 and 0.93 £ 0.04 (Figure 32).
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Table 19: FCS data for (¥)-SAH268-Atto532 receptor-ligand complexes on SH-SY5Y cells after
preincubation with STW3-VI®, hyperforin, and hyperoside

Experimental condition Taitz [MS] Taif3 [MS] Duifr2 [um2/s] Duifrs [um2/s]
Control 1504099 | 37.89+23.36 | 6.68+4.44 | 0.264+0.163

0.02 mg/ml

\/I®
STW3-VI Preincubated | 1.24 +1.00 | 203.83 +271.80 | 8.05+6.51 | 0.049 +0.065
Control 100+ 1.88 | 53.51+5448 | 525+517 | 0.187 +0.190

0.002 mg/ml

_\/|®
STW3-VI Preincubated | 1.59+1.19 | 117.39+ 14026 | 6.31+4.73 | 0.085+0.102
0.0002 mg/mi Control 163+191 | 558444321 | 615+566 | 0.179+0.139

_\/|®
STW3-VI Preincubated | 2.22+2.75 | 141.16 + 190.06 | 4.50+558 | 0.071 +0.095
- Control 1554114 | 50.01+35.01 | 6.46+4.78 | 0.200+0.140
Hyperforin - b incubated | 1.36+0.67 | 117.57 £ 186.69 | 7.33+3.62 | 0.085+0.135
0.1 M Control 156+ 152 | 44.84+2295 | 640622 | 0.223+0114
Hyperforin b incubated | 179+ 167 | 8294+7444 | 558+519 | 0.121+0.108
Control 210+2.01 | 57.04+57.04 | 476+456 | 0.175+0.175

0.01 uM
Hyperforin b incubated | 1.75+1.56 | 67.73+119.68 | 5.71+5.09 | 0.148 + 0.261
L0uM Control 1554130 | 51.21+39.98 | 647+545 | 0.19540.152
Hyperoside o incubated | 1.71+1.45 | 66.41+52.03 | 6.11+£529 | 0.151+0.118
0.1 M Control 161+148 | 49.00+34.75 | 623+572 | 0.204+0.145
Hyperoside o incubated | 1.79+1.76 | 100.81+125.81 | 559550 | 0.099 +0.124
Control 210+2.01 | 57.04+57.04 | 476+456 | 0.175+0.175
0.01 uM

Hyperoside o i cubated | 1.72+£1.98 | 42.23+46.41 | 581+6.67 | 0.237 +0.260
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Regarding the distribution of fraf and frais, 1.0 uM hyperforin and hyperoside, 0.1 uM
hyperoside and also 0.02 and 0.002 mg/ml STW3-VI® demonstrated significant differences.
The lowest concentration of 0.0002 mg/ml STW3-VI® with frairz = 0.38 + 0.02 / fraifs = 0.69 +
0.04 had no significant effect compared to control cells with frgirz = 0.33 £ 0.03 / frairs = 0.67 £
0.03. The higher concentrations of STW3-VI® significantly and dose-dependently shifted the
distribution by reducing frairzs and elevating frairo. A distribution of fraire = 0.44 + 0.02 / fraims =
0.54 + 0.02 for 0.002 mg/ml STW3-VI® and fram = 0.89 + 0.08 / frars = 0.38 = 0.04 for
0.02 mg/ml STW3-VI® were determined (Figure 32).

Hyperforin in concentrations of 0.01 uM with frairz = 0.29 + 0.03 / frairs = 0.64 £ 0.03 and 0.1 yM
with frairz = 0.45 = 0.04 / frairs = 0.54 £ 0.04 had no significant effect on the distribution of the
bound fractions. The concentration of 1.0 uM hyperforin displayed a significantly different
distribution of frgirz = 0.61 £ 0.05 / fraims = 0.48 £ 0.04. The observed effects for hyperforin are

comparable to STW3-VI® but in general less pronounced (Figure 32).

Hyperoside in a concentration of 0.01 uM did not significantly affect the distribution of the
bound fractions with frgir, = 0.22 £ 0.04 / frairs = 0.71 £ 0.05. Higher hyperoside concentrations
of 0.1 uM with fraire = 0.52 £ 0.03 / frairs = 0.51 £ 0.03 and 1.0 uM with fraire = 0.53 £ 0.04 / fraitrs
= 0.54 + 0.03 significantly altered the ratio of the bound fractions. As seen for STW3-VI® and
hyperforin, hyperoside significantly increased frairz and lowered frqirs. But the shift from a
predominating fraction frgir, under control conditions to a predominating fraction frgirs after

preincubation was not observed (Figure 32).

The observed effects on the distribution of frhire and frams after preincubation with
STW3-VI®, hyperforin, and hyperoside were dose-dependent in any case. Remarkably, 0.1 uM
hyperoside already exhibited the maximum effect also observed for 1.0 uM. Furthermore, the
increased total binding observed for 0.02 mg/ml STW3-VI® resulted exclusively from an

increase of fast diffusing receptor-ligand complexes in fraio.

The resulting influences of altered total binding and diffusion of 5-HT.a receptors after
preincubation were investigated further. Receptor density, receptor internalization and
receptor signaling activity after preincubation with STW3-VI®, hyperforin, and hyperoside were

examined.
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Figure 32: Influence of STW3-VI®, hyperforin and hyperoside on the 5-HT2a receptor binding of
(¥)-SAH268-Atto532. Total binding (left) and distribution of lateral mobilities of fast (Tair2) and slow (Taitt3)
diffusing receptor-ligand complexes. Results of at least 3 independent experiments with n = 20 are
shown as mean + SEM. Marked values * with p < 0.05 are significantly different from their respective

controls, determined by Student’s unpaired t-test.
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5.9 Influence of STW3-VI®, hyperforin, and hyperoside on the receptor density and
internalization of HiBiT-tagged 5-HT2a receptors on the surface of HEK293 cells

At first, the receptor density and receptor internalization of 5-HT2a receptors were investigated
using the Nano-Glo® HiBiT Extracellular Detection System. In this detection system the
NanoLuc® Binary Technology (NanoBiT®) is employed. It uses a divided NanoLuc® luciferase,
with the small subunit consisting of 11 amino acids (HiBiT) coupled to the N-terminus of the
protein of interest. The much bigger subunit of the luciferase consisting of 160 amino acids
(LargeBiT, LgBIiT) is added before assay start. Together the HiBiT and LgBiT form an active
NanoLuc® luciferase, which converts added furimazine to furimamide to generate
chemiluminescence, measured in relative light units (RLU) (Figure 33). The amount of emitted

chemiluminescence is directly proportional to the total receptor density.

HEK293 cells were stably transfected with N-terminally HiBiT-tagged human 5-HT.a receptor.
The receptor density was measured under non-stimulating conditions and after stimulation with
1.0 uM (z)-TCB-2 for 15 min according to the manufacturers manual. The difference between
the receptor densities under non-stimulating conditions and after stimulation accounts for
receptors undergoing internalization. Thereby, receptor internalization was determined

indirectly by comparing receptor densities under non-stimulating and stimulating conditions.

non-stimulating

furimazine
furimamide )
+

luminescence

plasma
membrane

Figure 33: lllustration of HiBiT-tagged 5-HT2a receptor detection in the plasma membrane of
HEK293 cells. Receptor density is determined using the Nano-Glo® HiBiT Extracellular Detection

System under non-stimulating conditions and after stimulation with 1.0 yM (£)-TCB-2.
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RLU values for HEK293-HiBiT-5HT2a cells preincubated for at least 6 days with 1.0 uM
hyperforin, 1.0 uM hyperoside or 0.02, 0.002 and 0.0002 mg/ml STW3-VI® were all normalized

to cells without preincubation and stimulation.

Under non-stimulating conditions STW3-VI® dose-dependently decreased the 5-HT2a receptor
density with higher concentrations. The lowest concentration of 0.0002 mg/ml STW3-VI®
displayed no significant effect with a receptor density of 0.98 £ 0.01. In contrast, 0.002 and
0.02 mg/ml STW3-VI® significantly reduced the receptor density to 0.93 + 0.02 and 0.88 + 0.02
respectively. Hyperforin and hyperoside in the highest concentration of 1.0 yM did not
significantly alter receptor density and displayed values of 1.01 + 0.02 for hyperforin and
0.98 £ 0.03 for hyperoside (Figure 34). Therefore, no further experiments with lower

concentrations of hyperforin and hyperoside were undertaken.

1.2+
El non-stimulated

1.0+ SN 15min 1 uM TCB-2

0.8+
0.6+
0.4+

0.2+

5-HT,, receptor density
(normalized)

0.0-

Figure 34: Influence of STW3-VI®, hyperforin and hyperoside on the receptor density of HiBiT-
tagged 5-HT2a receptors on the surface of HEK293 cells. Amount of HiBiT-tagged 5-HT2a receptors
is proportional to measured luminescence signal. Normalized receptor density is displayed for cells after
different preincubations for six days without stimulation (plain) and after stimulation with 1.0 pM
(x)-TCB-2 for 15 min (striped). Results of at least 3 independent experiments with n = 12 are shown as
mean + SEM. Marked values with p £ 0.05 are significantly different from control data, determined by

Student’s unpaired t-test.
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Receptor density under stimulating conditions was determined by treating HEK293-HiBiT-
5HT2a cells with 1.0 uM ()-TCB-2 for 15 min before starting the assay. The measured
receptor density after stimulation is displayed using striped bars (Figure 34). The difference in
receptor density under non-stimulating and stimulating conditions expressed as percentages

accounts for the (+)-TCB-2 induced receptor internalization (Figure 35).

In comparison to stimulated control cells with a 5-HT2a receptor internalization of 18.8 £ 1.8%,
STW3-VI® dose-dependently reduced receptor internalization. While 0.0002 and 0.002 mg/ml
STW3-VI®in general reduced the receptor internalization to 16.9 + 1.5% and 14.5 + 2.0%, their
effect was not statistically significant. On the other hand, 0.02 mg/ml STW3-VI® significantly
inhibited receptor internalization, with 8.1 + 1.5% internalized receptors remaining. As seen for
total 5-HT2a receptor density, 1.0 uM hyperforin with 18.6 + 2.2% and 1.0 uM hyperoside with

20.6 £ 2.2% had no significant influence on 5-HT2a receptor internalization (Figure 35).
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Figure 35: Influence of STW3-VI®, hyperforin and hyperoside on the internalization of HiBiT-
tagged 5-HT2a receptors on the surface of HEK293 cells. Percentages represent the difference
between non-stimulated cells and cells after treatment with 1.0 uM ()-TCB-2 for 15 min within the same
preincubation. Results of at least 3 independent experiments with n = 12 are shown as mean + SEM.
Marked values with p < 0.05 are significantly different from their respective controls, determined by

Student’s unpaired t-test (ns = not significant).
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5.10 Influence of STW3-VI®, hyperforin, and hyperoside on the 5-HT2a receptor-

mediated intracellular Ca?* levels in HEK293 cells

Investigating the influences of hyperforin and hyperoside on intracellular Ca?* levels after
preincubation would be feasible with the B-GECO1 system described in 5.6. Unfortunately, the
photophysical interference of the naphthodianthrones with B-GECO1 ruled out this possibility.
The excitation light of Aex = 378 nm for B-GECO1 also excited the naphthodianthrones
contained in STW3-VI®, leading to wrong, elevated levels of emitted fluorescence. Therefore,
a luciferase-based system was employed. The employed system had no need for excitation
leading to the emission of fluorescence and therefore no interference with the

naphthodianthrones or STW3-VI® in general was observed.

Using the calcium-dependent luciferase aequorin, the intracellular Ca?* levels in HEK293 cells,
stably transfected with the human 5-HT.a receptor and apoaequorin, were determined.
Aequorin consists of an apoprotein (apoaequorin) and a bound luciferin (coelenterazine). It
exhibits three binding sites for Ca?* ions. After binding Ca?', aequorin is subjected to
conformational changes resulting in oxygenase-activity. Aequorin then converts
coelenterazine to an unstable dioxethanone via oxidation (Figure 36, reaction A). The unstable
dioxethanone is turned into the excited coelenteramide anion by decarboxylation (Figure 36,
reaction B). As it returns to its non-excited state, the excited coelenteramide emits blue light of
A =470 nm (Figure 36, reaction C). To regenerate active aequorin, the bound Ca?* ions have
to be removed in the presence of molecular oxygen and the coelenteramide needs to be
exchanged with fresh coelenterazine (Figure 36, reaction D)®. The emitted luminescence,

measured in RLU, is directly proportional to the intracellular Ca?* levels.
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Figure 36: Schematic representation of intracellular Ca?* level detection by chemiluminescence

using aequorin. Apoaequorin and its substrate coelenterazine form the active aequorin. After binding
three Ca?* ions coelenterazine is converted to an unstable dioxethanone anion (A). Decarboxylation of
the dioxethanone yields the excited coelenteramide anion (B). By returning to its non-excited state
coelenteramide emits blue light of A = 470 nm (C). Regeneration of aequorin is achieved through
removing Ca?* ions in the presence of molecular oxygen and exchanging coelenteramide by
coelenterazine (D).

Modified drawing according to: Aequorin mechanism.svg. (2008, April 4). Retrieved October 15, 2020,

from https://commons.wikimedia.org/wiki/File:Aequorin_mechanism.svg
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RLU values were measured over the course of 50 s. After measuring background
luminescence for 10 s, 10 uM (2)-TCB-2 was added to the cells and the measurement was
continued for an additional 40 s. AUC values were determined using the trapezoidal rule (see
4.11) for each preincubation and normalized to control cells. After 6 days preincubation with
0.0002 mg/ml STW3-VI®, the normalized intracellular Ca?* levels with 0.99 + 0.05 were not
significantly altered. By increasing the STW3-VI® concentration to 0.002 and 0.02 mg/ml the
intracellular Ca?* levels were significantly reduced in comparison to control cells with
0.59 + 0.04 and 0.69 + 0.04 respectively. Remarkably, 0.002 mg/ml STW3-VI® exhibited the
maximum effect and increasing the STW3-VI® concentration to 0.02 mg/ml did not further
reduce the intracellular Ca?* levels. The reduction was even lower for 0.002 mg/ml STW3-VI®
but without statistically significant difference compared to 0.02 mg/ml STW3-VI®. Hyperforin
and hyperoside in a concentration of 1.0 uM had no significant influence on the intracellular
Ca?* levels with values of 1.05 + 0.04 and 1.03 + 0.04 respectively (Figure 37). Therefore, no

further experiments with lower concentrations of hyperforin and hyperoside were undertaken.
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Figure 37: Influence of STW3-VI®, hyperforin and hyperoside on the intracellular Ca?* levels in
HEK293 cells after stimulation with (*)-TCB-2. RLU values are recorded every 2 s for 50 s and area
under the curve (AUC) is determined via trapezoidal rule (see 4.11). Stimulation was carried out with
10 uM (£)-TCB-2. Results of at least 3 independent experiments with n =2 27 are shown as mean + SEM.
Marked values with p < 0.05 are significantly different from control, determined by Student’s unpaired t-

test.
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The 5-HT.a receptor specificity of the observed effect for STW3-VI® was investigated.
Therefore, cells were preincubated for at least 6 days with 1.0 yM hyperforin, 1.0 yM
hyperoside or 0.02 mg/ml STW3-VI®. The stimulation was carried out with 500 nM of the Ca?*
ionophore ionomycin or 10 uM of the P.Y purinoceptor 1 (P2RY+) agonist ATP. lonomycin
induces a non-specific increase in intracellular Ca?* levels and was used for excluding a direct
effect on the aequorin system. ATP was used to exclude non-specific influences of STW3-VI®
on the signaling cascade of G4 coupled GPCR . The intracellular Ca?* levels after stimulation
with 500 nM ionomycin were not significantly affected for all preincubations with 1.06 + 0.12
for 1.0 pyM hyperforin, 0.96 £ 0.08 for 1.0 uM hyperoside and 0.92 + 0.07 for 0.02 mg/ml STW3-
VI® respectively. Additionally, the stimulation with 10 uM ATP did not lead to significantly
altered intracellular Ca?* levels for all preincubations with the values being 1.04 + 0.06 for
1.0 M hyperforin, 1.12 £ 0.06 for 1.0 uM hyperoside and 0.94 + 0.07 for 0.02 mg/ml
STW3-VI® respectively (Figure 38). Therefore, STW3-VI® selectively influences the

downstream signaling of 5-HTa receptors.
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Figure 38: Influence of STW3-VI®, hyperforin and hyperoside on the intracellular Ca?* levels in
HEK293 cells after stimulation with ionomycin and ATP. RLU values are recorded every 2 s for 50 s
and area under the curve (AUC) is determined via trapezoidal rule (see 4.11). Stimulation was carried
out with 500 nM ionomycin (A) or 10 uM ATP (B). Data are shown as mean + SEM for 3 independent

experiments withn = 7.
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6. Discussion

5-HT.a receptors are involved in the development and treatment of depressive disorders.
Inhibition of 5-HT2a receptor signaling, as it is seen after the treatment with many TCA, or
receptor downregulation observed after the treatment with SSRI, both suggest that decreasing
5-HT.a receptor activity is beneficial in the treatment of depressive disorders® 4378,
Controversially, the same is also observed for 5-HT2a receptor activation. Hallucinogenic
substances such as psilocybin or LSD led to antidepressant effects without a delayed onset in
recent pilot trails*®. Furthermore, desensitization of 5-HTa receptors, which is known to be
highly relevant in the regulation of mood, is observed after 5-HT.a receptor activation**.The
complex processes behind 5-HT2a receptors need to be elucidated further. Additionally, the
mode of action of St. John's wort extract STW3-VI® involving 5-HT2a receptors is still not fully
known. For assessing those questions, a tool for the investigation of 5-HT2a receptors in living
cells is necessary. Fluorescent ligands are well-suited for investigating receptor dynamics and
interactions in single-molecule techniques as FCS and SPT®"%2%, Fluorescent ligands were
constructed for many other serotonin receptor subtypes (e.g. 1A, 2B, 2C, 3, 4, 6), with a ligand
for 5-HT2a receptors still missing®*-°. Therefore, the aim of the first part of this work was to fill

this gap and synthesize a fluorescent 5-HT2a receptor ligand.

The synthetic approach was started from (1)-TCB-2 due to its high affinity for 5-HT2a receptors
and the ability to easily couple commercially available NHS-activated fluorophores to its
primary amine group’®. Furthermore, (+)-TCB-2 is characterized by a phenethylamine structure
with two aromatic methoxy substituents, a hydrophobic bromide substituent and an aliphatic,
protonable amine. All of these characteristics were proven to be important for 5-HT2a binding
in computational studies with molecular docking operations’"72, (+)-TCB-2, (+)-SAH268 and
all constructed ligands were employed in further measurements as their racemic mixtures. As
described by McLean et al., (R)-TCB-2 displays a roughly 100-fold increased receptor affinity
and 10-fold increased second messenger generation for human 5-HT.a receptors in
comparison to (S)-TCB-27°. Consequently, it can be assumed that, all molecules derived from
(x)-TCB-2 display similar eudysmic ratios. Nevertheless, the synthesis of (+)-SAH268-Atto532
yielded a fluorescent ligand with nanomolar binding affinity to 5-HT.a receptors. A chiral
separation in its corresponding eutomer and distomer was not deemed necessary, as its

racemic mixture was well suited for all subsequent measurements.

Apart from (+)-SAH268-Atto532, several other ligands were created within the synthetic
approach. Those ligands displayed remarkable characteristics which underline the difficulties
in the synthesis of fluorescent ligands. For example, by coupling (x)-TCB-2 directly to the
rhodamine-based dyes Alexa-Fluor532-NHS and Atto532-NHS, as well as the cyanine-based

fluorophore Alexa-Fluor647-NHS, three ligands without detectable selective 5-HT2a receptor

70



Discussion

binding were obtained. The autocorrelation curves acquired by FCS measurements in the
plasma membrane for (+)-TCB-2-Atto532 and (+)-TCB-2-Alexa647 were nearly identical to
those recorded in solution. In contrast, (£)-TCB-2-Alexa532 displayed high amounts of non-
specific binding. This is remarkable, as previous experiments with ligands consisting of Alexa-
Fluor532 did not show elevated non-specific binding®-%2. Nevertheless, since Atto532 and
Alexa-Fluor647 directly coupled to (+)-TCB-2 yielded ligands with no notable non-selective
binding, it can be concluded that Alexa-Fluor532 is responsible for the high amounts of non-
selective binding of (x)-TCB-2-Alexa532. By comparing different ligands constructed with
Alexa-Fluor532, it is evident that predicting the suitability of a certain fluorophore is not
possible. Coupling the same fluorophore to different ligands can lead to fundamentally different
results. Therefore, the synthesis of fluorescent ligands is often conducted on a trial and error
basis. The importance of the protonable amine moiety for 5-HT2a receptor interaction was
already shown in molecular modeling studies’"’2. The fluorescent ligands created by direct
coupling to (£)-TCB-2 confirm those results. When compared to other fluorescent serotonin
receptor ligands, it can be concluded that a protonable phenethylamine moiety is also
important for 5-HT2g and 5-HTxc interaction®®%’. The chemical structures of fluorescent ligands
for the serotonin receptors 1A, 3, 4 and 6 are substantially different>®°8-%°_ Therefore, this

characteristic cannot be generalized for all serotonin receptor subspecies.

To retain the protonability of the aliphatic amine moiety a BOC-protected aminohexyl linker
was introduced using 6-(BOC-amino)hexyl bromide in a direct alkylation reaction. The BOC-
protection was necessary to prevent the bromocarbon moiety from reacting with the newly
introduced amine. By following a protocol employing CsOH as a base, a reaction was
conducted almost exclusively leading to the secondary amine (x)-SAH267%. A reaction without
CsOH would result in mixture of secondary and tertiary amines as well as quaternary
ammonium cations®. Acid-catalyzed cleavage of the BOC-amine moiety with 85% aqueous
HsPO4 led to (+)-SAH2688°. (+)-SAH268 is characterized by a protonable secondary amine in
its phenethylamine moiety and a terminal primary amine for coupling to NHS-activated
fluorophores. In addition to retaining protonability, introducing an aminohexyl linker leads to
more distance between the fluorophore and the phenethylamine moiety of the ligands
responsible for receptor binding, possibly preventing negative influences of the fluorophore.
Conversely, too much flexibility resulting from increased linker lengths could lead to a refolding
of the fluorophore. Thereby, the fluorophore is prone to interaction with components of the
plasma membrane, which could inhibit the binding to the receptor of interest. The influence of
different linker lengths for a variety of fluorophores on binding affinity and efficacy was already
studied for fluorescent adenosine A1 receptor ligands. There was no general rule deductible
concerning the optimal linker length, as it was different for each fluorophore investigated®®.
Using Alexa-Fluor532-NHS, Alexa-Fluor647-NHS and Atto532-NHS, allowed us to investigate
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fluorophores with different distances from the succinimidylester to the fluorophore already
present in their chemical structure. For Alexa-Fluor532-NHS, the fluorophore is in direct
proximity of the succinimidylester, whereas Atto532-NHS displays a distance of four carbons

and Alexa-Fluor647-NHS a distance of five carbons.

As already observed for their (+)-TCB-2 counterparts, (£)-SAH268-Alexa532 exhibited a high
amount of non-specific binding and (x)-SAH268-Alexa647 as well was (+)-SAH268-Atto532
displayed nearly no binding to the plasma membrane of C6 cells. This again demonstrates that
Alexa-Fluor532-NHS is responsible for the elevated amounts of non-specific binding of the
respective ligands. Unfortunately, the introduction of an aminohexyl linker did not lead to a
functioning fluorescent ligand for 5-HT2a receptors. Since C6 cells are originally isolated from
Rattus norvegicus, they express murine 5-HT2a receptors. Murine and human receptors
display differences in affinity for ligands or even signaling after ligand binding’®®"8, For the
5-HT2,a receptors, those differences origin from three varying amino acids in their
transmembrane region, which are associated with ligand binding. The different amino acids
are threonine and alanine at position 82, isoleucine and valine at position 150 and alanine and
serine at position 242. General consensus is that the alanine/serine-242 exchange is mainly
responsible for the species-related differences in ligand binding”®7*. The serine at this position
of human monoamine receptors was found to be responsible for the formation of hydrogen
bonds. Those bonds are formed with the oxygens present in the catecholamine moiety of
dopamine and epinephrine’*#. The importance of serine at position 242 for receptor-ligand
interaction was also investigated for tryptamine- and phenethylamine based hallucinogenic
substances binding to the 5-HTa receptor®. Consequently, the human neuroblastoma cell line
SH-SY5Y originally isolated from bone marrow tissue, was used to investigate whether
(£)-SAH268-Alexab47, (+)-TCB-2-Atto532 and (+)-SAH268-Atto532 display binding affinity to
human 5-HT.a receptors. Both (1+)-TCB-2-Atto532 and (+)-SAH268-Alexa647 displayed nearly
no binding affinity, as their autocorrelation curves for a measurement in the plasma membrane
were nearly identical to a measurement in the solution above the cells. In contrast, FCS binding
measurements for (+)-SAH268-Atto532 revealed two distinct diffusion time constants for
receptor-ligand complexes, of which 75.2% were displaceable by a 1000-fold excess of
(x)-TCB-2. Observing two distinct diffusion time constants, one in the single digit and one in
the two- to three-digit millisecond range is very common for FCS experiments investigating
fluorescent ligands for GPCR, since the ligand-occupied receptors are in different diffusive
states®'. The specific binding, diffusion time constants for the two receptor-ligand complexes
and the respective calculated diffusion coefficients of (+)-SAH268-Atto532 are in general well
comparable to other fluorescent GPCR ligands, such as BEA-X-BY630, Alexa532-NA or XAC-
BY630%2°1:92, The adenosine A3 receptor agonist BEA-X-BY630 for example displays diffusion

time constants for receptor-ligand complexes of Tairz = 5.9 £ 0.7 ms and Tairs = 131 £ 15 ms
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compared to Tgire = 1.27 £ 0.19 ms and Tairs = 55.40 + 22.96 ms for (+)-SAH268-Atto532°".
The amount of roughly 75% specifically bound fluorescent ligand is also observed for BEA-X-
BY630 and Alexa532-NA8%2°1,

Taken together, a fluorescent 5-HT.a receptor ligand was ultimately synthesized with
(£)-SAH268-Atto532. The protonability of the phenethylamine moiety was retained and an
aminohexyl linker was introduced to (+)-TCB-2. Even though (+)-SAH268-Alexa647 shares
this properties, binding to the 5-HTa receptor could not observed. This proves once again that
a prediction of the functionality of fluorescent ligands is very challenging. The flexibility resulting
from the higher total distance between phenethylamine moiety and fluorophore could allow for
a refolding of the Alexa-Fluor647 fluorophore. Thereby, the interactions of the phenethylamine
moiety within the 5-HT2a receptor binding pocket could be hindered. The recently published
cryoelectron microscopy and X-ray crystal structures of the 5-HT2a receptor in its active state
with bound hallucinogenic ligands show that the ligand binds at a position deep within the
binding pocket of the receptor®®. A refolding of the fluorophore permitting the phenethylamine
from entering the binding pocket can therefore be considered a probable cause for the missing
5-HT2a receptor binding of (+)-SAH268-Alexa647.

The selectivity of (£)-SAH268-Atto532 binding was demonstrated using two different
approaches. In a first experiment, SH-SY5Y cells were incubated with (+)-SAH268-Atto532
and the binding was recorded using FCS. After that, selective ligands for different 5-HT
receptors (1A, 2A, 2C and 7) were added and binding was measured again. Only (x)-TCB-2
was able to significantly reduce the receptor binding after incubation, demonstrating that the
detected binding using SH-SY5Y cells is attributed to 5-HT2a receptors. Unfortunately, this
does not rule out the possibility of 5-HT1a, 5-HT2c or 5-HT7 receptors not being endogenously
expressed in SH-SY5Y cells. Since it is proven in different experiments in recent literature for
SH-SY5Y cells to endogenously express 5-HT1a receptors but no proof exists for 5-HT.c and
5-HT7 receptors, further experiments regarding 5-HT>c and 5-HT; receptors were
conducted’®’8, Therefore, HEK293 cells were stably transfected with the human 5-HTaza,
5-HT>c, and 5-HT7 receptors and investigated for binding of (+)-SAH268-Atto532 by FCS. Only
cells transfected with the 5-HT.a receptor displayed binding of (+)-SAH268-Atto532
comparable to SH-SY5Y cells. This binding was also displaceable by a 1,000-fold excess of
(£)-TCB-2. For cells stably transfected with the 5-HT>c or 5-HT7 receptor, nearly no binding of
(£)-SAH268-Atto532 was detected. The detected levels were very similar to the levels of non-
specific binding measured with SH-SY5Y cells and HEK293 cells stably expressing 5-HT2a
receptors. The functionality and availability of 5-HT»c and 5-HT7 receptors were demonstrated
in second messenger accumulation experiments ruling out the possibility of non-functional

receptors or problems during transfection and selection of the cells. Second messenger
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generation was negated by selective antagonists for the respective cell line (please refer to

Figure S 29 and following descriptions).

The class of serotonin receptors with 13 members and high conservation in amino acid
sequence turns the development of a selective ligand for a distinct receptor into a demanding
endeavor. When focusing on the 5-HT2a receptor, proving the selective binding of a ligand
compared to the 5-HTc receptor is the most challenging part due to their high homology levels
in regions associated with ligand binding*®. Radioligand and computational studies using non-
labeled ligands for 5-HT2a and 5-HTac receptors underline this issue. The commonly used
agonist 2,5-Dimethoxy-4-iodoamphetamine (DOI) has only a 10-fold selectivity for 5-HT2a
receptors over 5-HT.c receptors®%. Di Giovanni et al. even questioned the selectivity of
(x)-TCB-2 for 5-HTa receptors in a recent work. This presumption was founded on a lack of
pharmacological data for other receptor subtypes and inconsistencies in behavioral studies®.
To be precise, the 5-HT2a receptor antagonist MDL 11,939 was not able to reverse (+)-TCB-2
induced reduction in the feeding behavior in mice. This characteristic is commonly associated
with 5-HT2a receptor activation®”. Furthermore, (+)-TCB-2 induced flat body posture, hindlimb
abduction, piloerection and decreased number of rearings in mice, previously only seen for the
5-HT1a receptor agonist 8-OH-DPAT®, All of these findings regarding (+)-TCB-2 need to be
considered carefully. Nevertheless, transferring experimental results between animal models
and cell models and even human studies proves to be difficult in many cases. For example,
the selectivity of (+)-TCB-2 for 5-HT2a receptors could be masked in animal models due to the
many interactions that are known for 5-HT2a receptors. ,They are known to form functional
heterodimers with a variety of receptors, such as the 5-HTa, 5-HT2c and dopamine
D2 receptor, possibly explaining the observed 5-HT1a receptor effects in mouse models®-1°1,
Accordingly, experimental results from cellular experiments also cannot be easily transferred
into animal models or even human studies. Overall, in contrast to the in-vivo findings for
(x)-TCB-2, (+)-SAH268-Att0532 is proven to be selective for 5-HT.a receptors compared to
5-HT1a, 5-HT2c and 5-HT7 receptors in in-vitro cell-based binding studies demonstrated by two
different experiments outlined above. However, the findings for (+)-SAH268-Atto532 do not

rule out the possibility of (+)-TCB-2 being a non-selective agonist for 5-HT2a receptors.

Altogether, predicting the functionality of fluorescent ligands based on their structure proves to
be difficult®®'%2, |t depends on the characteristics of the starting molecule, the utilized
fluorescent dye, and even the cellular system employed. Nonetheless, after exploring several
different routes, a promising fluorescent 5-HT2a receptor-ligand, (+)-SAH268-Atto532, was

created.

Binding affinity represented by the dissociation constant Kp of (+)-SAH268-Atto532 to the

human 5-HT,a receptor and the total receptor concentration Bmax for 5-HT2a receptors was
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determined in saturation experiments using different concentrations of (+)-SAH268-Atto532 on
SH-SY5Y cells. A total receptor concentration Bmax = 23.95 + 5.91 nM was determined. Since
Bmax values are typically expressed as fmol/mg protein in tissue samples, a comparison to Bmax
expressed as nM in a defined observation volume is very complicated. By using a
biomathematical modeling approach, a Bmax value of 21.50 nM for the 5-HTs receptor in the
human striatum and 3.70 nM for the 5-HT.c receptor in the rabbit frontal cortex were
calculated'®®, The determined Bmax value for 5-HT2a receptors on SH-SY5Y cells is comparable
to Bmax values for other serotonin receptors in tissue samples. The identified Kp of 81.03 %
24.99 nM is approx. 100 times weaker in comparison to (+)-TCB-2 with Kp = 0.75 + 0.09 nM"®,
As already mentioned, the eudysmic ratio of (£)-TCB-2 is approx. 100 to 1 when comparing
the binding affinity to the human 5-HT2a receptor for the eutomer (R)-TCB-2 with the distomer
(S)-TCB-2"°. A similar eudysmic ratio is expected for (x)-SAH268-Atto532. For obtaining a
fluorescent 5-HT2a receptor ligand with the highest binding affinity, a racemic separation
followed by an identification of the eutomer would be necessary. Nevertheless, the determined
Kb of (+)-SAH268-Atto532 is highly sufficient to employ it in receptor binding studies using FCS
and SPT. Therefore, a racemic separation was not deemed necessary. Even though the linker
keeps the dye moiety at a distance, the drastic changes in structure by introducing an
aminohexyl linker and a huge fluorophore afterwards result in significantly reduced binding
affinity. When compared to the endogenous ligand serotonin with a Kp = 16.22 + 0.06 nM the
difference is only 5-fold®**. Moreover, the determined Kp value is similar to other fluorescent
GPCR ligands used in molecular drug research. For example, fluorescent ligands for the kappa
opioid receptor with binding affinities ranging from 5 to 20 nM were identified'**. Additionally,
CA200645 a fluorescent xanthine amine congener analogue and antagonist for adenosin
A3 receptors displays a binding affinity of Kp = 6.17 £ 0.09 nM and was recently employed as
a tool to screen a library of competing adenosine A1 and A3 receptors'®. With a nanomolar
binding affinity and the photophysical properties of Atto532, (+)-SAH268-Atto532 is a useful
tool to investigate receptor-ligand interaction on the molecular level using FCS, SPT,
fluorescence recovery after photobleaching (FRAP), Forster resonance energy transfer

(FRET) or receptor internalization studies'®2.

Further characterization of 5-HT2a receptors using (+)-SAH268-Atto532 was achieved by
undertaking SPT experiments on SH-SYS5Y cells. SPT studies additionally allow the detection
of nearly immobile receptor-ligand complexes or ones with pronounced hindered mobility.
Additionally, the diffusion coefficients belonging to those diffusive states, the proportional
occupation and transition probability between those states as well as confinement of receptor-
ligand complexes can be elucidated using SPT. In contrast to SPT where the whole surface of
a cell observed, FCS records fluorescence fluctuation in a distinct focal volume of approx.

0.125 uym?. Immobile receptor-ligand complexes or receptor-ligand complexes with hindered
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lateral diffusion do not leave or enter the focus during the time of observation and are not
registered'%. By comparing the slowest diffusion time constant and the corresponding diffusion
coefficient obtained by FCS Darcs = 0.18 + 0.07 um?/s with the fastest diffusing fraction in SPT
experiments Dzspr = 0.2031 % 0.0017 pm?s for (+)-SAH268-Atto532 receptor-ligand
complexes, it is evident that they are very similar and probably represent the same population
of receptor-ligand complexes. Additionally, two fractions of receptor-ligand complexes were
detected by SPT, one with hindered lateral mobility D2spr = 0.0718 + 0.0004 um?/s and one
nearly immobile fraction D1spt = 0.0130 £ 0.0002. Analyzing the recorded trajectories using the
variational Bayes single-particle tracking (vbSPT) together with the Track-Mate plugin featured
in the Fiji software, revealed different fractions for the distinct diffusive states S1 nearly
immobile, S2 hindered diffusing and S3 fast diffusing. State S2 is the preferred state of 5-HT2a
receptor-ligand complexes in SPT experiments. The probability of one receptor-ligand complex
to change its diffusion behavior in a single track is called intratrack transition probability. The
probability to change from fast diffusing state S3 to hindered diffusing state S2 in one track,
ps2 is most prominent. GPCR alone, without ligand occupation, display similar characteristics,
as seen for SNAP-tagged a2- and (2-adrenergic receptors in CHO cells as well as (2-
adrenergic receptors in HEK293 cells'%”:1%. Combining the results obtained by FCS and SPT,
(£)-SAH268-Atto532 allows the observation of four distinct receptor-ligand complexes in total,
each of which could be representing different functionalities of 5-HT.a receptors. The
hypothesis that receptor activity is correlated with their lateral mobility is supported by FCS
and SPT data regarding second messenger generation of 32-adrenergic receptors in C6 cells
and the activity of GABAa receptors in hippocampal neurons after changes in their mobility
were observed'*-""" Additionally, a comparison of diffusion coefficients acquired by single
molecule detection for a variety of receptors, e.g. 5-HT2a, B2-adrenergic or metabotropic
glutamate receptor 3 with and without ligand occupation is provided in recent literature''2.
Thereby, (£)-SAH268-Atto532 is a valuable tool to investigate mobility and activity of 5-HT2a

receptors.

Lastly, the functional activity of (+)-SAH268-Atto532 was characterized. 5-HT2a receptors are
Gq coupled receptors and lead to an activation of beta-type phospholipase C (PLC). PLC
facilitates the formation of inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) by
hydrolyzing phosphatidylinositol 4,5-bisphosphate (PIP-). IP3 in turn binds to IP3 receptors at
the endoplasmatic reticulum. IPs receptors are specialized calcium channels and release
stored Ca?" into the cytoplasm after activation’”'"®. In such a signaling cascade, there are
many steps during which the activity of a ligand can be registered. Measuring intracellular Ca%*
levels after stimulation of G4 coupled GPCR with calcium-dependent fluorescent dyes (e.g.
Fura-2 or Fluo4) is a very common approach. Intracellular Ca?* determination with Fura-2 uses

a ratiometric measurement method. More precisely, the ratio of the emitted fluorescent light
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measured at Aem = 510 after being excitated at Aex1 = 340 nm and Aex2 = 380 nm is directly
proportional to the Ca?* concentration'"*. This detection method has many advantages, e.qg.
rapid detection speed or being unaffected by varying dye concentrations. Nevertheless, it is
not suitable to be used in conjunction with Atto532 (Aex = 532 nm / Aem = 552 nm) because the
emission spectrum of Fura-2 overlaps with the excitation spectrum of Atto532. The
fluorescence excitation and emission spectra of Atto532 and Fluo4 (Aex = 494 nm / Aem = 516
nm) as well as the calcium-dependent proteinaceous reporter GCaMP6f, in which GFP
(Aex = 489 nm /Aem = 509 nm) produces fluorescent light, are overlapping likewise''®.
Furthermore, for Fura-2 and Fluo4 an additional incubation step has to be carried out where
the dye is loaded into the cells of interest. B-GECO1 is a calcium-dependent proteinaceous
reporter stably transfected into the host cell line, which emits blue fluorescence of Aem =446 nm
after being subjected to increased Ca?' levels and excitated at Aex = 378 nm®'. The
fluorescence emission of B-GECO1 does not interfere with the excitation spectrum of Atto532
and since it is stably expressed in the cells of interest, there is no additional incubation step
necessary. B-GECO1 was recently used to elucidate the calcium signaling of the intracellular
parasitic organism Toxoplasma gondii''®. With the closely related red fluorescent analogue
R-GECO, carbachol-dependent signaling in HEK293 cells transfected with G4 coupled
muscarinergic acetylcholine receptors (mAcChR1) was investigated''”. After careful
consideration, HEK293 cells were stably transfected with B-GECO1 and the human 5-HT2a
receptor to investigate the agonistic activity of (£)-SAH268-Atto532. Another HEK293 cell line
only stably transfected with B-GECO1 was created as a 5-HT.a receptor independent control
for (x)-TCB-2, and (+)-SAH268-Att0532. Admission of (x)-TCB-2, as well as (+)-SAH268-
Atto532, led to a similar and time-dependent increase in cytosolic Ca?* levels only in the cell
line expressing the human 5-HT.a receptor and B-GECO1. The cell line only expressing
B-GECO1 showed no response. The calcium ionophore ionomycin was used as a non-specific
positive control. It induced elevated cytosolic Ca?* in both cell lines, demonstrating general
functionality of B-GECO1 in both cell lines. Those results clearly indicate the agonistic profile
of (£)-SAH268-Atto532 at 5-HTa receptors.

After the synthesis and characterization of (+)-SAH268-Att0532 as a selective 5-HT,a receptor
agonist was completed, the synthesized ligand was used to determine whether the St. John's
wort extract STW3-VI® influences 5-HT.a receptors. St. John's wort extracts are the only
phytopharmaceutical preparation included in the German S3-Leitlinie “Unipolare Depression”
with a recommendation to treat patients with mild to moderate depressive disorders®. In terms
of clinical efficacy for STW3-VI®, non-inferiority compared to sertraline and citalopram as well
as the superiority compared to placebo was proven in double-blind, randomized, placebo-
controlled clinical trials. The safety and tolerability for STW3-VI® treatment was either

comparable to placebo or sertraline treatment or superior to citalopram treatment''®-'2°, Data
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from additional clinical studies regarding other St. John's wort extracts is summarized in a
recent Cochrane review'?. St. John's wort extracts are characterized as quantified herbal
substances, since only a part of their mode of action can be attributed to distinct substances.
The classes of natural substances contributing to their activity are the napthodianthrones,
phloroglucin derivatives and flavonoids'?'. Accordingly, the European Pharmacopoeia
monograph 1874 “St. John's wort dry extract, quantified” specifies the content of the active
markers total hypericins, hyperforin and flavonoids, expressed as rutin'?2. In the case of herbal
medicinal products, the active pharmaceutical ingredient (API) is the whole extract itself and
not distinct substances being part of it. Based on available clinical data for St. John's wort
extracts, a monograph of the Committee on Herbal Medicinal Products (HMPC) on Hypericum
Perforatum L., Herba was created. STW3-VI® with a drug-extract-ratio (DER) of 3 -6 : 1 and
80% ethanol (v/v) as the extracting agent is included within this monograph''. STW3-VI®
exhibits a wide variety of effects, all contributing to its antidepressant action, such as anti-
inflammatory, anti-oxidative and cytoprotective effects, regulation of neurotransmitter systems
and influences on the regulation of gene expression'?-'26. The influence on the gene
expression of FKBP5 was demonstrated for STW3-VI® and could at least be partially attributed
to its active ingredients the phloroglucin derivative hyperforin and the flavonoid miquelianin®*
Furthermore cytoprotective, anti-inflammatory and neurotrophic properties of STW3-VI® were
observed using mouse hippocampal neurons'®. Taken together with the already described
inhibition of serotonin reuptake observed for hyperforin and the anti-oxidative properties known
for flavonoids and phenolic acids contained in St. John's wort extracts in general, a multi-target

effect in the treatment of depressive disorders is evident for STW3-VI[®27:127,

A HPLC-fingerprint analysis to characterize STW3-VI® was carried out according to a well-
established analytical method for St. John's wort extracts'?®. Substances belonging to the
classes of napthodianthrones, phloroglucin derivatives and flavonoids were identified by
comparing retention times and absorption spectra of reference substances. In total, nine
substances were detected, of which six were flavonoids, one was a phloroglucin derivative and
two were napthodianthrones. Out of those nine substances, the phloroglucin derivative
hyperforin and flavonoid hyperoside were quantified. Hyperoside was chosen because it is the
principal compound for the substance class of flavonoids in STW3-VI®. Additionally, anti-
oxidative effects for hyperoside in concentrations of 10 uM and higher were recently
demonstrated'®®. Hyperforin was selected due to the vast knowledge regarding its
pharmacological effects, the ability to cross the blood-brain barrier and data concerning its
pharmacokinetics'®'3'. The determined concentrations in a solutions of 1 mg/ml STW3-VI®
were 36.8 uM for hyperforin and 53.3 uM for hyperoside. Hypericin, representing the substance
class of napthodianthrones, was also considered as a test substance. Due to its high

fluorescence it can be applied and FCS experiments by itself and would therefore strongly
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interfere with the FCS experiments involving (+)-SAH268-Atto532'%2. In general, the
interference could have been reduced by using different detection wavelengths and filters, but
because of the restrictions from the fluorescent ligand and the setup of the FCS device using

hypericin as a test substance was not feasible.

The influence of STW3-VI®, hyperforin and hyperoside on the 5-HT,a receptor was determined
by employing (£)-SAH268-Atto532 in FCS studies using SH-SY5Y cells. FCS studies allow the
measurement of fluorescence fluctuation within a tiny observation volume. By using the
autocorrelation fuction, diffusion time constants and diffusion coefficients as well as binding
characteristics of different receptor-ligand complexes can be determined in living cells in real-
time'1%133, Choosing the right concentration for natural substances and extracts is challenging.
In general, concentrations in the low micromolar range for pure compounds and the
corresponding concentration for the employed extract proved sufficient in preclinical
practice'*. Therefore, the six days preincubation of SH-SY5Y cells was carried out using 1.0,
0.1 and 0.01 uM of hyperforin and hyperoside. Since concentrations of 36.8 uM for hyperforin
and 53.3 uM for hyperoside, were determined for a solution of 1 mg/ml STW3-VI®, it was
employed in the concentrations of 0.02, 0.002 and 0.0002 mg/ml. The preincubation period of
six days takes the commonly observed delayed onset of antidepressant action in clinical
practice into account. Only slow diffusing receptor ligand complexes with their diffusion time
constant Tqis and diffusion coefficient Dqirz were influenced after preincubation with hyperforin,
hyperoside and STW3-VI®. In general their mobility was reduced, which can be seen by the
increase of the diffusion time constant Tairz and accordingly a reduced diffusion coefficient
Dairs. The effect was most pronounced for STW3-VI®, which increased Tais in its highest
concentration of 0.02 mg/ml from approx. 50 ms to more than 200 ms. Furthermore, 0.002 and
0.0002 mg/ml STW3-VI® as well as 1.0 uM hyperforin and 0.1 uM hyperoside increased Tais
beyond 100 ms. Fast diffusing receptor-ligand complexes with Tqi2 and Daitro Were not affected
by the preincubations. Since the standard deviation of the recorded diffusion time constants is
often higher than the actual value, there was no statistical evaluation undertaken. For total
5-HT2a receptor binding, 0.02 mg/ml STW3-VI® significantly increased the normalized total
5-HT2areceptor binding of (+)-SAH268-Atto532 to 1.27 + 0.08. Hyperforin and hyperoside both
displayed a dose-dependent but statistically non-significant increase of normalized receptor
binding to a maximum of 1.09 + 0.04 and 1.06 + 0.05 in an employed concentration of 1.0 yM,
respectively. The substances contained in STW3-VI® which are responsible for the increase in
total 5-HT,a receptor binding are not known, since hyperforin and hyperoside showed no effect
on the total receptor binding. When comparing the fractions frqire and frqirrs of 5-HT2a receptor-
ligand complexes belonging to the diffusion time constants Tair> and Tair3, it is observed that all
test substances in general increased the amounts of fast diffusing receptor-ligand complexes

in frare While decreasing the slow diffusing ones in frirs. STW3-VI® significantly and dose-
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dependently increased the fraifr2/frairs ratio from 0.49 for control cells and 0.55 for 0.0002 mg/ml
to 0.81 for 0.002 mg/ml and even further to 2.34 for 0.02 mg/ml. A similar dose-dependent
effect was observed for hyperforin and hyperoside. Hyperforin displayed fraifo/frairrs ratios of
1.27 for 1.0 uM, 0.83 for 0.1 uM and 0.45 for 0.01 uM respectively. The determined shift in
fraifro/fraifrs ratios after preincubation with hyperoside was determined with 0.98 for 1.0 uM, 1.02
for 0.1 uM and 0.31 for 0.01 pyM The effect was similar but less pronounced when compared
to hyperforin. Remarkably, the maximum effect for hyperoside was already observed at a
concentration of 0.1 yM, while 0.01 uM was still not significantly different from control cells. As
already seen for the normalized total 5-HT2a receptor binding of (+)-SAH268-Atto532, the shift
in distribution of that binding into frarz and fras after incubation with 0.02 mg/ml STW3-VI®
cannot be explained by either hyperforin or hyperoside alone. In summary, STW3-VI®,
hyperforin and hyperoside, influenced the diffusion and binding behavior of 5-HT.a receptor-
ligand complexes. For GPCR, those two characteristics are directly linked to their activity'3®.
In general GPCR interact with their respective G proteins in certain areas of the cellular
membranes. For B2-adrenergic receptor, which are often used as an exemplary GPCR, the
interaction with the G proteins preferably takes place in areas of the cellular membrane where
receptor and G protein are located together, e.g. lipid rafts, caveolae or clathrin-coated pits.
Receptor-G protein interactions with a duration of 1-2 s were observed for 32-adrenergic
receptors, preferably in membrane hot spots at least partially defined by clathrin-coated pits
and the cytoskeleton'?’. Activation of a GPCR by an agonist and subsequent association to
the respective G protein result in a restriction of the receptor's mobility™” %, It could be
concluded that by increasing the receptors mobility an association to the respective G protein
becomes less likely, since its dwell time in membrane hot spots is reduced. Thereby, the overall
signaling activity of the receptor is reduced. With this theory in mind, the highly increased
mobility of 5-HTa receptors after treatment with STW3-VI® is expected to result in reduced
signaling activity of the receptor. The alteration of receptor mobility after treatment with
hyperforin is less pronounced, but its influence on membrane fluidity could at least be partially
responsible for the observed effects'®. Alpha-hederin, one of the main active ingredients of
Hedera helix, altered the diffusion behavior of 32-adrenergic receptors in A549 cells in a similar
manner. The increased mobility of f2-adrenergic receptors resulted in a decreased receptor
internalization after agonistic stimulation, possibly caused by inhibition of regulatory processes
after stimulation®?. In contrast to the proposed theory of reduced receptor signaling after
increasing its mobility, a preincubation of A549 cells with alpha-hederin displayed increased
B2-adrenergic receptor signaling after stimulation’™’. Since different compounds, cells and

receptors were investigated, it is not evident if the results are transferable to 5-HT.a receptors.

Apart from binding and diffusing behavior of GPCR, their density in the cellular membrane and

their trafficking are important for subsequent signaling activity. 5-HT2a receptors are known to
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undergo internalization after treatment with agonists and antagonists such as doxepine’”:'3,
Internalization is even observed with dopamine, which is likely due to its closely related
chemical structure when compared to serotonin'®. Influencing receptor desensitization and
downregulation of 5-HT2a receptors seems to be of importance in the treatment of depressive
disorders®’. The importance of 5-HT.a receptor internalization with antagonist for the treatment
of depressive disorders can only be estimated, since internalization was only observed for the
anxiolytic drug doxepine and not for clinically used antidepressants. But since desensitization
and downregulation of 5-HT.a receptors are considered beneficial in the treatment of
depressive disorders, internalization after treatment with antagonists for the 5-HT2a receptor
could further contribute to the antidepressant effect of 5-HT.a antagonist in addition to the
antagonistic effect itself. Moreover, the antidepressant effects observed for LSD or psilocybin
as strong 5-HT.a receptor agonists, could also at least be partially mediated by influencing
5-HT.a receptors internalization™°. After preincubation with STW3-VI®, hyperforin and
hyperoside, receptor density was measured using the Nano-Glo® HiBiT Extracellular Assay
System. In this Assay system, a divided NanoLuc® luciferase is used to detect the amount of
the tagged protein of interest in living cells. Therefore, the small subunit HiBiT, consisting of
11 amino acids, is coupled to the N-terminus of the protein of interest. The much bigger subunit
LgBIiT, consisting of 160 amino acids, is added before assay start. HiBiT and LgBiT form an
active NanoLuc® luciferase when binding together with very high affinity. The completed, then
functional, NanoLuc® luciferase converts the added substrate furimazine to furimamide to
generate chemiluminescence. The described system only detects tagged receptors on the
surface of the cell due to the LgBiT not being able to enter the cell. This characteristic resulted
in the usage of the Nano-Glo® HiBiT Extracellular Assay System in a variety of experiments,
during which only plasma membrane-associated proteins needed to be investigated (e.g.
Receptor proximity analysis in the cellular membrane or entry of virus particles into cells)
141143 Due to the high accuracy of the luminescence measurement, it was used to determine
the amount of HiBiT-tagged 5-HT2a receptors on the surface of stably transfected HEK293
cells. Additionally, the usage of a luminescence-based system allowed us to avoid the
interference of the naphthodianthrones contained in STW3-VI® completely. The receptor
density on the cell surface was measured under non-stimulating conditions and after treatment
with the 5-HTa receptor agonist (+)-TCB-2. The difference in receptor densities between non-
stimulating conditions and after stimulation accounts for receptors undergoing internalization.
Receptor internalization was thereby determined indirectly. Remarkably, STW3-VI® dose-
dependently decreased the receptor density under non-stimulating conditions to 0.88 + 0.02
and 0.93 + 0.02 for 0.02 and 0.002 mg/ml STW3-VI®. Since the Nano-Glo® HiBiT Extracellular
Assay System only detects receptors on the cell surface and not internalized receptors, a

STW3-VI® forced 5-HT2a receptor internalization cannot be excluded. However, STW3-VI®
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might also inhibit the expression of 5-HT.a receptors, especially since a decrease in FKBP5
and NET expression was described for STW3-VI® after dexamethasone-induced stress in
SH-SY5Y cells'*. In a concentration of 0.0002 mg/ml, STW3-VI® had no effect on normalized
receptor density. Similarly, 1.0 yM hyperforin and 1.0 uM hyperoside were not able to
significantly influence the normalized 5-HT.a receptor density. Therefore, no further
experiments with lower concentrations of hyperforin and hyperoside were undertaken. Under
(£)-TCB-2 stimulating conditions 0.02 mg/ml STW3-VI® significantly decreased 5-HT2a
receptor internalization to 8.1 £ 1.5% when compared to control cells with 18.8 + 1.8%.
Although the receptor density after pre-incubation with STW3-VI® was decreased by 12%
under non-stimulating conditions, there should still be enough receptors on the cell surface in
an overexpressing system to allow internalization comparable to that observed in untreated
control cells after stimulation. The dose-dependent reduction of 5-HT2a receptor internalization
after stimulation is therefore considered to be clearly evident for STW3-VI®, even though the
results for 0.002 mg/ml STW3-VI® were not significantly different from control cells. Hyperforin
and hyperoside had no significant effect on 5-HT.a receptor internalization after stimulation.
For GFP-tagged B1-adrenergic receptors, receptor internalization was observed after
preincubation with 1.0 uM hyperforin and 1.0 uM hyperoside already under non-stimulating
conditions. The internalization after stimulation was not clearly affected'. Until today,
STW3-VI® was not investigated in receptor internalization studies. Overall, the observed
amount of roughly 20% receptor internalization is rather low when compared to other GPCR
(e.g. human bombesin receptor subtype 3 and human orexin type 2 receptor determined by
flow cytometry)'4. The observed differences could be attributed to the different receptors as
well as the time span of agonist stimulation. HEK293 cells with HiBiT-tagged 5-HT.a receptors
were only stimulated with (x)-TCB-2 for 15 min before the assay was started. Additionally, it is
possible that not all transfected receptors were functional, or the cellular systems responsible
for receptor internalization were not able to internalize the high amounts of overexpressed
HiBiT-tagged 5-HT.a receptors during the measurement. Nevertheless, a statistical significant
effect of STW3-VI® on 5-HTa receptor internalization was observed. This highlights the
previously mentioned high accuracy of the Nano-Glo® HiBiT Extracellular Assay System. The
observed effects further contribute to the theory that blocking 5-HT.a receptors is one part of
the mode of action of St. John's wort extract STW3-VI®. A lowered receptor density is expected
to reduce the overall signaling activity after stimulating 5-HT.a receptors. The reduced
internalization could be explained by an increased amount of receptors unable to induce
downstream signaling. As already mentioned, the elevated amounts of highly mobile receptors
registered in FCS experiments are one possible explanation. In case of 5-HT2a receptor density

and internalization, hyperforin and hyperoside are not responsible for observed effects after
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preincubation with STW3-VI®. The single compounds responsible, at least partially, are still not

known.

After investigating 5-HT2a receptor ligand binding, diffusion, density and internalization, it
remains to be seen, how the observed effects influence the signaling activity of 5-HT2a
receptors. Therefore, the 5-HT2a receptor downstream signaling activity was determined. All
former investigations only allowed speculations about the effects the preincubations show on
5-HT2a receptor activity. Results for receptor binding, mobility, density, and internalization all
point into a direction where STW3-VI® lowers 5-HT2a receptor activity. This needs to be clarified
by measuring the second messenger generation after stimulation with (+)-TCB-2. For the
determination of the agonistic activity of (+)-SAH268-Atto532, the B-GECO1 system for the
determination of intracellular Ca?* levels was employed. As already mentioned, the
naphthodianthrones in STW3-VI® are possibly interfering with fluorescence detection.
Therefore, a luminescence-based detection system for intracellular Ca?* levels was chosen.
Luminescence-based detection systems are highly sensitive and remove the need for
fluorescence excitation'®. In this assay system, the protein apoaequorin binds its substrate
coelenterazine and after being subjected to increased Ca?* concentrations converts it to
coelenteramide. In the course of the conversion to coelenteramide chemiluminescence is
generated'#®, Aequorin, which was isolated from the jellyfish Aequorea Victoria, is the name
for apoaequorin together with the bound substrate coelenterazine. For the regeneration of
aequorin in vitro, the bound Ca?* ions have to be removed in the presence of molecular oxygen
and the coelenteramide needs to be exchanged with fresh coelenterazine. The exact
mechanism for the regeneration in Aequorea Victoria is still not fully known®2'47. Aequorin is
often used as a GFP-fusion protein to generate a fluorescent read-out after bioluminescence
resonance energy transfer (BRET). This mechanism has already been observed in the jellyfish
Aequorea victoria itself. These advances with a chimeric GFP-aequorin-protein make
increased Ca?* levels detectable by fluorescent read-out®?'#8, The fluorescent read out allows
for more accurate detection of increasing Ca?* levels on the single cell level®. But for the
outlined measurements a luminescence detection is suitable since no single cell detection is
necessary and the protein of interest for expression in HEK293 is smaller, making it overall
favorable. Additionally, aequorin was used in mammalian cells without being coupled to GFP
over the years for the detection of intracellular Ca?" levels after administration of ATP,
histamine, bradykinin and many others'#®1%°, Therefore, the cells were stably transfected with
apoaequorin and the human 5-HT2a receptor and preincubated with STW3-VI®, hyperforin and
hyperoside. Baseline luminescence was determined before adding (+)-TCB-2. For the course
of the measurement, the luminescence signals, representing the amounts of Ca?* in the
cytoplasm, were recorded, the AUC was calculated and normalized to control cells. STW3-VI®

significantly and dose-dependently reduced intracellular Ca?* levels after stimulation with
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(£)-TCB-2. In comparison to control cells, 0.02 and 0.002 mg/ml STW3-VI® significantly
decreased intracellular Ca?* levels after stimulation to 0.69 + 0.04 and 0.59 * 0.04 respectively.
Neither the preincubation with 0.0002 mg/ml STW3-VI® nor 1.0 yM hyperforin or hyperoside
displayed significant effects on intracellular Ca?* levels after stimulation with (+)-TCB-2.
Notably, the effect observed for 0.02 mg/ml STW3-VI® is less pronounced in comparison to
0.002 mg/ml STW3-VI®. Since they do not differ significantly from one another, it can only be
concluded that the maximum effect is already observed at 0.002 mg/ml STW3-VI® and further
increasing the concentration is not beneficial. Even though an influence of hyperforin on
GPCR-dependent Ca?* signaling was already shown for the formyl peptide receptor 1, 5-HT2a
receptor induced signaling is not affected. Although the inhibitory effect of STW3-VI® cannot
be compared to synthetic 5-HT.a receptor antagonist like ketanserin with inhibitory effects in
the nanomolar range, it is still highly effective in a concentration of 0.002 mg/ml, reducing
5-HT2a receptor activity by roughly 40%"". Instead of being 5-HT.a selective, the observed
effect could as well be mediated by direct interaction of STW3-VI® with aequorin or a general
influence on the downstream signaling of G4 coupled receptors. Therefore, the selectivity of
STW3-VI® for the 5-HT.a receptor signaling was demonstrated by investigating intracellular
Ca?* levels through different pathways with ionomycin as a calcium ionophore and ATP as a
P,RY agonist. No significant influence for STW3-VI® as well as hyperforin or hyperoside was
detected. In conclusion, the decrease of intracellular Ca?* levels following agonistic stimulation
by (x)-TCB-2 after preincubation with STW3-VI®, is considered selective for the 5-HTza

receptor.
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Conclusion and Outlook

7. Conclusion and Outlook

Starting from (+)-TCB-2 a selective, fluorescent 5-HT.a receptor agonist, namely
(£)-SAH268-Atto532, was synthesized. (+)-SAH268-Atto532 was characterized for its binding
affinity, selectivity for 5-HT.a receptors, agonistic profile and suitability for FCS studies in
mammalian cells after preincubation with pure compounds and even complex mixtures such
as herbal extracts. Overall, (£)-SAH268-Att0532 was well suited for the study of 5-HT:za
receptors using fluorescence microscopy techniques. Investigating receptor crosstalk or
dimerization together with other GPCR and their respective ligands is another possible usage.
With this tool, studying the function of 5-HT2a receptors on the molecular level under a variety
of conditions is achievable, possibly resulting in a better understanding of their involvement in
the development and treatment depressive disorders and other diseases. For some of those
investigations it might be necessary to employ a 5-HT2a receptor agonist with even higher
affinity and efficacy. In this case, it is beneficial to conduct a chiral separation of the racemic
mixture of (+)-SAH268-Atto532. In addition to (+)-SAH268-Atto532, two other tools were used
for investigations. The determination of receptor density and internalization with the Nano-Glo®
HiBiT Extracellular Assay System could be extended to any other GPCR of interest, e.g. B1-
and B2-adrenergic receptors or the 5-HT receptors in general. Furthermore, the introduced
HEK293 cell line stably expressing HiBiT-tagged 5-HT.a receptors is usable for a general
investigation of 5-HT2a receptors. They are fairly easy to handle concerning their cell culture
conditions and the introduced HiBiT tag is very small and does not interact with the activity of
the 5-HT2a receptor. Another valuable tool for further research is the HEK293 cell line stably
expressing aequorin and the human 5-HT2a receptor. In general, this cell line is employable
for the investigation 5-HT2a receptor signaling in various settings, preferably in cases where
interactions with fluorescent molecules are expected. In addition, the expression of the 5-HTza
receptor can be regulated by tetracyclines. This allows the investigation of 5-HT2a receptor at
different expression levels in future experiments. Since the receptor density of 5-HTza
receptors is of great interest in the development and treatment of depressive disorders, the
characteristics of this cell line could be highly desired from this point onward. All results
concerning STW3-VI®, point towards an inhibition of 5-HT2a receptor activity being part of its
antidepressant mode of action. For receptor binding and mobility this could at least be partially
attributed to hyperforin and hyperoside. Unfortunately the degree of said effects and the
decrease in receptor density, internalization and signaling activity cannot be attributed to
hyperforin and hyperoside. The aim of this work was to investigate how St. John's wort extract
STW3-VI® and/or its active ingredients hyperforin and hyperoside mediate parts of their
antidepressant action via the 5-HT2a receptor. Even though this goal was reached, future
investigation into which distinct substances out of STW3-VI® mediate the observed effects are

necessary.
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Figure S 1: Plasmid card of CMV-B-GECO1
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Figure S 2: Plasmid card of pCDNA3.1Zeo(+)

97



Supplemental Material

(0) XhoI NotI (6)
EcoRV (25)
Bsul5I (94)

bGH poly(A) signal

BamHI (1299)

pCDNA3.1Zeo(+)-B-GECO1
6242 bp

Spel (1957)

Figure S 3: Plasmid card of pCDNA3.1Zeo(+)-B-GECO1
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Figure S 4: Enzymatic digestion of pCDNA3.1Zeo(+)-B-GECO1. A) Lambda DNA/EcoRI+Hindlll
Marker 3 (Thermo Fisher Scientific) B) pPCDNA3.1Zeo(+)-B-GECO1 digested by Sall, expected band
sizes 3133, 2188, 887 and 34 (not visible) bp. Restriction enzyme was obtained from Thermo Fisher

Scientific.
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pCDNA5-FRT-hu5HTR2a
6439 bp

hu5HTR2a
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(FRT

Figure S 5: Plasmid card of pCDNA5-FRT-hu5HTR2a
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Figure S 6: Plasmid card of pCDNA3
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/

BamHI (907)

pCDNA3-hu5HTR2a
6807 bp
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™~
/ XholI (2332)
bGH poly(A) signal

Figure S 7: Plasmid card of pCDNA3-hu5HTR2a
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Figure S 8: Enzymatic digestion of pCDNA3-hu5HTR2a. A) GeneRuler 1 kb DNA ladder (Thermo
Fisher Scientific) B) pPCDNA3-hu5HTR2a digested by Ncol, expected band sizes 3345, 2424, 735 and

305 bp. Restriction enzyme was obtained from Thermo Fisher Scientific.
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Figure S 9: Plasmid card of pCDNA3.cytGAP
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Figure S 10: Plasmid card of pCDNA3.1Zeo(+)-Aequorin
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A) B
5148 — H ‘
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947 —
Lad
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Figure S 11: Enzymatic digestion of pCDNA3.1Zeo(+)-Aequorin. A) Lambda DNA/EcoRI+Hindlll
Marker 3 (Thermo Fisher Scientific) B) pPCDNA3.1Zeo(+)-Aequorin digested by EcoRI, expected band
sizes 4996 and 595 bp. Restriction enzyme was obtained from Thermo Fisher Scientific.
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TL’" Xhol (2307)
NotI (2318)

Xhol (2324)

1 bGH poly(A) signal

Figure S 12: Plasmid card of pCDNA3.1Zeo(+)-HiBiT-ADRB2
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‘SpeI (249)

DCA,,/
Bsul5I* (910)
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Figure S 14: Enzymatic digestion of pCDNA3.1Zeo(+)-HiBiT-huSHTR2a. A) GeneRuler 1 kb DNA
ladder (Thermo Fisher Scientific) B) pCDNA3.1Zeo(+)-HiBiT-huSHTR2a digested by Sall, expected
band sizes 3118, 2188, 1292 and 34 (not visible) bp. Restriction enzyme was obtained from Thermo

Fisher Scientific.
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Nhel (591)
Xhol (613)

5HT2C-RNA2-Flag
6135 bp

_~—BamHI (2016)
FLAG
(3999) Bsul5I*

SV40 poly(A) signal NotI (2803)

Figure S 15: Plasmid card of SHT2C-RNA2-Flag
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Figure S 16: Plasmid card of pCDNA3-HiBiT-huSHTR2¢c
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6000 -
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1000 =

/

Figure S 17: Enzymatic digestion of pCDNA3-HiBiT-huSHTR2¢c. A) GeneRuler 1 kb DNA ladder
(Thermo Fisher Scientific) B) + C) pCDNA3-HiBiT-huSHTR2chu5HTR2a digested by Sacl with different
illumination times, expected band sizes 5239, 1442, 206 (arrow) and 87 (not visible) bp. Restriction

enzyme was obtained from Thermo Fisher Scientific.
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T BsulSI (2511)
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(BGH poly(A) signall

Figure S 18: Plasmid card of HTR7-Tango
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Spel (249)

Bsul5I* (910)

EcoRV (914)
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BamHI (1050)

| BamHI (1179)

pPCDNA3.1Zeo(+)-HiBiT-huS5HTR?7
6526 bp

XhoI (2496)

| bGH poly(A) signal

Figure S 19: Plasmid card of pCDNA3.1Zeo(+)-HiBiT-huSHTR7
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Figure S 20: Enzymatic digestion of pCDNA3.1Zeo(+)-HiBiT-huSHTR7. A) GeneRuler 1 kb DNA
ladder (Thermo Fisher Scientific) B) pPCDNA3.1Zeo(+)-HiBiT-huS5HTRY7 digested by Sall, expected band
sizes 4304, 2188 and 34 (not visible) bp. Restriction enzyme was obtained from Thermo Fisher

Scientific.
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Figure S 21: Plasmid card of pTet-NewMCS
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Figure S 22: Plasmid card of Exp-pcDNA3.2delICMV(EF1a-tTA/TetO-mCh-Rs1)
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Figure S 23: Plasmid card of pTet-NewMCS-HiBiT-huSHTR2a
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Figure S 24: Enzymatic digestion of pTet-NewMCS-HiBiT-huSHTR2a. A) GeneRuler 1 kb DNA
ladder (Thermo Fisher Scientific) B) pTet-NewMCS-HiBiT-huSHTR2a digested by Mssl, expected band
sizes 5648, 4841, 1860 and 131 (not visible) bp. Restriction enzyme was obtained from Thermo Fisher

Scientific.
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PROCEDURE

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Set up a 50 ml bacterial culture in appropriate selective media and incubate
on a shaker (250 rpm) at 37°C overnight.

Transfer bacteria to a 50 ml tube and spin at 4000xg at 4°C for 10 min.

Discard supernatant and resuspend pellet in 2 ml resuspension buffer with 50
ug/ml RNase freshly added.

Add 2 ml of lysis buffer, invert 3-4 times and incubate for 3 min at RT.
Add 2 ml of neutralization buffer and invert 3-4 times.

Distribute lysate into 1.5 ml Eppendorf tubes (~4 tubes) by pouring, not
pipetting.

Spin at 13,200xg at RT for 10 min.

Collect supernatants in a 15 ml tube and discard pellets.

Add 1x volume of 96% ethanol (~5 ml).

Mix thoroughly for 5 sec.

Load the sample-ethanol mix onto 5 spin-columns in three sequential ~700 pl
aliquots--after the addition of each aliquot, spin the column 30 sec at
13,200xg.

Discard flow-through.

Repeat step 11 until the entire sample is run through the spin-columns.

Wash with 500ppl washing buffer and spin at 13,200xg at RT for 30 sec.
Discard flow-through.

Repeat step 14-15.

Do a final spin at 13,200xg at RT for 1.5 min.

Discard the old tube and put the column onto a new tube.

Add 30-35ppl of ddH20 and incubate for 2 min at RT.

Spin at 13,200xg for 2 min to elute the DNA from column.

Combine the eluted DNA from all 5 columns in one tube (~175ppl).
Measure DNA concentration.

Store samples at -20°C.

Figure S 25: Miraprep protocol
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' Reqired Meterial
Note  Please make sure that the entire supplement is added to the Nucleofector®Solution. The ratio of
Nudeofector®Solution to supplement is 4.5:1. For a single reaction use 82 | of Nucleofector®
Solution plus 18 Wl of supplenent to reke 100 W of total reaction volurre.

- Supplemented Nudleofector@olution at roomtenyperature

- Supplied certified cuvettes

- Supplied plastic pipettes

- Supplied prexGFP®dector

- Substrateof interest, highly purified, preferably by usingendotoxinfreekits; A260 : A280 ratioshould
beatleast1.8

- 6-well culturedish or culture systemof your choice

- For detaching cdlls: 0.5 mg/m Trypsin and 0.2 ng/n EDTAIN PBS and supplemented culture media
or PBY0.5%85A

- Qulture mediunt Mininum Essential Medium[ ATGC®Gat. No. 30-2003] supplenmented with 1096CS
and 1 mMsodiumpyruvate [ Lonza, Gat. No. BE13-115E]

- Prewamappropriate volume of culture mediumto 37°C( 1.5 m per sanple)

- Appropriate nunber of cells (1 x 106 cells per sanyple; lower or higher cell nunbers may influence
transfectionresuits)

1. Pre Nudleofection®
(&l culture reconmendations

1.1 Replacemediaevery 2 days

1.2 Passagecells at 80 - 90%confluency

1.3 Seedout 5x10° cells/25cn2 flask

1.4 Subculture2 - 3 days before Nucleofection®

1.5 HEK-293 cells should not be used for Nucleofection®after passage nurmber 20.

1.6 Qptimeal confluency forNudeofection®80- 90%Hghercell densities may causelowerNudleofection®
Efficiencies

Trypsinization

1.7 Renmove media fromthe cultured cells and wesh cells once with PBS; use at least sanme volume of PBS
as culturemedia

1.8 For hanvesting, incubate the cells ~5 minutes at 37 Cwith indicated trypsinization reagent (please
seerequired reterial)

1.9 Neutralize trypsinization reaction with supplemented culture medium or PBS/0.5%BSA once the
mejority of the cells (>90% have been detached

2. Nudedfection®
QOne Nucleofection®sanple contains

1x106cells
1- 5pgplasmid DNA(in1- 5 Wl H,00r TE) or 2 pg prrexdP@vector or 30 - 300nMsiRNA

(3- 30 pol/sanple)
100 pl Gl Line Nucleofector®sxolutionV

2.1 Pleasemakesurethat the entire supplement is added to the Nucleofector@olution

2.2 Prepare 6-well plates by filling appropriate nunmber of wells with 1 1 of supplenented culture media
and pre-incubate/equilibrate plates ina hurridified 37°G/5%00, incubator

2.3 Harvest thecells by trypsinization (pleasesee 1.7- 1.9)

2.4 Gountanaliquot of the cells and determine cell density

2.5 Centrifuge the required nurrber of cells (1 x 106 cells per sanple) at 200xg for 10 ninutes at room
tenperature. Renove supematant conpletely

2.6 Resuspendthe cell pellet carefully in 100 il roomtenrperature Nucleofector®solution per sanple

Note  AvidleavingthecellsinNucleofector@olutionforextendedperiods of time(longerthan15 minutes),
as this may reduce cell viability and genetransfer efficiency

2.7 Combine 100 W of cell suspensionwith 1 - 5 g DNA, 2 g prrexGP®vector or 30 ntM- 300 nMsiRNA
(3- 30 pnol/sanyle) or other substrates
2.8 Transfer call/DNAsuspension into certified cuvette (sanple must cover the bottom of the cuvette
without air bubbles) . dose the cuvette withthe cap
2.9 Select the appropriate Nucleofector@rogram Q001 ( Q01 for Nucleofector® Device)
2.10 Insert the cuvette with cell/DNA suspension into the Nucleofector®duvette Holder and apply the
selected programby pressing the X-button
2.11 Takethe cuvette out of the holder oncethe programis finished
2.12 Inmmediately add ~500 i of the pre-eqilibrated culture mediumtothe cuvetteand gently transfer the:
sanpleintothe prepared 6-well plate (final volume 1.5 i media per well). Use the supplied pipettes
andavoid repeated aspiration of thesanple

'3. Post Nudeofection®
3.1 Incubate the cells in humidified 37G5%Q0, incubator until analysis. Gene expression or down
regulation, respectively, is often detectable afteronly 4- 8 hours

Figure S 26: Electroporation protocol for HEK293 cells by amaxa GmbH. For more detailed

protocol visit: https://knowledge.lonza.com/cell?id=46
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Adding 4000 cells in well
A1 (2x10° cells/mL) is a
good starting cell
concentration. Increase
this concentration for more
difficult to grow cell lines.

Transferring clones
directly from a well in a 96
well plate into a T-25 flask
is not recommended. The
cells may be unable to
grow due to their inability
to condition the larger
volume of medium in the
flask. Using some
conditioned medium when
subculturing the cells for
the first time will also help
them survive and grow.

Figure S 27: Single-cell cloning protocol

https://www.corning.com/catalog/cls/documents/protocols/Single_cell_cloning_protocol.pdf
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Procedure

Fill the reagent dispensing tray with 12mL of the appropriate culture
medium, then using an 8-channel micropipettor add 100uL medium to all
the wells in the 96 well plate except well Al (see diagram below) which is
left empty.

Figure 1. Initial plate setup.

Initial cell
inoculum

h23456789101112
A

B

First
dilution D
series E

F
G
(¥

VIV V[V V[V V[V

Second dilution series

Add 200puL of the cell suspension to well Al. (See Figure 1.) Then using a
single channel pipettor quickly transfer 100uL from the first well to well
B1 and mix by gently pipetting. Avoid bubbles. Using the same tip, repeat
these 1:2 dilutions down the entire column, discarding 100pL from H1 so
that it ends up with the same volume as the wells above it.

With the 8-channel micropipettor add an additional 100pL of medium to
each well in column 1 (giving a final volume of cells and medium of
200uL/well). Then using the same pipettor quickly transfer 100uL from the
wells in the first column (Al through H1) to those in the second column
(A2 through H2) and mix by gently pipetting. Avoid bubbles!

Using the same tips, repeat these 1:2 dilutions across the entire plate,
discarding 100uL from each of the wells in the last column (A12 through
H12) so that all the wells end up with 100uL of cell suspension.

Bring the final volume of all the wells to 200uL by adding 100uL medium
to each well. Then label the plate with the date and cell type. Adding
filtered conditioned medium (medium in which cells have been previously
grown for 24 hours) to the wells can increase the success rate (cloning
efficiency) for difficult to grow cells.

Incubate plate undisturbed at 37°C in a humidified CO; incubator.

Clones should be detectable by microscopy after 4 to 5 days and be ready to
score after 7 to 10 days, depending on the growth rate of the cells. (See
Figure 2 on page 3.) Check each well and mark all wells that contain just a
single colony. These colonies can then be subcultured from the wells into

larger vessels. Usually each clone is transferred into a single well in a 12
well or 24 well plate.
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3. Nano-Glo® HiBiT Extracellular Assay Protocols

3.A. Overview of the Nano-Glo® HiBiT Extracellular Detection System

The Nano-Glo® HiBiT Extracellular Detection System quantifies the amount of HiBiT tag that is accessible to the
extracellular medium. The assay is compatible with most commonly used cell culture medium containing 0-10% serum
and has been tested with DMEM, RPMI 1640, McCoy’s 5A, MEMa, Opti-MEM® I, F-12 and CO,-Independent media.
While the reagents have been designed to give a signal half-life of greater than 60 minutes at 22°C, different combina-
tions of medium and serum may affect the background, signal, or signal decay rate (see Section 6.H). Additional
information about the Nano-Glo® HiBiT Extracellular Detection System can be found in Section 6.

To achieve a linear assay performance at low light levels, the background luminescence must be subtracted from all
readings. Background luminescence generally originates from two main sources: 1) reagent background from
autoluminescence of the furimazine substrate and low levels of activity associated with the LgBiT protein, and

2) machine background from the luminometer. Reagent background can vary with media type, and is increased by both
serum and cells (see Section 6.H). Therefore, for the most accurate measurements of low-abundance proteins, include a
sample of untransfected or mock-transfected cells in the same medium to measure the assay background. For the
greatest sensitivity, reduce the amount of serum by exchanging medium prior to the assay (see Section 6.I). Use an
opaque, white tissue-culture plate to minimize cross-talk between wells and absorption of the emitted light. Ensure that
the plates used are compatible with the instrument measuring luminescence.

3.B. Preparing the Nano-Glo® HiBiT Extracellular Reagent

Calculate the amount of Nano-Glo® HiBiT Extracellular Reagent needed to perform the desired experiments. This
usually constitutes a volume equal to the total amount of medium in wells, plus any extra required for dispensing.
Dilute the LgBiT Protein 1:100 and the Nano-Glo® HiBiT Extracellular Substrate 1:50 into an appropriate volume of
room temperature Nano-Glo® HiBiT Extracellular Buffer in a new tube. Mix by inversion.

For example, if 4ml of Nano-Glo® HiBiT Extracellular Reagent is needed, transfer 4ml of Nano-Glo® HiBiT Extracellular
Buffer to a 15ml centrifuge tube and add 40pl of LgBiT Protein and 80ul of Nano-Glo® HiBiT Extracellular Substrate.

Notes:

1. The LgBiT Protein stock contains glycerol, which prevents it from freezing at —20°C. The viscosity of this solution
may make accurate pipetting difficult. Pipet slowly and avoid excess solution clinging to the outside of the pipette
tip. Use a positive displacement pipette, if possible.

2. Ifthe Nano-Glo® HiBiT Extracellular Substrate or LgBiT Protein has collected in the cap or on the sides of the
tube, briefly spin the tubes in a microcentrifuge.

3. Werecommend preparing the Nano-Glo® HiBiT Extracellular Reagent fresh for each use. Once reconstituted,
the reagent will lose about 15% activity over 8 hours and about 60% activity over 24 hours at room temperature.
Unused reconstituted reagent may be stored at —80°C, —20°C or 4°C for later use, although there will be some
loss of performance relative to freshly prepared reagent. At 4°C, the reconstituted reagent should lose less than
20% activity over 24 hours.

3.C. General Protocol for Adding Nano-Glo® HiBiT Extracellular Reagent to Cells

1. Reconstitute the Nano-Glo® HiBiT Extracellular Reagent as described in Section 3.B.

2. Remove plates containing mammalian cells expressing a HiBiT-tagged protein from the 37°C incubator.
Optional: To minimize well-to-well variability caused by differences in temperature, equilibrate the plate to
room temperature (e.g., 5 minutes on a metal block).

3. Add a volume of Nano-Glo® HiBiT Extracellular Reagent equal to the culture medium present in each well, and
mix. For example, add 100pl of Nano-Glo® HiBiT Extracellular Reagent to 100l of cell culture medium.

Note: Mix the samples by gently pipetting samples or placing the plate on an orbital shaker (300-500 rpm) for
3-10 minutes.

4. Measure luminescence 10 minutes after adding reagent. For a HiBiT tag placed within the protein sequence, longer
incubation times may be necessary compared to terminal protein tagging. Measure luminescence using settings
specific to your instrument. For 96-well plates on GloMax® instruments, integration times of 0.5—2 seconds are
recommended. Longer integration times may improve data quality at lower levels of expression. The luminescence
intensity will generally decay in a well-mixed sample with a signal half-life of 1-2.5 hours, depending on conditions
(see Figure 8, Panel B; Figure 9 Panel B; and Figure 10, Panel B).

Notes:

1. To ensure luminescence is proportional to the amount of HiBiT-tagged protein present, subtract the assay
background, especially when measuring low amounts of protein. Include untransfected or mock-transfected cells
as background controls in your experiment (see Section 6.I).

2. Placing HiBiT in internal protein positions, like extracellular surface loops, may slow LgBiT and HiBiT
equilibration. Increase reagent incubation times to compensate, if necessary.

Figure S 28: Nano-Glo® HiBiT Extracellular Detection System protocol by Promega GmbH. For
more detailed protocol visit: https://www.promega.com/-/media/files/resources/protocols/technical-

manuals/500/nano-glo-hibit-extracellular-detection-system-technical-manual.pdf?la=en
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Figure S 29: Determination of second messenger generation of 5-HT,c and 5-HT; receptors.
Stimulation was achieved with 10 yM Serotonin and blocking with selective antagonists (SB242084 for
5-HT2c and SB269970 for 5-HT7). Ca2* response was measured in HEK293-Aequorin-HiBiT-5HT2c cells
as described in 4.11 and cAMP response in HEK293-GloSensor-HiBiT-5HT7 cells described as
followed. Data are shown as mean + SEM, n = 10. Marked values with p < 0.05 are significantly different

from control, determined by Student’s unpaired t-test.
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Determination of cAMP response in HEK293-GloSensor-HiBiT-5HT7 cells

Experimental setup

Luminescence measurements were conducted on a Tecan Infinite® M200 PRO plate reader

operated by Tecan i-control ver. 1.10.

Cell measurements

HEK293-GloSensor-HiBiT-5HT7 cells were seeded in a density of 25,000 cells per cm? on a
white 96-well plate with a transparent flat bottom for luminescence measurements three days
prior to the experiment. Beforehand, the plates were coated using 50 pl of 0.1 mg/ml PDL
solution for 30 min at 37 °C and washed three times with 50 yl PBS. Two hours before assay
start, the culture medium was replaced with 25 pl substrate solution (4% GloSensor™ cAMP
reagent in 1:1 HEK293 culture medium : HEPES buffered Hanks' Balanced Salt Solution
(HBSS)) with or without 20 yM SB269970. The cells were incubated for 1 h at 37 °C and 5%
CO: and another 1 h at RT in the plate reader to reach the optimum temperature of 24 °C for
the firefly luciferase. Basal chemiluminescence was measured for this hour. The measurement
protocol was paused and stimulation with 25 pl of 20 uM Serotonin solution in 1:1 HEK293
culture medium: HEPES buffered HBSS was carried out. The measurement of

chemiluminescence was continued for further 60 min in intervals of 2 min.

Data analysis

For the resulting measurement curve of RLU over time [min] the area under the curve (AUC)
was determined via trapezoidal rule (exemplary calculation see section 4.11). AUC was
calculated for the full measurement time of 120 min. Resulting AUC values for cells treated
with 10 yM SB269970 were normalized to untreated cells. Statistical significance was

determined by Student’s unpaired t-test with a p-value < 0.05.
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Determination of hyperoside and hyperforin in STW3-VI®

For both substances, the amounts of 0.5, 0.75 and 1 ug were analyzed using HPLC gradient 7

(Table 7). Peak integration resulted in the following peak areas (Table S 1).

Table S 1: HPLC determination of hyperoside and hyperforin reference standards

Substance Amount [ug] Mean peak area [mAu*s]
0.5 3035.7
Hyperoside 0.75 43951
1 5838.4
0.5 345.2
Hyperforin 0.75 534.4
1 703.8

Linear regression of those values resulted in the following equations:
Hyperoside:
y =5605.2*x + 219.2 with R? = 0.9997

Hyperforin:
y=7172+x—10.1 with R? = 0.9990

Injecting 20 ul of STW3-VI® in a concentration of 1 mg/ml yielded the following values for peak
area. Using the equations displayed above the amount of hyperoside and hyperforin in
STW3-VI® was calculated (Table S 2).

Table S 2: Calculation of hyperoside and hyperforin in STW3-VI®

_ Concentration in

Substance Peak area [mAu*s] | Amountin 20 pl [ug] | 1 mg/ml STW3-VI® [uM]

3480.7 0.582
Hyperoside 2644.4 0.433 533

2856.9 0.471

370.7 0.531
Hyperforin 246.0 0.357 36.8

203.6 0.298

A concentration of 0.02 mg/ml STW3-VI® roughly equals 1.0 uM for both hyperoside and
hyperforin.
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