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Abstract

Abstract

Sleep is a complex physiological process with a variety of molecules involved. Even though a
lot of research and progress has been made until today, the exact underlying mechanism still
eludes us. Many people must deal with sleep disorders that have a great influence on their
daily lives. It is known that the endogenous molecule adenosine plays a superior role in the
sleep-wake cycle mediating effects at corresponding adenosine A: receptor (AiAR). A1AR is
highly expressed in the central nervous system and regulator of pathological as well as physi-
ological processes like sleep. Stimulation of A1AR with agonists results in receptor activation
and binding of G proteins, particularly Gi or Go proteins. This causes inhibition of adenylate
cyclase and consequently decrease of cyclic adenosine monophosphate (cCAMP) concentra-
tion. Activation of A1AR additionally leads to G protein-coupled receptor kinase (GRK)-medi-
ated receptor phosphorylation at the C-terminus and consequently to the recruitment of adap-
tor proteins like B-arrestins. Four different isoforms of arrestins are described — 1 and 4 are
visual arrestins and exclusively expressed in the visual system. The two non-visual isoforms 2
and 3, also known as B-arrestin 1 and 2 play a key role in the regulation of G protein-coupled
receptor (GPCRs). Once recruited to A1AR, binding of B-arrestin 2 can lead to desensitization
and/or internalization of the receptor. Besides, B-arrestin 2-mediated downstream signal trans-
duction of A1AR has been reported. Signal transduction of A1AR via G protein activation is well
studied compared to signalling after recruitment of B-arrestins. However, B-arrestins have
gained interest since they are multifunctional proteins that regulate several functions of
GPCRs. The preference of activating either G proteins or 3-arrestins is called ligand bias — this
complex phenomenon can improve safety and efficacy of certain drugs. The mild sleep-induc-
ing agent valerian extract improves sleep quality and is widely used as phytopharmaceutical
in several countries. Even though the effectis provenin clinical studies, the exact mechanism
of action including potential targets is not fully understood. This present study addresses the
influence of valerian extract Ze 911 on A:AR in detail. One focus was the investigation of (3-
arrestin 2 recruitment after A1AR stimulation with valerian extract or synthetic ligands. For that
reason, a cell-based B-arrestin 2 recruitment assay was developed. This so-called NanoBiT®
assay worked A1AR-specific with highly reproducible results. Agonistic effects were measured
for endogenous agonist adenosine as well as synthetic agonists like N6-cyclopentyladenosine
(CPA) and capadenoson. Moreover, valerian extract Ze 911 showed a robust agonistic effect,
which was later attributed to the adenosine detected in the extract. Dicaffeoylquinic acids
(DQASs), a substance class present in Ze 911, showed a modulatory effect on A1AR combined
with the endogenous ligand adenosine. Additionally, CPA and Ze 911 treatment decreased
CcAMP concentration in A1AR overexpressing HEK 293 GloSensor™ cells. In a calcium mobi-

lization assay, CPA, Ze 911 and DQAs showed no significant calcium mobilization after single
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treatment. Interestingly, they modulated the calcium mobilization of the positive control meth-
acholine. Single-particle tracking (SPT) experiments were conducted to investigate lateral mo-
bility of A1AR after agonist treatment on A1AR-overexpressing HEK 293 cells. SPT measure-
ments were started 15 minutes after cells were treated with either CPA or Ze 911. No differ-
ences in any of the investigated parameters have been detected compared to control cells.
Since time played an important part in the response curves of the other assays, a time-de-
pendent approach was conducted next. Five time intervals were investigated from 1 up to 30
minutes after treatment with CPA. Confined fractions and state occupancies of AiAR were
influenced in certain time intervals. Longer incubation times significantly increased those pa-
rameters compared to shorter incubation times. Diffusion coefficients and receptor homo-
oligomerization were not altered over time. These findings demonstrate that Ze 911 contains

agonistic as well as modulatory substances that influence A:AR in various ways.

Vi
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Introduction

1 Introduction

Human beings must sleep — in general one-third of their lives. An uninterrupted and restful
night sleep is tremendously pleasing while sleep deprivation or disorders cause a lot of stress
to the human body?*. Many researchers have focused on the question: why do we have to sleep
and what is the function behind it? Even though a lot of progress has been made in the past
decades, the exact purpose and function of sleep still eludes us. It is a complex, heterogene-
ous process including an impact of several different brain regions and neurochemicals?. In
general, two different states of sleep are distinguished: rapid eye movement (REM) and non-
rapid eye movement (NREM) sleep. REM and NREM sleep underly a specific neuronal circuit
and are controlled by neurons in the hypothalamus and brainstem?. REM sleep is triggered by
activation of cholinergic neurons, while serotonergic and noradrenergic neurons are non-ac-
tive. There is a switch mechanism in the brainstem that can either activate REM promoting or
NREM promoting neurons leading to the characteristic cycle between both types during sleep
period?. Sleep and wakefulness are controlled by a large network of neuronal structures and
pathways. Wakefulness is promoted by the so-called “ascending arousal system”, that includes
the neurochemicals serotonin from the midline raphe nuclei, norepinephrine from the locus
coeruleus, dopamine from the ventral periagueductal grey matter, histamine from the tuber-
omammillary nucleus, acetylcholine from the pedunculopontine tegmentum and orexin from
the perifornical area. In reverse, initiation and preservation of sleep depends on the suppres-
sion of the ascending arousal system®2. Neurons of the ventrolateral preoptic area (VLPO) are
responsible for the suppression of the ascending arousal system®. Even though it is still not
fully understood how VLPO is activated, adenosine seems to play a key role in this complex
process. There is a hypothesis that VLPO neurons are indirectly activated and supported by
adenosine via the reduction of GABAergic inhibition. These “disinhibited” neurons are now able
to supress the ascending arousal system and consequently promote sleep®.

The marketnowadays is well-equipped with several synthetic sleep-inducing pharmaceuticals.
Even though these substances are usually very effective most of them come with great disad-
vantages and risks. One of the biggest risks of regularly prescribed hypnotics like Z-drugs and
benzodiazepines is addiction®. Moreover, overdosing hypnotics can lead to respiratory ar-
rest’8. Consequently, the prescription and intake of synthetic sleep-inducing agents should be
well considered. Sleep-promoting phytopharmaceuticals containing extracts from valerian, hop
or balm for example are a lot safer. Their reliability has been proven over several decades all
over the world®. Valerian extract is a well-established sleep-inducing agent that is frequently
used for sleep disorders. However, the existing data is not strong enough to include valerian

extract within the medical guidelines for the treatment of sleep disorders'®. The data situation
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must be improved including clinical and preclinical studies. Since plant extractsare highly com-
plex mixtures containing different substances, it is not trivial to investigate the active constitu-
ents. In fact, it is quite the opposite - investigating and identifying substances of interest in-
volved in signalling pathways is rather challenging for plant extracts. The identification of the
active substances is difficult and time-consuming. It has been described that one target of
valerian extract is the gammaaminobutyric acid (GABAA») receptor that causes sedation!'. The
expression of the gene GABRB3, which encodes the  subunit of GABAa receptor, was in-
creased by valerian extract inducing a sedative and anxiolytic effect?*3. Another promising
target of valerian is the adenosine A: receptor (A1AR) that plays a major role in sleep-wake-
cycle!*>. Mdller et al. 2002*¢ showed that valerian extract acts as partial A1AR agonist ex-
plaining its sleep-inducing effect. However, there is still a lot of potential in understanding the
exact mechanism, including the identification of certain substances or substance classes that

may be responsible for the sedative effect.

1.1 Adenosine A; receptor and its role in sleep regulation

Adenosine is a ubiquitous endogenous nucleoside that is found in practically all tissues of the
human body?’. It is involved in dozens of cellular processes including key pathways like pu-
rinergic nucleic acid base synthesis. Consequently, it is a very well-studied molecule'®°, Aden-
osine is generated by hydrolysis of adenosine diphosphate (ADP) and adenosine triphosphate
(ATP) intracellularly as well as extracellularly and is one of the major metabolites in living or-
ganisms?°. The release of adenosine is transmitted by adenosine transporters, which are clas-
sified into concentrative nucleoside transporters (CNTs) and equilibrative nucleoside transport-
ers (ENTs)?L. It acts as neuromodulator and controls several brain functions by binding to
adenosine receptors (ARs)?2. ARs belong to G protein-coupled receptors (GPCRSs), and they
are differentiated into four subtypes named A1AR, A2:AR, AzeAR and AsAR. The affinity to-
wards adenosine is different for the receptors, the affinities of A1AR and A2aAR are considered
high whereas they are considered low for A2sAR and AsAR?2. ARs are commonly differentiated
by coupling either to stimulatory or inhibitory G proteins. Binding of an agonist to the receptor
results in conformational changes leading to downstream signalling via G proteins consisting
of a, B and y subunits?® (Figure 1). A2aAR and A2sAR are binding to Gs/orr proteins and conse-
guently activate adenylate cyclase (AC) while A:AR and AsAR bind to Gio proteins leading to
inhibition of AC activity. In conclusion, activation of A1AR and AsAR results in inhibition of cyclic
adenosine monophosphate (CAMP) formation and consequently a decreased protein kinase A
(PKA) activity and phosphorylation of cCAMP response element binding protein (CREB). Acti-
vation of A2aAR and AzsAR vice versa increase the formation of CAMP resulting in activation
of PKA and phosphorylation of CREB2°. Additionally, phospholipase C (PLC) is activated by
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A1AR leading to an increase of inositol 1,4,5-triphosphate (IPs) and in turn to a release of cal-
cium from the endoplasmic reticulum (ER) into the cytosol?* (Figure 1). ARs are expressed in
all kinds of different cells, body tissues and major organs including brain, liver, kidney, lungs
and heart?>%2, A1AR is widely distributed in the central nervous system (CNS) including the
brain, predominantly in the hippocampus, cerebellum, cortex and spinal cord?®-*. A1ARs have
gained interest as potential pharmaceutical target for several diseases since they are involved
in many different physiological and pathophysiological processes?**132, Changes of adenosine
levels have been linked to disease-related conditions such as cancer, neurodegenerative dis-
orders, asthma or inflammatory diseases?®®.

adenosine A, receptor

receptor
internalization

!
-
!

cell growth

apoptosis > > -

differentiation
proliferation

Figure 1. Adenosine A1 receptor signalling. Stimulation of A1AR results in activation of Gia which
decreases AC activity and consequently cAMP production. PLCR is activated by By subunit that cataly-
ses PIP2 to IP3 leading to CaZ* mobilization. Receptor phosphorylation at C-terminus provokes recruit-
ment of B-arrestins. This either leads to receptor internalization or promotes downstream signalling pro-

cesses. Figure was created in PowerPoint and adapted from Zhong et al. 202233,
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A1AR agonists are usually modification products of the endogenous AR agonist adenosine
(Figure 2A). N6-cyclopentyladenosine (CPA) for example is modified at N°-position that en-
sures high selectivity at A1AR** (Figure 2C). The potent non-selective AR agonist 5'-N-Ethyl-
carboxamidoadenosine (NECA) arises from a 5'-N alkyluronamide modification®® (Figure 2B).
Antagonists of A1AR are usually differentiated in xanthine derivatives and non-xanthine antag-
onists. Commonly used antagonist 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) belongs to
xanthine derivatives with a highly selective effect at A1AR®*® (Figure 2D). Investigations of the
crystal structure of A1AR revealed a second extracellular loop with an open-binding cavity con-
taining a secondary binding pocket allowing the receptor to interact with allosteric as well as

orthosteric ligands®.

A B NH,

adenosine NECA N AT

</N I NN H </ | J
Me N 0

HO N ,) N N N/

o N o)

HO  OH c HO  OH D

S 0
. hﬁry@

HO OH

CPA

Figure 2. A1AR agonists and antagonist. Non-selective endogenous AR agonist adenosine (A), non-
selective AR agonist NECA (B), selective A1AR agonist CPA (C) and A:AR antagonist DPCPX (D).

Chemical structures were created using BIOVIA Draw 2017 version R2.

The role of adenosine in the sleep-wake cycle has been studied in vitro as well as in vivo in
the last decades. Extracellular adenosine concentrations in the brain increase during pro-
longed wakefulness and decrease during sleep recovery®”:*8, The sedative effect of adenosine
has been demonstrated frequently*°-*. Sleep-promoting properties are forwarded by two of
the four adenosine receptors, A:AR and A2rAR. Several cells and brain regions that could play
arole were investigated. Prolonged wakefulness or sleep deprivation resulted in upregulation
of A1AR in cortical and subcortical brain regions*?. It has been shown that adenosine induces
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sleep via A1AR by inhibiting arousal cell groups (wake-promoting) in the basal forebrain®:. In
addition, the sleep-promoting effect of adenosine via A1AR can be explained by the suppres-
sion of hypocretin/orexin neurons in the lateral hypothalamus?**. Furthermore, it has been
demonstrated that injection of AiAR agonist CPA into rat brain (tuberomammillary nucleus)
increased NREM sleep®. Additionally, injections of adenosine deaminase (ADA) inhibitor or
adenosine into rat brain also increased NREM sleep. This effect was completely reversed by
A1AR antagonist*®. Furthermore, infusion of an A22AR receptor agonist into rat basal forebrain
increased NREM and REM sleep profoundly?. It is suggested that stimulated A22AR activates
sleep promoting neurons inthe VLPO area. The probably most famous opponent of adenosine
is caffeine, a trimethylxanthine present in coffee or tea for example*’. Caffeine antagonizes
A1AR and A2,AR in the brain and promotes wakefulness.

1.1.1 Potential of B-arrestins

Activation of A:AR induces G protein dependent signalling. Additionally, A:AR activation can
also provoke recruitment of multifunctional adapter proteins called B-arrestins. The recruitment
and binding of B-arrestins and subsequent signal transduction is initiated by receptor phos-
phorylation through G protein-coupled receptor kinases (GRKs) (Figure 1). Four different
isoforms of arrestins have been identified, isoform 1 and 4 are so-called visual arrestins while
isoform 2 and 3 are considered non-visual®®. The two non-visual arrestins together with ubig-
uitously expressed GRKs are key players in the regulation of GPCR signal transduction and
are better known as B-arrestin 1 and 245°, Once B-arrestins are activated, they can either
promote downstream signalling processes or direct receptor desensitization®°->2. In case they
function as G protein independent adaptor proteins, they e.g. activate mitogen-activated pro-
tein kinases (MAPKS) like extracellular signal-regulated kinases 1 and 2 (ERK1/2) or c-Jun N-
terminal protein kinases®. Hence, B-arrestins can perform as both negative and positive reg-
ulators: as positive modulators, they signal to specific targets®*>® while they inhibit G protein
signal transduction as negative modulators®®. Selective coupling of B-arrestins might be more
useful and crucial to some GPCRs than to others - in fact, in some cases, signalling via 3-
arrestins could be even more important than G protein signalling. Inthe last decades, the great
potential of substances favouring and activating only one pathway by stabilizing a subset of
receptor conformations has been studied extensively. This phenomenon called biased signal-
ling or ligand bias has been investigated for several GPCRs®'. A very prominent example is
the B-arrestin-biased Bi-adrenergic receptor (B:AR) antagonist carvedilol that promotes cardi-
oprotection by B-arrestin mediated EGFR transactivation®®. LUF5589, an A:AR agonist that

showed functional selectivity for G protein dependent signalling over B-arrestin signalling has
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been identified*®. Even though it has been shown that stimulated A:AR recruits B-ar-
restins®36%.61  the data situation is narrow. There is evidence that B-arrestins play a partin sleep
regulation. Kim et al. 2018°%? developed a B-arrestin-biased serotonin receptor (5-HT7R) agonist
that decreased REM sleep time and increased NREM sleep time. Although, little has been
published about B-arrestins and possible influences on sleep wake-cycle, there is evidence

that sleep-affecting orexin 1 and 2 receptors are regulated by 3-arrestins®.

1.2 Medicinal properties of Valeriana officinalis

The herbal medicinal product valerian (Valeriana officinalis) is commonly used as a mild sleep-
inducing agent since decades. Back in 1982, a study with 128 volunteers already showed a
significant improve in sleep quality after using valerian preparations®*. Valerian belongs to the
Caprifoliaceae family and the name is derived from “valere”, which means well-being or health
in Latin®. Herbal medicinal products have advantages over synthetic medicinal products, par-
ticularly fewer severe side effects and risks of intoxication®. The root extract is applied medi-
cally in many countries all over the world because of its sedative and anxiolytic properties.
Furthermore, it is also known to act antimicrobial, anti-inflammatory, neuroprotective and anti-
oxidative®’-%°, The plant appears up to 1.5 m in height with small pink flower clusters®® (Figure
3A). The pharmaceutically active root extract comes as brownish powder and has a very char-
acteristic smell (Figure 3C), which s further processed to tablets, capsules or liquids. Valerian
is either used as a monopreparation or combined with other herbal drugs like hop or lavender.
Even though the sedative effect of valerian is known for a long time, there are still controversies
about the responsible components. It is already known that components of valerian are binding
to and interacting with A1AR. A partial agonistic effect of the extract has been shown?!+1,
Lignans, especially 4'-O-B-d-glucosyl-9-O-(6“-deoxysaccharosyl)olivil (olivil) seemed to be a
promising component®®. However, Sendker et al. 20207° investigated the occurrence of several
lignans in valerian root extract and lack finding olivil. They hypothesised that olivil might not
occur in valerian root regularly in the expected amounts. There is a lot of potential to improve
the current data situation about valerian extract concerning both, the mechanisms of action

and the responsible active substances.
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Figure 3. Valeriana officinalis. (A) Blooming Valeriana officinalis with clusters of pink or white flowers.
(B) Brown roots that are typically used for medicinal purposes. Valerian extract is prepared by macera-

tion of dried roots. The resulting dry extract (C) is further processed e.g. into capsules or liquids .

1.2.1 Chemical composition

About 150-200 chemical components are found in Valeriana officinalis®> . Variations in the
composition can occur due to different growing-, storing- or processing conditions. Even the
composition of standardized valerian extracts can differ slightly with a consistent quality®®. The
roots and rhizomes are composed of two main constituent groups: Valepotriates including val-
trate and sesquiterpenes of the volatile oil including valerenic acids and its derivates. In addi-
tion, other components like triterpenes, flavonoids, lignans, alkaloids and free amino acids are
found in the plant extract’>74. Alkaloids make up around 0.01 — 0.05 % of the overall extract
composition. One of the main alkaloids in the essential volatile oil of valerian is actinidine, that
is a pheromone for insects and known to attract cats. As a psychoactive alkaloid, actinidine
interferes with the GABAergic metabolism”™. Other alkaloids present in the extract are va-
lerianine, valerene, chatinine, naphthyridine and methyl ketone”-7?. Other components in the
volatile essential oil are organic acids and terpenes, which represent 0.2 — 2.8 % of the root
extract. Terpenes are chemically divided and characterized as sesquiterpenes and monoter-
penes. Most substantial are valerenic, isovalerenic, valeric, isovaleric, acetoxyvalerenic acid
and hydroxyvalerenic acid. In addition, considerable amounts of valeranone, cryptofauronol,
1-pinene, 1-comphene, 1-borneol, terpineol, bornyl acetate and bornylisovalerenate are found

in Valeriana officinalis™.

1(A): https:/iwww.samendirekt.de/echter-baldrian-valeriana-officinalis.html (accessed November 5", 2024)
(B): https:/iwww.etsy.com/de/listing/477903143/baldrianwurzel-geschnitten-valeriana (accessed November 5", 2024)
(C): https:/imww.herbathek.com/heilkraeuter-fuer-tiere/kraeuter-geschnitten-und-gemahlen/baldrianwurzel-gemahlen-bio
(accessed November 5", 2024)
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2 Aim and Approach

The herbal medicinal product Valeriana officinalis is used as a mild sleep-inducing agent all
over the world since decades. It has already been proven in 1982 that valerian significantly
improves sleep quality in humans®. It unfolds its potential either as single medicinal prepara-
tion or in combination with other medicinal plants like hop, balm or lavender. One of the biggest
advantages of phytopharmaceuticals over chemical sleeping-inducing agents is the safety —
they have less side effects that are usually not severe. The brownish root of valerian contains
around 200 substances and is therefore a complex mixture with a lot of potential™.

Even though there has been progress about the active components and potential targets of
valerian extract in the last two decades, there still is a lot of capacity in identifying the active
substances and understanding their effects. Until today, valerian preparations are not included
in medicinal guidelines for the treatment of sleeping disorders. However, it has been shown
that valerian extract acts as partial A1AR agonist'*1¢.’®_ The agonistic effect was demonstrated
by the inhibition of adenylate cyclase and in conclusion decrease of cCAMP accumulation in
isolated membranes of A1AR overexpressing Chinese hamster ovary (CHO) cells that were
treated with valerian extract®. Other signalling pathways and mechanisms that could be influ-
enced by valerian are rarely studied by now. It is still controversial, which components are
mainly responsible for the sleep-inducing effect. Therefore, this work aimed to improve the
current limited data situation about valerian extract and its components responsible for the
sleep-inducing effect.

Considering that A:AR is a key player in the sleep-wake cycle and one of the most promising
targets, it was the focus of this study. Since B-arrestin dependent signalling is becoming more
and more important for drug research and it has not been addressed for valerian extract, a 3-
arrestin 2 recruitment assay has been established. AiAR-mediated [(B-arrestin 2 recruitment
was investigated after stimulation with valerian extract Ze 911 and other A1AR ligands. Besides
investigating potential agonistic effects of Ze 911, this work aimed to identify effective compo-
nents and detect possible AitAR-modulating properties of valerian extract. To get a compre-
hensive picture of valerian interacting with A1AR, cCAMP assay and calcium mobilization assay
were conducted as well. Additionally, lateral diffusion behaviour and corresponding receptor
characteristics were investigated after A1AR stimulation using single-particle tracking. Improv-
ing the data situation including verifying the efficacy as well as ensuring the safety for patients
using valerian extracts for mild sleep disorders was the overriding aim of this work. The confi-
dence of using and prescribing phytopharmaceuticals before choosing chemical alternatives

would be desirable — this however is dependent on solid clinical and preclinical data.
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3 Materials and Methods

3.1 Materials

Table 1. Cell lines

Cell line | Cell type Culture medium Supplier
HEK Human embryonic kid- DMEM Low Glucose (Gibco, DSMZ, ACC
293 ney cells 31885-023) 305

+ 10% FBS

+ 1 % Pen/Strep
SH- Human neuroblastoma DMEM High Glucose (Gibco, DSMZ, ACC
SY5Y cells 41965-039) 209

+ 15% FBS

+ 1 % Pen/Strep

Table 2. Stably transfected cell lines

Name Expressed genetic infor- Trans- Culture medium
mation fection
method
HEK 293-GloSen- | cAMP dependent firefly lucif- | PEI DMEM Low Glucose
sor™-HiBiT-A1AR | erase (pGloSensor™-22F (Gibco, 31885-023)
CAMP), +10 % FBS
HiBiT-tagged human A1AR + 1 % Pen/Strep
HEK 293-GloSen- | cAMP dependent firefly PEI DMEM Low Glucose, no
sor™-HiBiT-A1AR | luciferase (pGloSensor™-22F phenol red (Gibco,
single clone CAMP), 11054-020)
HiBiT-tagged human A:AR + 10 % FBS

+ 1 % Pen/Strep
+ 1X Glutamax

HEK 293-A:AR- LgBiT-tagged human A:AR, PEI DMEM Low Glucose
LgBIiT-SmBIT-B-ar- | SmBiT-tagged B-arrestin 2 (Gibco, 31885-023)
restin 2 + 10% FBS

+ 1 % Pen/Strep

Table 3. Enzymes

Enzyme Supplier Reference
number

Adenosine Deaminase from bovine Sigma-Aldrich, Darmstadt, A5043-

spleen (ADA) Germany 250UN

FastDigest Nhel Thermo Fisher Scientific™ FD0974
Waltham, MA, USA

FastDigest Xhol Thermo Fisher Scientific™ FD0694
Waltham, MA, USA

FastDigest Pvull Thermo Fisher Scientific™ FD0634
Waltham, MA, USA

FastDigest Eco32I Thermo Fisher Scientific™ FD0304
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Waltham, MA, USA

FastDigest Bcul Thermo Fisher Scientific™ FD1253
Waltham, MA, USA

FastDigest Notl Thermo Fisher Scientific™ FD0593
Waltham, MA, USA

FastDigest Ncol Thermo Fisher Scientific™ FDO0574
Waltham, MA, USA

FastDigest Hindlll Thermo Fisher Scientific™ FD0504
Waltham, MA, USA

FastDigest BamHI Thermo Fisher Scientific™ FDO0054
Waltham, MA, USA

Q5® High-Fidelity DNA Polymerase New England Biolabs®, MO0491S
Ipswich, MA, USA

T4 DNA Ligase (5 U/ul) Thermo Fisher Scientific™ ELO011

Waltham, MA, USA

Table 4. Purchased solutions and chemicals

Solution / Chemical Supplier Reference
number

Fetal Bovine Serum (FBS) Thermo Fisher (Gibco™), 10270106
Waltham, MA, USA

Dulbecco’s Modified Eagle Medium Thermo Fisher (Gibco™), 31885049

(DMEM) Waltham, MA, USA

Dulbecco’s Modified Eagle Medium High Thermo Fisher (Gibco™), 11574486

Glucose Waltham, MA, USA

Dulbecco’s Modified Eagle Medium Low Thermo Fisher (Gibco™), 11054020

Glucose, no phenol red, no glutamine Waltham, MA, USA

Glutamax™ Supplement 100X Thermo Fisher (Gibco™), 35050061
Waltham, MA, USA

Hank’s Balanced Salt Solution (HBSS) Thermo Fisher (Gibco™), 14025050
Waltham, MA, USA

Hygromycin B Gold™ InvivoGen, Toulouse, France | 31282-04-9,

ant-hg-1

Zeocin™ Selection Reagent Thermo Fisher (Gibco™), R25001
Waltham, MA, USA

Geneticin™ Selective Antibiotic (G418) Thermo Fisher (Gibco™), 10131035
Waltham, MA, USA

Penicillin-Streptomycin Thermo Fisher (Gibco™), 15140122

10,000 U/ml (Pen/Strep) Waltham, MA, USA

Trypsin EDTA 0.05%, phenol red (T/E) Thermo Fisher (Gibco™), 25300104
Waltham, MA, USA

Poly-D-Lysine (PDL) Thermo Fisher (Gibco™), A3890401

Waltham, MA, USA
Dimethyl sulfoxide, HPLC grade, > 99.9 % | Thermo Fisher Scientific™, 022914-K2
(DMSO) Waltham, MA, USA
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GloSensor™ cAMP Reagent

Q5® High-Fidelity 2X Master Mix

GeneRuler 1 kb DNA ladder
T4 DNA Ligase buffer (10x)
XL1-Blue competent cells

Cal-520®, AM

Janelia Fluor® HaloTag® Ligand 646

Polyethylenimine (PEI)
Pluronic® F-127

HEPES

Sodium chloride (NaCl)
Potassium chloride (KCI)
D(+)-Glucose

Forskolin

Bacto™ Tryptone

Bacto™ Yeast extract
Isoprenaline hydrochloride
Methacholine hydrochloride
Coelenterazine h
Agarose

Ampicillin

Ethidium Bromide

Acetonitrile

Materials and Methods

Promega GmbH, Walldorf,
Germany

New England Biolabs®,
Ipswich, MA, USA
Thermo Fisher Scientific™
Waltham, MA, USA
Thermo Fisher Scientific™
Waltham, MA, USA

VWR International GmbH,
Darmstadt, Germany
AAT Bioquest®,
Pleasanton, CA, USA
Promega GmbH, Walldorf,
Germany

Sigma-Aldrich, Darmstadt,
Germany

Sigma-Aldrich, Darmstadt,
Germany

AppliChem, Darmstadt,
Deutschland

AppliChem, Darmstadt,
Deutschland

AppliChem, Darmstadt,
Deutschland
Sigma-Aldrich, Darmstadt,
Germany

Sigma-Aldrich, Darmstadt,
Germany

Thermo Fisher (Gibco™),
Waltham, MA, USA
Thermo Fisher (GibcoTM),
Waltham, MA, USA
Sigma-Aldrich, Darmstadt,
Germany

Sigma-Aldrich, Darmstadt,
Germany

Biomol GmbH, Hamburg,
Germany

Sigma-Aldrich, Darmstadt,
Germany

Sigma-Aldrich, Darmstadt,
Germany

Thermo Fisher Scientific™
Waltham, MA, USA

VWR International GmbH,
Darmstadt, Germany
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E129A
M0492S
11823963
B69
AGLS200249
ABD-21130
GA1120
408727
P2443-250G
A1069
146994
191494
G8270
F3917
211705
212750
15627
A2251
Cay16894-
500

A4718
A9518
15585011

20060.320
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Valerenic acid
Acetoxyvalerenic acid
Hydroxyvalerenic acid
(+)-Pinoresinol
Pinoresinol diglucoside
(-)-Olivil

Protocatechuic acid

Table 5. Self-generated solutions

Solution

Sigma-Aldrich, Darmstadt,
Germany

PhytoLab GmbH, Vesten-
bergsgreuth, Germany
PhytoLab GmbH, Vesten-
bergsgreuth, Germany
PhytoLab GmbH, Vesten-
bergsgreuth, Germany
PhytoLab GmbH, Vesten-
bergsgreuth, Germany
PhytoLab GmbH, Vesten-
bergsgreuth, Germany
Biomol GmbH, Hamburg,
Germany

Composition

02010595-
10MG
89151
89224
89525
89850

83883

Cay14916-25

Lysogeny broth-medium (LB medium),
pH 7.0

1% (w/v)
0.5% (w/v)
1% (w/v) NaCl

Bacto™ Tryptone
Bacto™ Yeast extract

HBSS/HEPES 20 mM, 20 mM HEPES in 500 ml HBSS
pH 7.4
Sodium chloride solution (150 mM) 150 mM NaCl in 50 ml H20
Locke’s solution (Locke), 150 mM NaCl
pH 7.4 5.6 mM KCI
2.3 mM CaClz
1.0mM MgClz
3.6 mM NaHCO3
5.0 mM HEPES
20 mM Glucose
Table 6. Test compounds / ligands
Compound Supplier Solvent | Reference
number
CPA Cayman Chemicals, Ann Arbor, M, DMSO 21448
USA
NECA Sigma-Aldrich, St. Louis, MO, USA DMSO 119140
DPCPX Tocris, Bristol, UK DMSO 0439
CGS 21680 Cayman Chemicals, Ann Arbor, M, DMSO 17126
USA
BAY 60-6583 Tocris, Bristol, UK DMSO 4472
Adenosine Sigma-Aldrich, St. Louis, MO, USA H-0 A9251
2-Chloro-IB-MECA Cayman Chemicals, Ann Arbor, M, DMSO 27336
USA
VCP 171 Tocris, Bristol, UK DMSO 6261
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Capadenoson Cayman Chemicals, Ann Arbor, M, DMSO 28422
USA

Ze 911 Max Zeller S6hne AG, Romanshorn, DMSO -

valerian extract Switzerland

1,5-Dicaffeoylquinic PhytoLab GmbH, Vestenbergsgreuth, | DMSO 82221

acid Germany

3,4-Dicaffeoylquinic PhytoLab GmbH, Vestenbergsgreuth, | DMSO 80425

acid Germany

3,5-Dicaffeoylquinic PhytoLab GmbH, Vestenbergsgreuth, | DMSO 80426

acid Germany

4,5-Dicaffeoylquinic PhytoLab GmbH, Vestenbergsgreuth, | DMSO 80427

acid Germany

Table 7. Kits
Kit Supplier Reference
number

NucleoSpin® Gel and PCR Clean-up Macherey-Nagel, Diren, 740609
Germany

NucleoSpin® Plasmid (NoLid), Mini Kit for Macherey-Nagel, Diren, 740499

plasmid DNA isolation Germany

NucleoBond® Xtra Midi Kit for plasmid DNA | Macherey-Nagel, Diren, 740410
Germany

Nano-Glo® HiBIiT Extracellular Detection Promega GmbH, Walldorf, | N2420

System Germany

Table 8. Software
Software Supplier Version
Agilent ChemStation Agilent Technologies Inc., Santa Clara, CA, Rev. B04.01
USA

GraphPad® Prism GraphPad Software Inc., San Diego, CA, USA | 6.01/8.3.0

MATLAB® The MathWorks, Inc. Natick, MA, USA R2016b

Tecan® Spark Control | Tecan Group AG, Maennedorf, Switzerland 3.1

Clone Manager

Sci Ed Software LCC, Westminster, CO, USA | 9
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3.2 Methods
3.2.1 Cell culture

The two cell lines HEK 293 and SH-SY5Y were obtained from the German Collection of Micro-
organisms and Cell Cultures GmbH (DSMZ, Braunschweig, Germany; ACC 305 and ACC 209
respectively). HEK 293 cells were cultivated in Dulbecco’s Modified Eagle Medium (DMEM)
Low Glucose supplemented with 100 units/ml penicillin, 100 pg/ml streptomycinand 10 % FBS.
SH-SY5Y cells were cultivated in DMEM High Glucose supplemented with 100 units/ml peni-
cillin, 100 pg/ml streptomycin and 15 % FBS. Cells were passaged at 80-90 % confluency
twice a week in aratio of either 1:5 (SH-SY5Y) or 1:10 (HEK 293) in 10 cm dishes (10 cm dish,
TC-treated, VWR International GmbH, 430165). They were maintained at 37°C and 5 % CO..
Transfected HEK 293 cell lines were cultivated in the same manner.

3.2.2 Generation of expression plasmids and stably expressing cell lines
3.2.2.1 A;AR-overexpressing HEK GloSensor™ cells

Cloning of pCDNAS3.1Zeo_HiBiT-ADORA1

The plasmid ADORA1-Tango was a gift from Bryan Roth (Addgene plasmid #66209;
http://n2t.net/addgene:66209; PRID: Addgene 66209). ADORA1-Tango containing the coding
region for ADORA1 was amplified by addition of a Nhel site and Xhol site to the 5- and 3’-end
using a PCR (forward primer: 5-GATCGCTAGCATCCGATATGCCTCCCAGTATATCC-3’; re-
verse primer: 5-GATCCTCGAGTTAGTCGTCAGGCCGTTCCTCTG-3). The PCR was per-
formed with a Q5 High-Fidelity DNA Polymerase using the conditions described in Table 9.

Table 9. PCR cycling conditions
PCR condition

Step Temperature (°C) Time (s)
Initial denaturation 98 °C 120
Denaturation 98 °C 15 (25 cycles)
Annealing 63 °C 15 (25 cycles)
Extension 72 °C 30 (25 cycles)
Final extension 72 °C 120
End 4°C Infinite

The conditions remained the same for all PCRs following except for annealing and extension
temperature and time. The excised PCR product containing the ADORAL coding region was
exchanged with the coding region for ADRB2 from the HiBiT-containing plasmid
pPCDNA3.1Zeo_HiBiT-ADRB2 using the same restriction sites.
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Gel electrophoresis, ligation, transformation and transfection described below were performed
in the same way for all plasmids following if not stated otherwise. Plasmid cards are attached
in the supplementary material and data (see 8.1. plasmids).

Agarose gel electrophoresis and gel extraction

Digested samples were separated on a 1 % agarose gel. Agarose was dissolved in 1 x Tris-
acetate-EDTA (TAE) buffer by heating up the mixture in a microwave until the solution was
clear and free from solid agarose particles. Solution was cooled down to approximately 55 °C
before adding ethidium bromide (1 pg/ml). Solution was carefully homogenized and slowly
poured into a casting tray with comb. After the gel completely polymerized, combwas removed,
and gel was placed into an electrophoresis chamber filled with 1 x TAE buffer. DNA samples
and 1 kb DNA ladder were loaded onto the gel and electric current was applied (120 V / 45
min). UV detector was used to detect DNA fragments. Insert and corresponding vector DNA
were cut out of the agarose gel using a scalpel and purified via NucleoSpin® Gel and PCR
Clean up Kit.

Ligation and Transformation

Vector-DNA (20 ng) plus fivefold amount of Insert-DNA were mixed with 1 Unit T4 DNA Ligase
and corresponding T4 DNA ligase reaction buffer and ligation took place at RT for one hour.
Ten microliter ligation product was added to 100 pl competent XL-1 blue bacteria cells and the
mixture was stored on ice for 30 min. Afterwards heat shock was performed at 42 °C for 1 min.
Bacteria were stored on ice for another minute before adding 900 ul lysogeny broth (LB) me-
dium. After incubation at 37 °C and vigorous shaking suspension was centrifuged at 3,000x g
for 5 minutes supernatant was discarded. Cell pellet was resuspended in 50 pl fresh LB me-
dium and spread onto an agar-LB-plate containing 50 pg/ml ampicillin. Single clones were
picked from plates after incubation overnight at 37 °C. Clones were transferred into 5 ml LB
medium containing 50 pg/ml ampicillin and incubated on a shaker overnight at 37 °C before
purification using a NucleoSpin® Plasmid (NoLid) Mini kit for plasmid DNA isolation. Control
digest was performed using the restriction enzyme FD-Pvull. Integrity of the construct was
verified by agarose gel electrophoresis and confirmed by DNA sanger sequencing (Eurofins
Genomics, Ebersberg, Germany) using two primers (forward primer: 5-CGCAAATGGGCGG-
TAGGCGTG-3’; reverse primer: 5-TAGAAGGCACAGTCGAGG-3).

Transfection

100,000 HEK 293 cells per well were seeded into a 12-well plate (12-well tissue culture plate,
surface treated, sterile, VWR International GmbH, Darmstadt, Deutschland) and co-trans-
fected on the following day with the two plasmids pCDNA3.1Zeo HiBiT-ADORA1 and
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pGloSensor ™-22F cAMP (Promega GmbH, GU174434) using 1 mg/ml polyethylenimine (PEI)
in 150 mM sodium chloride (NaCl) solution. Therefore, 1 pg DNA was mixed with 2.5 pl PEI
solution in 100 yl NaCl 150 mM. DNA-PEI-mixture was added dropwise to the cells containing
900 pl fresh growth medium. Cells were incubated 24 hours at 37 °C and 5 % CO2. Medium
was changed to fresh growth medium und cells were incubated for another 24 hours at 37 °C
and 5 % CO:. Afterwards, cells were seeded and tested for expression using Nano-Glo® HiBIT
Extracellular Detection system (Promega GmbH, Walldorf, Germany). Simultaneously transi-
ent transfected cells were selected using Hygromycin B Gold (100 ug/ml, selection GloSen-
sor™ system) and Zeocin™ (100 pg/ml). Once cells showed resistance, growth medium with-
out antibiotics was used.

3.2.2.2 A;AR-NanoBit®-B arr2 HEK 293 cells

Cloning of pCDNA3.1Zeo_SmBIiT-ARRB2

Two cloning steps were necessary to generate the above-mentioned plasmid. The two plas-
mids pCerulean-N-ARRB2 and pCDNA3_SmBIiT-ADRB2were digested with the two restriction
enzymes FD-Nhel and FD-Xhol for 1 hour at 37 °C. Vector and insert DNA were obtained by
1% agarose gel extraction and purified via NucleoSpin® Gel and PCR Clean up Kit as de-
scribed above. Ligation was carried out 30 min at RT with T4 DNA Ligase (5 U/ul) using the
protocol described earlier. Transformation took place in XL1-Blue competent cells. Clones
were picked from ampicillin-resistant agar plates after incubation overnight at 37 °C. Clones
grew in LB medium containing 50 pug/ml ampicillin overnight before purification using a Nucle-
oSpin® Plasmid (NoLid) Mini kit for plasmid DNA isolation. Control digest was performed using
the restriction enzyme FD-Eco32l. To remove the signal peptide form the newly generated
plasmid pCDNA3_SigPep-SmBIT-ARRB2, the coding region for SmBIiT-ARRB2 was amplified
by addition of a Bcul site and Notl site to the 5’- and 3’-end using a PCR (forward primer: 5'-
GATCACTAGTCCATGGTGACCGGCTACC-3'; reverse primer: 5- GATCGCGGCCGCTAG-
CAGAACTGGTCATCACAG-3) with an annealing temperature of 63 °C (10 s, 25 cycles) and
an extension temperature of 72 °C (45 s, 25 cycles). The PCR product containing the insert
cutout SmBIT-ARRB2 and another vector plasmid (pCDNAS3.1Zeo) were treated with the same
restriction enzymes FD-Bcul and FD-Notl. Insert and vector DNA were obtained by 1 % aga-
rose gel extraction and purified via NucleoSpin® Gel and PCR Clean up Kit. Ligation was car-
ried out 30 min at RT with T4 DNA Ligase (5 U/ul). Transformation took place in XL1-Blue
competent cells. Clones were picked from ampicillin-resistant agar plates afterincubation over-
night at 37 °C. Picked Clones grew in LB medium containing 50 pg/ml ampicillin overnight
before purification using a NucleoSpin® Pasmid (NoLid) Mini kit for plasmid DNA isolation.

Control digest was performed using the restriction enzyme FD-Ncol. DNA sanger sequencing
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was performed (Eurofins Genomics, Ebersberg, Germany) using two primers (forward primer:
5-CGCAAATGGGCGGTAGGCGTG-3'; reverse primer: 5-TAGAAGGCACAGTCGAGG-3)).

Cloning of pPCMV_ADORA1-LgBIT

The plasmid ADORA1-Tango was a gift from Bryan Roth (Addgene plasmid # 66209;
http://n2t.net/addgene:66209; PRID: Addgene 66209). The coding region for ADORAL was
amplified by addition of a Hindlll site and BamHlI site to the 5’- and 3’-end using a PCR (forward
primer: 5- GATCAAGCTTGATATGCCTCCCAGTATATCCG-3’; reverse primer: 5-GATCG-
GATCCGAGTCGTCAGGCCGTTC-3’) with an annealing temperature of 61 °C (15 s, 25 cy-
cles) and an extension temperature of 72 °C (30 s, 25 cycles). The PCR product containing
the cutout ADORA1 and another plasmid containing LgBiT (pbCMV_ADORAZ2B-LgBIT) were
treated with the same restriction enzymes to cut out ADORAZ2B. Insert and vector DNA were
obtained by 1% agarose gel extraction and purified via NucleoSpin® Gel and PCR Clean up
Kit in the same way than described above. Ligation was carried out one hour at RT with T4
DNA Ligase (5 U/ul). Transformation took place in XL1-Blue competent cells. Clones were
picked from ampicillin-resistant agar plates after incubation overnight at 37 °C. Clones grew in
LB medium containing 50 pg/ml ampicillin overnight before purification using a NucleoSpin®
Pasmid (NoLid) Mini kit for plasmid DNA isolation. Control digest was performed using the
restriction enzyme FD-Pvull. DNA construct was confirmed by sanger sequencing (Eurofins
Genomics, Ebersberg, Germany) using two primers (forward primer: 5-CGCAAATGGGCGG-
TAGGCGTG-3’; reverse primer: 5-TAGAAGGCACAGTCGAGG-3).

100,000 HEK 293 cells per well were seeded into 12-well plate and co-transfected on the fol-
lowing day with the two plasmids pPCMV_ADORA1-LgBIiT and pCDNA3.1Zeo_SmBIT-ARRB2
using 1 mg/ml PEI. Transient transfected cells were selected using Zeocin™ (100 pg/ml) and
Geneticin™ (G418, 700 pg/ml). Once cells showed resistance, growth medium without antibi-

otics was used.

3.2.3 Dynamic mass redistribution studies

Dynamic mass redistribution (DMR) is a method that allows label-free detection of ligand-in-
duced changes in living cells. It requires biosensor-coated microplates that measure changes
in mass of cells proximal to the sensor (Figure 4). DMR studies were performed to get a first

impression if HEK 293 cells react to A1AR stimulation.
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Figure 4. Schematic principle of DMR detection. (A) Resonant waveguide-grating biosensoris em-
bedded in bottom of each well of the 384-well microplate. Broadband light illuminates the bottom of the
well and the specific wavelength that is in resonance with the system is propagated and reflected . The
penetration depth into the cell is 150 nm. (B) Stimulation of cells results in detectable DMR of cellular
constituents or/and change of cell shape. Consequently, wavelength shift with change in refractive index
and different outgoing wavelength is detected. (C) Wavelength shift (nm) can either occur as positive
response (green graph) by an increase of the optical density in the sensing area of the biosensor or
negative response (blue graph) by decrease of optical density in the sensing area of the biosensor. Data
is usually plotted as function of time. Figure was created in PowerPoint and adapted from Schroder et
al. 20117°.

7.500 HEK Glosensor™ cells per well were seeded in a volume of 30 pl in a Corning Epic®
biosensor 384 well microplate (fibronectin-coated), centrifuged (10 s, 150x g) and maintained
at 37 °C for 24 hours. Medium was replaced by 30 ul HEPES-buffered Hanks’ balanced salt
solution (HBSS/HEPES) and plate was centrifuged (10 s, 150x g). Cells were incubated 1 hour
in the Corning Epic® biosensor reader (Corning, NY, USA) at 37 °C to allow temperature equi-
libration. Meanwhile, agonist solutions were prepared (4x) in HBSS/HEPES. Baseline was ob-
tained by measuring 10 time points (300 s) before 10 ul compound solution per well was added
using CyBi®-SELMA semi-automatic pipetting system (Analytik Jena AG, Jena, Germany).
Control cells were treated with 10 ul HBSS/HEPES instead of ligand. The wavelength shifts to

monitor DMR was measured for another 70-80 minutes.
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Data analysis and statistics

Raw data was baseline-corrected to HBSS/HEPES control. Baseline-corrected data (pm) was
plotted over time to generate typical response profiles using GraphPad Prism. Area under the
curves (AUCs) of baseline-corrected values were calculated in Excel using trapezoidal rule:

1
Area of trapezoid = 2 x(a+b)xw

In this calculation, 1/2 x (a+b) is the average height and w is the width of a trapezoid. The AUC
is consequently the total area (sum) of all trapezoids calculated. AUC values were applied to
generate dose-response curves by non-linear regression analysis via GraphPad Prism. Addi-
tionally, a one-way analysis of variance (ANOVA) followed by post-hoc Dunnett's test was
performed to determine significances using the same software. Values were considered sig-

nificantly different with p values < 0.05.

3.2.4 Development of cell-based assay systems

Once AIAR is activated, several signalling cascades or other cellular mechanisms occur. To
determine if these pathways are addressed by Ze 911 multiple assay systems were developed
and established. All assays were performed in living human cell lines.

3.2.4.1 A;AR-mediated B-arrestin 2 recruitment assay

This cell-based assay was established to directly detect real-time protein-protein interactions
after ligand treatment specifically for A1AR. The system uses the two compatible NanoLuc
fragments called Large BiT (LgBIT) and Small BiT (SmBIT). After agonist binding and following
receptor phosphorylation, B-arrestin 2 coupled to SmBIT migrates to A1AR that is coupled to
LgBIiT. As soon as LgBit and SmBIT are in proximity, they bind and build a functional nanolu-
ciferase (NanoLuc) (Figure 5). NanoLuc generates bioluminescence in presence of the sub-

strate coelenterazine h that is converted to coelenteramide h®°.
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Figure 5. Principle of luciferase-based B-arrestin-2 recruitment assay. SmBiT-B-arrestin 2 migrates
to A1AR (coupled to LgBIT) after agonist binding. Binding of LgBiT and SmBIT results in a functional
nanoluciferase (NanoLuc). Consequently, in the presence of substrate solution, NanoLuc generates

luminescence that can be measured. Figure has been adopted from Saecker et al. 202361,

Stably transfected cells were seeded (25,000 cells/well) in a white clear bottom 96-well plate
(Cellstar®, TC coated 96 well plate, Greiner Bio-One, Kremsmiinster, Osterreich) and incu-
bated for 24 hours at 37°C and 5 % CO2. The medium was replaced by 45 pl coelenterazine
h substrate solution (2.5 uM coelenterazine h in HBSS/HEPES). The 96-well plate was imme-
diately placed into the Tecan Spark® multimode microplate reader (Tecan Group AG, Manne-
dorf, Switzerland) where the background luminescence was measured 3 to 5 cycles until a
stable baseline signal was obtained. The measurement was paused, and cells were stimulated
with 5 pl ligand solutions. Ligands were either diluted in up to 10 % DMSO or water; however,
the maximum concentration of DMSO on cells was 1 %. The measurement was continued for

another 55 to 57 cycles at RT.

Data analysis and statistics

Raw data from three to four independent experiments was transferred into GraphPad Prism
and plotted over time. Each data point was divided by the mean of the first three values to
normalize for well-to-well variabilities. For this matter, the function “remove baseline and col-

umn math” of the software was used. The solvent control was subtracted for some experiments
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using the same functionality of GraphPad Prism. Next, AUC was calculated from the normal-
ized data using either GraphPad Prism or the trapezoidal rule in Excel and plotted against the
concentration (log M). A non-linear regression analysis was performed in GraphPad Prism to
calculate ECso and ICso values. Statistical differences between groups were detected by one-
way ANOVA followed by post-hoc analysis (Dunnett’'s). Values were considered significantly
different with p values < 0.05. Plug-in equations provided by Hoare et al. 2020882 were used
to calculate initial rates, in particular the rise and fall to baseline equation that considers drift
of the data.

3.2.4.2 GloSensor™ cAMP Assay

Real-time changes in cCAMP concentrations were measured using the so-called GloSensor™
technology. This sensitive system uses a circularly permuted firefly luciferase that is fused to
a CAMP binding domain. Binding of cAMP to the biosensor results in a conformational shift

that promotes increase of luminescence output that can be measured (Figure 6).

/- D-Luciferin

\“ Oxyluciferin

Luciferase biosensor

Figure 6. Principle of GloSensor™ technology. Firefly luciferase biosensor changes confirmation
after binding of cAMP. This conformational shift results in substantial increase of firefly luciferase activ-
ity, consequently in luminescence output that can be measured in relative light units (RLU). Increase is
proportional to amount of cCAMP present. Figure was created in PowerPoint and modified according to

Promega GloSensor™ technology?.

Stably transfected cells were seeded in a white clear bottom 96-well plate (35,000 cells/well)
and incubated for 24 hours at 37°C and 5 % CO-z. The medium was discarded and replaced
by 25 pl substrate solution containing 4 % GloSensor™ cAMP Reagent in HEPES buffered
DMEM (1:1). The cells were incubated with substrate solution for one hour at 37°C and sub-
sequently equilibrated in the plate reader (Tecan Spark® multimode microplate reader) forone

2 hittps:/iwww.promega.de/products/cell-signaling/gpcr-signaling/glosensor-camp-cgmp-protease-biosensors/?tabset0=0&cat
Num=E1290 (accessed November 17", 2024)
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hour at room temperature. Afterwards, cells were stimulated with different ligands in different
concentrations and measurement was started. Test compounds were directly diluted in
HEPES buffered DMEM; the maximum concentration of DMSO on cells was 1 %. In addition,
cells were stimulated with forskolin (FSK) and isoprenaline (Iso) to activate adenylate cyclase.
Concentration of cAMP was measured subsequently via luminescence differences for 60

minutes at RT.

Data analysis and statistics

Raw data of each experiment was either directly transferred into GraphPad Prism or normal-
ized to the mean of the first three values using Excel to eliminate well-to-well variability and
plotted as function of time in GraphPad Prism. ICso values and significances were calculated

as described previously for B-arrestin 2 recruitment assay.

3.2.4.3 Calcium mobilization assay

Calcium mobilization assay was established to determine if Ze 911 or other A:AR ligands mo-
bilize Ca?* intracellularly. A fluorogenic calcium-sensitive dye (Cal-520%) that crosses the
plasma membrane was used to detect calcium mobilization in neuroblastoma cell line SH-
SY5Y. Stimulation of cells with agonists leads to a release of intracellular calcium that signifi-
cantly increases the fluorescence of the dye. SH-SY5Y cells were used because they solidly
express AiAR genuinely.

50,000 SH-SY5Y cells per well were seeded in a black clear bottom 96-well plate (96 well
micro plate, PS, F-bottom, clear, black, TC, Greiner Bio-One, Kremsmiinster, Osterreich) and
incubated for 24 hours at 37°C and 5 % CO:2. Medium was replaced by dye solution containing
10 uM Cal-520® and 0.04 % Pluronic® F-127 in 100 pl medium per well. Cells were incubated
with dye solution 2 hours at 37 °C and subsequently equilibrated 30 min at RT. Ligand solutions
were prepared in the meantime in a 5x concentration. Dye solution was replaced by 80 pl
Locke’s solution per well and 96 well-plate was transferred into Tecan spark® microplate
reader. Fluorescence baseline was measured at a wavelength of 485 nM for 4 cycles (1 cycle
= 15 s) before 20 pl ligand solution per well was injected by the injector system of the micro-
plate reader resulting in in 1x concentration on cells. Immediately afterwards the measurement

was continued for 11 more cycles until cycle 15 was finished.
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Data analysis and statistics

Raw data of at least three independent experiments was normalized to the mean of the four
baseline values using Excel and transferred into GraphPad Prism. Normalized data was plot-
ted as function of time. AUCs were calculated in GraphPad Prism and plotted in a column
graph using the calculated area and standard deviation. Statistical differences between groups
were calculated via unpaired t test. Values were considered significantly differentwith p values
<0.05.

3.2.5 Single-particle tracking of adenosine A; receptor

Single-particle tracking (SPT) is a powerful microscopic technique that provides information
about the motion of individual fluorescence-labelled molecules (forexample receptors) in living
cells. Molecules are imaged by photon detector; motions are recorded in continuous matter to
generate a trajectory®. They are recorded by a fast, very sensitive electron multiplying charge-
coupled device (EMCCD) camera. A:AR was detected after coupling to fluorescent dye Janelia
Fluor® 646 HaloTag® (see 3.2.5.1 staining procedure) which can be tracked by its emission
(light spots) and automatically localized based on intensity profile (Figure 7). Localization pre-
cision is usually in a range of 10 to 30 nm; this is ten times higher than the resolution limit of
light microscopy. This is possible because the software detects centre of mass of the spots
(maximum brightness value in the centre). Hence, spot position is determined by fitting a two-
dimensional Gaussian distribution that offershigher precision. Localization of fluorescence sig-
nals is repeated on every image of the emerging image series. Consequently, detected recep-
tors are linked from image to image to form trajectories by automatic tracking algorithms. Eval-
uation of the lateral receptor mobility reveals thousands of trajectories with characteristic dif-
fusion properties like diffusion coefficients and confinement sizes.

D - Dpiffusion
coefficient
Calculation of v
diffusion
parameters
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MNumber of
diffusion states

analysis

¥ Oligomerization

v’ State occupancy

Figure 7. Principle of single-particle tracking. (A) Localization of fluorophores by software based on
intensity profile. Central location (exact position) found via fitting of a 2D Gaussian distribution. (B) Iden-
tification of the same particle at different time points is achieved by using algorithms such as closest
neighbour. (C) Localization of fluorophores are linked from image to image to generate trajectories. (D)
Statistical analysis of the detected trajectories provides information about diffusion properties of the

receptor. Figure has been created in PowerPoint and was adapted from Shen et al. 201783,
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3.2.5.1 Staining procedure

Single clones of the previously generated cell line HEK-GloSensor™-HiBiT-A:AR were gener-
ated by single cell dilution. Single clones were tested with Nano-Glo® HiBiT Extracellular De-
tection Assay to confirm the expression of HiBIT and consequently A1AR. Afterwards, 75,000
cells per well were seeded on heat sterilized coverslips (@ 16 mm, Marienfeld, Lauda-Ko-
nigshofen, Germany) in 12-well plates. Cells were incubated for 24 h at 37 °C and 5 % CO.-.
A1AR was labelled with HaloTag®-self-labelling protein technology which has been described
for GPCRs by Franken et al. 2020%. The fusion protein LgBiT-HaloTag® and Janelia Fluor®
646 HaloTag® ligand were diluted to a concentration of 20 nM each in growth medium without
FCS and phenol red. Medium on cells was replaced by 500 pl of this dye solution and cells
were incubated for 30 min at 37°C and 5 % CO2. Coverslip with stained cells was washed 3
times in phosphate buffered saline (PBS). Afterwards, coverslip was placed into a custom
mounting bracket and coveredwith 270 yl PBS. Single cells were searched and focused to the
upper membrane in transmitted light before opening the laser shutter (637 nM) to avoid photo
bleaching. Cells were treated with 30 pl ligand solution (CPA or Ze 911) directly on coverslip
and imaged 15 minutes afterwards at 20 °C. A video of 1000 frames was recorded; this step
was repeated twice on the same cell (3 x 1000 frames).

Time-dependent analysis of lateral diffusion was recorded in the following experiment. Influ-
ence of CPA was investigated in five time intervals after treatment (Table 10). The measure-
ment started directly after treatment with the first cell at time point 1 (1-5 minutes after treat-
ment). After the first time point was recorded, a new cell was searched, and the second time
point (5-10 minutes after treatment) was recorded alike. For each time interval, a new cell was
measured to avoid artificial processes created by long laser radiation. All in all, 5 cells and
therefore time points were recorded per coverslip from 1 up to 30 minutes after treatment. The
coverslip was disposed afterwards. At least three experiments were performed in the same

manner.

Table 10. SPT time intervals measured after CPA treatment

Time interval Time (min)
1 1-5
2 5-10
3 10-15
4 15-20
5 25-30
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3.2.5.2 SPT settings, analysis and statistics

Settings

The data was recorded using an EMCCD camera (iXon DV-860DCS-BV, Andor Technology).
This camera is part of a custom-built setup, including an inverted widefield epifluorescence
microscope (TE2000-S, Nikon Corporation, Minato, Japan) equipped with a water immersion
objective (Plan APO VC, 60x, 1.2 NA, Nikon) and a 200-mm-focal length tube lens. The effec-
tive magnification of the setup was 240x, translating to a pixel width of 100 nm. A continuous
wave laser (637 nM, 50 mW, Coherent, Saxonburg, Pennsylvania) was used in combination
with an acousto-optic tunable filter (AA Opto-Electronic, Orsay, France) to regulate the inten-

sity. Image sequences were captured with a frame rate of 20 Hz for a duration of 100 s.

Spot detection and tracking

The generation of 2-dimensional particle tracks from image data was implemented with
MATLAB software (R2016b, MathWorks, Natick, Massachusetts, USA). Two-dimensional
movement patterns of fluorescence signals and further diffusion characteristics were extracted
from the videos. The “u-track” package®® was used to import and analyse the images. Images
were processed using 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 maxi-

mum gap length, other settings were preset.

Discrete diffusive states from patrticle tracks were identified using variational Bayes single par-
ticle tracking (vbSPT) MATLAB package®®. According to their momentary diffusion speed,
tracks were segmented and classified into one out of three states (S1, S2, S3) and character-
ized by the diffusion coefficients D1, D2 and D3. Higher order models were recognized but
neglected because of their insignificant occupancy and indistinct diffusion behaviour. The fol-
lowing settings in the runinput-file were used: timestep = 0.05, dim = 2, trjLmin = 2, runs = 24,

maxHidden = 3, bootstrapNum = 100, fullBootstrap = 0.

Confinement analysis

Confinementanalysis was performedwith every diffusion coefficientat every time point. There-
fore, previously classified track segments were extracted and pooled by respective diffusion
coefficients. To measure spatial confinementstrength the packaging coefficient (Pc) was used.
Packaging coefficient was described by Bussmann et al. 2023%" and calculated at each time

point i as follows:
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(xi+1 - xi)z + (yi+1 - 3’1)2
2

Si

Pc;= Y !

xiand yiare coordinates at time i, xi+1and yi+1 are coordinates at time i+1 and n is the length of
the time window. Siis the surface area of the convex hull of the trajectory segment between
time points i and i+1. Si was calculated using MATLAB (version R2016B) by the “convhull’
function.

To assure stable results and an inclusion of a sufficient number of track segments, a window
length of 10 time points (0.5 s) was selected. Pcss values given by the 95" percentile of packing
coefficients were determined by simulation of random walk data based on the earlier deter-
mined vbSPT state diffusion coefficients and segment lengths. Subsequently, derived Pcos-
values were used as a threshold to categorize tracksas spatially confined. Confined tracks are
classified by Pc > Pces and were compared by average hull areas by averaging on the 0.5 s

timescale.

Spot intensity analysis

The distribution of monomers, homodimers and higher order homooligomers of AiAR for the
respective test condition was analysed via corresponding spot intensities. Spot intensities were
previously generated by u-Track and plotted as histograms for each experiment. The distribu-
tion was fitted, and the different components were calculated by Gaussian mixture model in
MATLAB (version R2016B). Duplication of the signal implied dimer and triplication trimer and
so on. A two-compartment (homodimer) analysis was performed, higher compartment analysis

(three- and four-compartment) led to non-plausible results.

Data analysis and statistics

Data generated in MATLAB was merged and transferred into GraphPad Prism. One-way
ANOVA was performed on data sets followed by a post-hoc analysis (Tukey'’s), statistical sig-
nificance was reached with p-value < 0.05 compared to other group or control condition.

3.2.6 Extract characterization by high-performance liquid chromatography

High-performance liquid chromatography (HPLC) analyses were performed on an Agilent Se-
ries 1200 HPLC system equipped with a degasser (G1322A), a quaternary pump (G1311A),
an autosampler (G1329A) and a photodiode array detector (G1315D). The system was oper-
ated by Agilent ChemStation Rev. B.04.01. A linear gradient was used from 100 % eluent A
(water) to 100 % eluent B acetonitrile (ACN). Table 11 shows the analytic conditions and tech-
nical settings used for the characterization. A detection wavelength of 205 nM was used. The
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extract was separated on a ECOCART® RP-18 (5 uM) glass cartridge (Merck, Darmstadt, Ger-

many).

Table 11. HPLC settings for Ze 911 characterization

Time [min] H,0 [%] (vIv) ACN [%] (v/v) Flow rate [ml/min]
0 100 0 1
40 80 20 1
70 50 50 1
72 0 100 1
85 0 100 1
87 100 0 1
100 100 0 1
101 100 0 1

Ze 911 was dissolved in DMSO (50 mg/ml) und diluted in water to a concentration of 5 mg/ml
and analysed by HPLC method described above. The injection volumewas 40 pl. Identification
of the characteristic substances like valerenic acid, acetoxyvalerenic acid, hydroxyvalerenic
acid, pinoresinol, pinoresinol diglucoside and olivil was performed by comparison of UV spec-
tra and retention times of corresponding reference substances. Reference substances were
dissolved in DMSO and diluted in water to a concentration of 0.1 mg/ml. The injection volume
of each reference substance was 10 pl.

3.2.6.1 Adenosine in valerian extract Ze 911

Agonistic activities of Ze 911 found in the assays were comparable to synthetic agonists. That’s
why Ze 911 was examined for the potential content of adenosine using the above mentioned
HPLC method. Either 40 pl of Ze 911 (5 mg/ml), 40 pl of Ze 911 treated with adenosine deam-
inase (ADA) (5 mg/ml) or 19 pl of adenosine 1 mM were injected. Identification of adenosine
was carried out by comparing UV spectra and retention time to adenosine as reference sub-
stance.
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4 Results

Sleep is highly dependent on adenosine regulated by adenosine Aireceptor (A1AR). This the-
sis aims for a better understanding of the effects of valerian extract Ze 911 on A:AR. It has
been shown that valerian extractacts as A1AR agonist. However, we are still mostly in the dark
which pathways may be affected and which compounds may be responsible for the sleep-
improving effects. This study seeks to enhance the data situation since it is limited and one-
sided so far.

4.1 HEK 293 cells respond to adenosine A; receptor stimulation

DMR was used to evaluate if HEK 293 cells react to A1AR stimulation. To ensure comparability
to other assays, HEK GloSensor™ cells were used. Stimulation of cells with a suitable ligand
induces a change of the wavelength of outgoing light that can be measured.

To get a first impression if HEK 293 cells respond to adenosine receptor (AR) stimuli, DMR
experiments with different AR agonists were performed. Figure 8A exemplarily shows raw data
that was generated by Epic system software, which was transferred into GraphPad Prism and
plotted over time. The wavelength shift was recorded in picometers (pm) over a certain time in
seconds (s). Raw data was baseline-corrected to HBSS/HEPES control (Figure 8B). DMSO
0.25 % was included as solvent control. Stimulation with 1 uM non-specific AR agonist NECA
as well as the specific A1AR agonist CPA resulted in positive wavelength shift that was statis-
tically significant compared to control cells. Treatment with A1AR antagonist DPCPX (100 nM)
did not result in any wavelength shift, response curve appeared on baseline level (Figure
8B+C). Since HEK 293 cells also express A22AR®’, specific A2aAR agonist CGS 21680 and
antagonist SCH 442416 were tested as well. No wavelength shift was detected after treatment
with 100 nM SCH 4424186, similar to A1AR antagonist DPCPX. The kinetic of CGS 21680 treat-
ment (1 uM) was different compared to CPA and NECA. The first rise of the response curve
was not as steep as for the other two agonists. However, normalized responses showed that
the effects of both specific agonists were comparable (Figure 8B+C). The wavelength shift of
NECA and therefore the response of the cells was nearly 5 times higher than for CPA or CGS
21680. This was expected since NECA stimulated all adenosine receptors, CPA only A1AR
and CGS 21680 only A2,AR. Figure 8 shows one experiment exemplarily, it was repeated with
similar results. This first DMR experiment showed that HEK 293 cells respond to AR agonism.
It was noticeable that the time-response curves (kinetic of the agonists) occurredto be different
for CPA and CGS 21680.
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Figure 8. DMR analysis of adenosine receptor response in HEK 293 cells. DMR raw data of AR
agonists and antagonists plotted over time (A, one exemplary experiment). Buffer-normalized data of
ligands plotted over time (B, one exemplary experiment) and comparison of ligands to solvent control
(C). Cells were stimulated with AR ligands and DMR was directly recorded afterwards for 77 min. Max-
imum DMR peaks were generated between 0 and 2,000 s. A1AR agonist CPA, A2aAR agonist CGS
21680 and AR agonist NECA led to positive wavelength shift. No wavelength shift was observed for
A1AR antagonist DPCPX as well as A2aAR antagonist SCH 442416, responses were considered base-
line level. HBSS/HEPES as well as DMSO 0.25 % served as controls, no wavelength shifts were ob-
served. Two independent experiments were performed in quadruplicates (n=2). Data is shown in mean

+/-SEM. Values were considered significantly different with p values < 0.05.

In another experiment, cells were tested with different concentrations of A1AR agonist CPA.
Raw data was normalized and plotted over time in GraphPad Prism. AUCs of normalized re-
sponse curves were plotted against logarithmic (log) molar concentration. A dose-dependent
positive wavelength shift with an ECso value of 3.4 uM was detected (Figure 9 A+B). Even
though ECso values of CPA are usually a little lower in the literature (low to medium nanomolar
range), this result was totally acceptable for this experiment since time-dependent response
of CPA in HEK 293 cells has clearly been shown. Treatment with solvent control DMSO re-
sulted in minor negative wavelength shift. Figure 9A shows one experiment exemplarily. Ex-
periment was repeated with similar results.
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Figure 9. DMR analysis of CPA in HEK 293 cells. Normalized DMR response curves (wavelength
shifts) (A, one exemplary experiment) and (B) corresponding dose-response curve with an ECso value
of 3.4 uM. Cells were stimulated with CPA directly before measurement and DMR was recorded for 77
min. Maximum DMR peaks were generated between 0 and 2,000 s. Data was normalized to
HBSS/HEPES control. DMSO 0.25 % was included as solvent control. Two independent experiments

were performed in quadruplicates (n=2). Data is shown in mean +/-SEM.

After getting a first impression and the confirmation that cells respond to A1AR stimulation,
valerian extract Ze 911 was tested. Cells were prepared equally and directly treated before
measurement was started. Like other AR agonists, Ze 911 led to a positive dose-dependent
wavelength shift (Figure 10). At a concentration of 0.001 mg/mlZe 911 and higher, a significant
increase in wavelength shift was observed (Figure 10B). Data was normalized to
HBSS/HEPES controland DMSO 1% was used as solvent control. A small positive wavelength
shift was detected for DMSO treated cells. It was noticeable that the kinetic of Ze 911 was
different compared to the kinetic of CPA or other tested AR agonists. The rising of the curve
was steeper, and the maximum was detected earlier after treatment with Ze 911. Figure 10
shows one experiment exemplarily. The experiment was repeated twice with similar results.
These first DMR studies confirmedthat HEK 293 cells are stimulated by synthetic A1AR agonist
as well as the extract Ze 911.

30



Results

A B
600
‘é‘ 8 1500000
-% 5 ns ns * * *hk  kkkk
$ 4004 %
< £ 1000000
(] (]
Q. o
4 3
o 2004 ;
E @ 500000
N N
= 0 m E
E 1000 2000 3000 4000 5000 s
o]
z . Z 0_
-200- Time (s) o \g}é\ q\@ e}@ cﬁ g\@\ c}‘&
L QW W (& F
— DMSO 1% Ze911 0,01 mg/ml ~ 0‘20 & o \69 NS
— DPCPX 1 uM 7€911 0,1 mg/ml 2> @g\" ,‘/@“ 2 v
— Ze911 0,0001 mg/ml — Ze911 1 mg/ml v

Ze911 0,001 mg/ml

Figure 10. DMR analysis of Ze 911 in HEK 293 cells. Normalized DMR response curves (A, one
exemplary experiment) and corresponding AUCs with statistical significances (B). Cells were stimulated
with Ze 911 directly before measurement and DMR was recorded for 77 min. Maximum DMR peaks
were generated between 0 and 1,000 s. Data was normalized to HBSS/HEPES control. DMSO 1 % was
included as solvent control. Three independent experiments were performed in quadruplicates (n=3).

Data is shown in mean +/-SEM. Values were considered significantly different with p values < 0.05.

Since DMR is a complex label-free technique, it is referred to as a “black box”. The events
reflected by DMR signal are sometimes hard to identify due to its complexity. However, the
experiments above generated the answers that needed to be achieved. It has been proven
that HEK 293 cells respond to A1AR stimulus in a concentration-dependent manner. This con-
centration-dependent response was also detected after treatment with Ze 911.

The establishment of a specific A1AR assay was the next experimental step. Since the existing
data mainly deals with the inhibitory effect of valerian on cAMP concentration, a different ap-
proach was selected and conducted.

4.2 Establishment of B-arrestin 2 recruitment assay

To our best knowledge, no data about valerian extract influencing A1AR B-arrestin 2 de-
pendently has been published by now. Therefore, an assay that was designed to study AiAR
mediated B-arrestin 2 recruitment in real-time was developed using NanoBiT® technology.
LgBiT was fused to the C-terminus of A1AR and SmBIT to N-terminus of B-arrestin 2. Since
nothing is known about Ze 911 potentially recruiting B-arrestin 2 and little is known about A1AR-

mediated B-arrestin signalling in general, the assay was validated with several ligands.
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Treatment of cells with natural unspecific AR agonist adenosine (Ado) as well as the synthetic

unspecific AR agonist NECA resulted in dose-dependent f3-arrestin 2 recruitments with ECso
values of 780 + 158 nM and 121 + 24.5 nM respectively calculated from the AUC values (Figure
11A and 11B respectively). Specific A1AR agonism also led to robust dose-dependent -arres-
tin 2 recruitment (Figure 11C). The calculated ECso of CPA (130 = 22.6 nM) is similar to ECso

of NECA, both appeared to be significantly lower compared to adenosine. Next, the non-nu-

cleoside partial A1AR agonist capadenoson was tested for $-arrestin 2 recruitment. It resulted

in less pronounced dose-dependent recruitment with an ECso of 209 + 60.7 nM and in conclu-

sion to a lower efficiency compared to full agonist CPA (Figure 11D). At least three independ-

ent experiments were performed in triplicates (n=3).
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Figure 11. Concentration dependencies of A1AR agonists in B-arrestin 2recruitment assay. Treat-
ment with two non-specific AR agonists adenosine (A), NECA (B) and the two specific agonists CPA (C)
and capadenoson (D) resulted in dose-dependent B-arrestin 2 recruitments. Agonists were added at the
timepoints indicated by the arrow. Luminescence was measured up to one hour and a solvent control
of 0.1 % DMSO was included. Graphs on the left side show exemplarily data from one experiment.
Dose-response curves on the right side were calculated from all three experiments using AUCs. Data s
given in mean +/- SD. Three independent experiments were performed in triplicates (n=3). Figure has

been adapted from Saecker et al. 202361,

Assay specificity was tested using DPCPX, a specific A1AR antagonist. DPCPX reversed the
CPA-mediated recruitment dose-dependently with an ICso value of 105 nM + 44 nM (Figure
12A+B). In addition, agonists of all four adenosine receptors were tested. NECA, CPA and
adenosine led to a significant recruitment of (3-arrestin 2 whereas CGS 21680 (specific A2aAR
agonist), BAY-60-6583 (specific A2sAR agonist) and 2-Chloro-IB-MECA (2-MECA, specific
AsAR agonist) did no recruit B-arrestin 2 significantly (Figure 12C). Isoprenaline (Iso, B-adren-
ergic receptor agonist) was used as independent unrelated control, no recruitmentof 3-arrestin

2 was detected. This experiment proved that the assay is specific for Ai1AR.
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Figure 12. Specificity testing of B-arrestin 2 recruitment assay. (A) Influence of DPCPX on CPA
stimulated cells. Cells were incubated with 1 uM CPA and different concentrations of DPCPX. CPA-
mediated recruitment was reversed dose-dependently by DPCPX with an ICso of 105 + 44 nM (B). Lu-
minescence was measured up to one hour and a solvent control of 0.1 % DMSO was included. Values
are given in mean +/- SEM (n=3 independent experiments performed in triplicates). (C) Different AR
agonists tested in two different concentrations, 0.1 and 1 uM respectively. Isoprenaline was tested as
unrelated control. Values are givenin mean +/- SEM (n=3 independent experiments in triplicates). Val-
ues were considered significantly different with p values < 0.05. Figure B+C have been adapted from
Saecker et al. 202361,

After the specificity of the assay was verified, finally valerian extract Ze 911 was tested using
the same experimental conditions. Ze 911 treatment resulted in a robust dose-dependent re-
cruitment of B-arrestin 2 with an ECso value of 66 + 14 pg/ml (Figure 13). Comparing the fold
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changes of Ze 911 and CPA, Ze 911 appeared to be less efficient. This however was expect-
able since CPA is a synthetic specific A1AR agonist whereas Ze 911 is classified as a complex
mixture of many substances that unfolds several potential effects at different targets.
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Figure 13. Concentration dependence of Ze 911 in B-arrestin 2 recruitment assay. Different con-
centrations of Ze 911 were added at the time pointindicated by the arrow (A). Luminescence was meas-
ured 30 min and a solvent control of 0.1 % DMSO was included. Dose-response curve was calculated
from the corresponding AUCs (B). Values are givenin mean +/- SEM (n=3 independent experiments in

triplicates). Figure has been adopted from Saecker et al. 202361,

421 Adenosine found in valerian extract Ze 911

Adenosine is found in nearly all kinds of living organisms®. It occursin almost every human
cell but also in plants, fungi or insects for example®-°1. The results above (Figure 13) were
quite promising for Ze 911 since the kinetic profile looked very similar to other adenosine re-
ceptor agonists. The most obvious explanation for the observed effect of Ze 911 on A:AR-
mediated B-arrestin 2 recruitment would therefore be the presence of adenosine in the extract.
Consequently, it was essential to analyse Ze 911 for the potential content of adenosine. The
HPLC analysis of the extract including adenosine as reference substance indeed confirmed
the presence of adenosine in Ze 911 (see 4.6.1).

This result was verified in the B-arrestin 2 recruitment assay. The extract was incubated 30
min at RT with ADA and tested in the B-arrestin 2 recruitment assay. Figure 14 shows that the
signal induced by Ze 911 was completely eliminated after treatment with ADA. The response
curves of ADA-treated cells appeared slightly below baseline level indicating that ADA further
eliminated basal adenosine concentrations (Figure 14).
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Figure 14. Agonistic effect of Ze 911 reversed by ADA in B-arrestin 2 recruitment assay. Dose-
dependent B-arrestin 2 recruitment after treatment with different concentrations of Ze 911 (A) and re-
versed recruitment after Ze 911-ADA-treatment (B). Different concentrations were added at the time
points indicated by the arrow. Luminescence was measured 30 min aftertreatment and a solvent control
of 1 % DMSO was included. Luminescence of ADA-treated cells was recorded slightly below baseline

level. Values are given in mean +/- SEM.

To our best knowledge it has never been described that adenosine is a component of valerian
extract. It can be assumed that the strong agonistic effectinthe B-arrestin 2 recruitment assay
results from the adenosine in the extract. This finding was a game changer for further experi-
ments. The focus shifted from agonistic to potential modulatory A:AR effects of Ze 911. As a
result of this finding, the industry partner of this study, Zeller Séhne AG Switzerland, prepared
an adenosine-free extract. This adenosine-free extract was further fractionated and investi-
gated for modulatory properties. Particularly one fractionwas very promising, modulatory A1AR
effect was identified by them using a cAMP assay. This potent fraction primarily contained one
substance class: dicaffeoylquinic acids (DQAS). The occurrence of DQAs in Ze 911 that was
used in this work was confirmed by LC/MS-MS (see supplementary material and data 8.2.).
This LC/MS-MS experiment was kindly performed by a colleague at the IBMB Bonn.

DQAs became a promising substance class for further investigations since they were found in
Ze 911 and they can pass the blood brain barrier®2. In addition, there is evidence that chloro-
genic acids, as part of DQASs, improve sleep quality®. For this purpose, it was worthy to identify
DQAs in Ze 911 and investigate their potentials in detalil.
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4.2.2 Modulatory properties of DQAs on A;AR

The positive allosteric A1AR modulator VCP 171 was tested in the B-arrestin 2 recruitment
assay to verify the ability of measuring modulatory effects. The combination of different con-
centrations NECAand VCP 171 led to a significant higher recruitmentof 3-arrestin 2 compared
to NECA alone (Figure 15). VCP 171 single treatment did not recruit B-arrestin 2. This experi-
ment proved that the established assay is suitable to detect modulatory effectsin a concentra-
tion-dependent manner.
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Figure 15. Modulatory properties of VCP 171 in combination with NECA in B-arrestin 2 recruit-
ment assay. Cells were treated with 1 uM VCP 171 and either 0.1, 1 or 100 nM NECA. Luminescence
was measured directly after treatment for 1 h at RT and a solvent control of 0.1 % DMSO was included.
Three independent experiments were performed in triplicates (n=3). Values are given in mean + SEM.
Values were considered significantly different with p values < 0.05. Figure has been adapted from
Saecker et al. 202361,

In the next experiment, single DQAs were tested for their modulatory properties. To get a first
impression a single concentration of the natural A1AR ligand adenosine (0.25 uM) was tested
in combination with either 0.1 mg/ml 1,5-DQA, 3,4-DQA, 3,5-DQA or 4,5-DQA. Figure 16
shows that 3,4-DQA and 4,5-DQA increased B-arrestin 2 recruitment significantly in combina-
tion with adenosine compared to adenosine single treatment whereas 1,5-DQA and 3,5-DQA
showed no such effect. No recruitment of B-arrestin 2 has been detected after treatment with
a mix of all four DQAs (0.1 mg/ml each) that was included as control (Figure 16).
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Figure 16. Adenosine-mediated B-arrestin 2 recruitment increased by certain DQAs in B-arrestin
2 recruitment assay. Cells were treated with 0.25 pM adenosine (Ado) in combination with 0.1 mg/ml
of either 1,5-, 3,4-, 3,5, or 4,5-DQA. A mix of all four DQAs (0.1 mg/ml each) was included as control
condition besides DMSO solvent control (0.1 %). Luminescence was measured directly after treatment
for1l h at RT. Values are given in mean +/- SEM (n=3 independent experiments in triplicates). Values

were considered significantly different with p values < 0.05.

In the following experiment, DQAs were tested individually with and without adenosine instead
of using a control that contained a mix of all four DQAs. Separately tested DQASs did not result
in recruitment of B-arrestin 2 (Figure 17). The combinations however resulted in significant
increases of recruitment again for 3,4- and 4,5-DQA but not for 1,5-DQA. Since 1,5- and 3,5-
DQA showed no increased recruitment in the experiment before (Figure 16), only 1,5-DQA
was tested again in this experiment as negative control. Protocatechuic acid (PCA), the meta-
bolic product of DQAs, was also tested separately and in combination with 0.25 uM adenosine.
The combination of adenosine and 0.1 mg/ml PCA resulted in a significant increase of B-ar-

restin 2 recruitment compared to adenosine single treatment (Figure 17).
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Figure 17. Modulatory properties of certain DQAs and PCA detected in B-arrestin 2 recruitment
assay. Cells were treated with 0.1 mg/ml of either 1,5-DQA, 3,4-DQA, 4,5-DQA or PCA separately or in
combination with 0.25 pM adenosine. Luminescence was measured directly after treatment for 1 hour
at RT and a solvent control of 0.1 % DMSO was included. Values are given in mean +/- SEM (n=3
independent experiments in triplicates). Values were considered significantly different with p values <
0.05.

Since 3,4-DQA and 4,5-DQA showed a modulatory effectin prior experiments, 3,4-DQA was
further investigated exemplarily in detail. 3,4-DQA showed a dose-dependent modulatory ef-
fect in combination with adenosine (Figure 18). Concentrations of 0.01 mg/ml 3,4-DQA and
higher in combination with 0.25 pM adenosine showed significant increase in 3-arrestin 2 re-
cruitment comparedto adenosine alone (Figure 18A). Interestingly, DQAs did not influence the
activation phase in the beginning of the measurementbut they prevented deactivation of A1AR.
This was exemplarily shown for a high and a low concentration of 3,4-DQA in Figure 18B. The
first part of the curve was not altered (compared to adenosine single treatment) while there
was a distinct difference after the activation phase. This again showed the importance of the
inspection of several time points. Inspecting only the AUC for example would neglect interest-

ing changes of the receptor kinetic.
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Figure 18. Concentration-dependent modulatory effect of 3,4-DQA in combination with adeno-
sine in B-arrestin 2 recruitment assay. Cells were treated with 0.25 uM adenosine (Ado) and different
concentrations of 3,4-DQA at the time pointindicated by the arrow. (A) Concentrations of 0.01 mg/ml
DQA and higher in combinationwith Ado resulted in significantincrease of recruitment compared to Ado
alone while 0.001 mg/ml 3,4-DQA showed no significant modulatory effect. Response of 3,4-DQA single
treatment was similar to the response of the solvent control (0.1 % DMSO). (B) Kinetic representation
of high and low concentration of 3,4-DQA in combination with Ado. Luminescence was measured di-
rectly after treatment for 1 h at RT. Values are given in mean +/- SEM (n=3 independent experiments in

triplicates). Values were considered significantly different with p values < 0.05.

Different concentrations of adenosine were tested in the following experiment in combination
with a single concentration of 3,4-DQA (0.1 mg/ml). The modulatory effect of 3,4-DQA was
noticeably in combination with small concentrations of adenosine (10 nM — 250 nM) whereas
it was not shown for high adenosine concentrations (> 250 nM) (Figure 19). The smaller the

concentration of adenosine, the greater the modulatory effect of 3,4-DQA.

40



Results

300001
ns

——
g ns
< T
S
£ 20000 l

g s ||
=

g % ns

)

L=
o™ * l T
£ 10000
"';,' x®

@

=

©

]

==Y

Figure 19. Small concentrations of adenosine-mediated recruitment modulated by 3,4-DQA. Cells
were treated with different concentrations of adenosine (10 nM — 25 pM) and a single concentration of
3,4-DQA (0.1 mg/ml). Modulatory properties of 3,4-DQA were detected in combination with small con-
centrations of adenosine (10 nM — 250 nM) while high concentrations of adenosine were not modulated
by 3,4-DQA. Luminescence was measured directly after treatment for 1 h at RT and a solvent control of
0.1 % DMSO was included. Values are given in mean +/- SEM (n=3 independent experiments in tripli-

cates). Values were considered significantly different with p values < 0.05.

Since the agonistic effect of Ze 911 is explainable by the adenosine content present in the
extract, an additional independent modulatory effect was an important finding for this work. In

the upcoming experiments, both, DQAs and the whole extract Ze 911 were tested.

4.2.3 Initial rate investigations of A;AR ligands in B-arrestin 2 recruitment assay

Calculation of the AUC contains both, activation/inactivation and downstream signalling pro-
cesses of the receptor. However, it can be useful to compare only the activation phase of the
receptor after treatment. This provides information about the efficacy of the ligands. Hoare et
al. 2020882 developed and provided an evaluation tool for G-protein- and arrestin-mediated
signalling in living cells that allows calculation of receptor activation and inactivation separately.
The analysis tool containing certain plug-in equations provides different parameters. The “initial

rate” is the slope of a straight line adapted to the activation phase and a parameter for effi-
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ciency. Agonists were tested at saturating concentrations (10 uM) and initial rates were calcu-
lated with the respective equation. The calculated initial rates of adenosine (10.4 + 0.3-fold
change/min), NECA (12.9 + 0.3-fold change/min) and CPA (10.3 + 0.3-fold change/min) were
very similar (Figure 20). The initial rate of capadenoson (2.5 + 0.1-fold change/min) however
was approximately 4 times lower (Figure 20). Eventhough, adenosine has a much higher ECso
compared to NECA and CPA, the efficiency in receptor activation measured as initial rate is

just as high as for the other two agonists.
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Figure 20. Initial rates of A1AR agonists analysed by rise-and-fall to baseline equation with drift.
Cells were treated using saturating concentrations of each agonist (10 uM) at the time point indicated
by the arrow. Luminescence was measured directly after treatment for1 h at RT and a solvent control
of 0.1 % DMSO was included. Dashed lines represent initial rates that were calculated from the fitted
curves. Values are given in mean +/- SEM (n=3 independent experiments in triplicates). Figure has been

adopted from Saecker et al. 202361,

Interestingly, adenosine in combination with 3,4-DQA did not result in a higher initial rate com-
pared to adenosine alone (2.20 + 0,001 and 2.50 * 0.003-fold-change/min respectively). Data
is not shown in Figure 20. However, the AUC of the combination was significantly higher than
for adenosine alone (Figure 18). This also fits to Figure 18B since the response curves are
equally steep in the beginning. As mentioned before, 3,4-DQA seems to prevent the receptor
from inactivation/internalization. The initial rate of Ze 911 (7.10 £ 0.008-fold-change/min) was
comparable to the other adenosine receptor agonists. Data is also not shown in Figure 20.
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This work aimed to get a better understanding of Ze 911 influencing adenosine A: receptor.
To get the whole picture, it was reasonable to investigate both, B-arrestin 2 recruitment as well
as G protein-dependent signalling pathways that might be affected by Ze 911. Hence, G pro-
tein dependent cAMP concentration and Ca?* mobilization were studied in the upcoming ex-
periments.

4.3 Ze 911 decreased cAMP concentration in cell-based assay

The transfected cAMP biosensor allowed the detection of cellular cAMP changes. Since A1AR
is Gi-coupled, stimulation inhibits adenylate cyclase and decreases cAMP concentration. Be-
sides A1AR, HEK 293 cells express A22AR and A2sAR?®’ that stimulate adenylate cyclase.

Therefore, cells were additionally transfected with A1AR to compensate signals of other aden-
osine receptors.

Cells were transfected with pCDNA3.1Zeo_HIBiT-ADORAL and pGloSensor™-22F cAMP
plasmid. Stably transfected cells were tested with Nano-Glo® HiBiT extracellular detection sys-
tem (Promega GmbH, Walldorf, Germany). The detection kit contains LgBiT, the complemen-
tary polypeptide to HiBiT. Luminescence is proportional to amount of HiBiT-tagged protein on
cell surface. Even though both tested clones showed a robust signal, luminescence of clone
one was considerably more prominent (Figure 21). Therefore, clone one was used for the fol-
lowing experiments.
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Figure 21. Verification of stably transfected cell line using Nano-Glo® HiBiT extracellular detec-
tion assay. Cells were seeded in 96-well plate and treated with LgBIiT and corresponding substrate
solution from the assay kit. Luminescence was measured 1 h at RT. Robust luminescence signal was

measured for both clones.

43



Results

In the first experiment, cells were tested for A1AR response. Figure 22A shows the time flow
of the assay. Cells were incubated with luciferase substrate for 2 hours before ligand treatment
and measurement. Beside ligand treatment, adenylate cyclase was stimulated with 1 uM for-
skolin. Additionally, cells were treated with 1 pM isoprenaline that stimulates B-AR because
the luminescence signal of forskolin alone was not strong enough. A solid luminescence signal
was mandatory since an AiAR-mediated decrease of luminescence was to be measured.
Treatment of cells with A1AR agonist CPA resulted in a significant decrease of cCAMP concen-
tration which was reversed by A:1AR antagonist DPCPX (Figure 22A+B). Control cells were
treated with 1 uM isoprenaline and 1 uM forskolin only. Figures show one experiment exem-
plarily. Three independent experiments were performed in triplicates (n=3) with similar results.
This also applies for following cCAMP experiments if not stated otherwise.
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Figure 22. CPA-mediated inhibition of cAMP accumulation reversed by DPCPX. (A) Principle of
the assay including time-response curves and corresponding AUCs (B). Cells were treated with either
5 uM CPA or 5 pM CPA in combination with 5 uM DPCPX directly before measurement. Additionally,
cells were stimulated with 1 pM forskolinand 1 uM isoprenaline at the same time. Luminescence was
measured for 1 hour at RT and a control containing 0.1 % DMSO was included. Figure shows one
experiment exemplarily. Three independent experiments were performed in triplicates (n=3). Values are

given in mean + SEM. Values were considered significantly different with p values < 0.05.

The following experiment showed that CPA treatment resulted in a dose-dependent decrease
of cAMP concentration with an 1Cso of 16 + 0.14 nM (Figure 23A+B). Since the established
assay responded well to A1AR stimulation, Ze 911 was tested in the next experiment. Treat-
ment with different concentrations of Ze 911 also resulted in a dose-dependent decrease of
CcAMP accumulation with an I1Cso of 35 + 0.12 ug/ml (Figure 23C+D). The agonistic activity of
Ze 911 on Gi-dependent signalling was therefore confirmed. This result was expectable be-

cause of the adenosine concentration present in the extract.
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Figure 23. Dose-dependent decrease of cAMP accumulation by CPA and Ze 911. (A) cAMP accu-
mulation after CPA treatment and corresponding dose-response curve (B). (C) cAMP accumulation after
treatment with Ze 911 and corresponding dose-response curve (D). Cells were treated with concentra-
tion series of either CPA or Ze 911. Luminescence was measured for 1 h at RT and a control containing
1 % DMSO was included. All test conditions also contained 1 uM forskolin und 1 pM isoprenaline. ICso
values were calculated in GraphPad Prism using a nonlinear regression model (dose-response inhibi-
tion). Figure shows one experiment exemplarily. Three independent experiments were performed in

triplicates (n=3). Values are given in mean +/- SEM. Figure has been adapted from Saecker et al. 202361,

Specific A1AR and non-specific AR agonists were tested afterwards using saturating concen-
trations (1 uM). CPA and the partial A1AR agonist capadenoson showed the strongest de-
crease in CAMP accumulation (Figure 24). Setting control to 100 % cAMP concentration, CPA
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decreases cCAMP concentration to 39 %, capadenoson to 44 %, adenosine to 72 % and NECA

to 78 %.
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Figure 24. Comparison of adenosine receptor agonists regarding cAMP accumulation. (A) Time-
response curves of agonists and comparison of cAMP accumulation after treatment (B). Cells were
treated with either CPA, NECA, adenosine or capadenoson in saturating concentrations (1 uM). Lumi-
nescence was measured for1 h at RT and a control containing 1 % DMSO was included. All test con-
ditions also contained 1 uM forskolin und 1 uM isoprenaline. Three independent experiments were per-

formed in triplicates (n=3). Values are given in mean +/- SEM.

Subsequently, cells were tested with A1AR positive allosteric modulator VCP 171. Even though
the concentration of the combination NECA (100 nM) and VCP 171 (1 pM) resulted in a
stronger decrease of CAMP concentration comparedto NECA alone, it was not significant (Fig-
ure 25). In addition, VCP 171 single treatment also decreased cAMP concentration. This im-
plies that it is more difficult to measure modulatory properties using this assay. Calculated AUC

values were normalized to control condition.
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Figure 25. No modulatory properties of VCP 171 on cAMP accumulation mediated by NECA. Cells
were treated with either 1 uM VCP, 100 nM NECA or both combined. Luminescence was measured for
1 h at RT and a control containing 0.25 % DMSO was included. All test conditions also contained 1 pM
forskolinund 1 uM isoprenaline. Two independent experiments were performed in triplicates (n=2). Val-

ues are given in mean +/- SEM.

Even though no modulatory effect of VCP 171 was detected, 3,4-DQA was tested on the cells
separately as well as in combination with adenosine 0.25 pM. Concentrations were selected
similar to those tested in B-arrestin recruitment assay. The results however were not as stable
as for the other conditions. Single treatment with 3,4-DQA resulted in slight increase of CAMP
accumulation. No differences in cAMP accumulations have been detected for the combination
of adenosine and 3,4-DQA compared to adenosine single treatment (Figure 26). Modulatory
effect of 3,4-DQA was therefore not detectable in G protein dependent cAMP assay, at least
using these certain concentrations. Experiment was repeated once in triplicates with similar
results (n=2).
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Figure 26. No modulatory properties of 3,4-DQA on cAMP accumulation mediated by adenosine.
Cells were treated with either 0.25 uM adenosine, 0.1 mg/ml 3,4-DQA or a combination of both. Lumi-
nescence was measured for1 h at RT and a control containing 1 % DMSO was included. All test con-
ditions also contained 1 uM forskolinund 1 uM isoprenaline. Two independent experiments were per-

formed in triplicates (n=2). Values are given in mean +/- SEM.
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4.4 Calcium mobilization after Ze 911 treatment

Figure 1 shows that among other things A1AR activation mobilizes Ca?*. Recent studies prove
that calcium plays an important role in the regulation of sleep®-%. SH-SY5Y cells that express
A1AR genuinely were tested in a calcium assay using the fluorescence-based calcium dye Cal-
520°.

Figure 27 shows in detail how the assay was performed. Normalized data was plotted over
time in GraphPad Prism. In the beginning, 4 cycles a 15 s fluorescence were measured under
control conditions (cells in 80 pl Locke’s solution) starting at time point 0 s. Afterwards, 20 pl
ligand solution or Locke’s solution were injected by Tecan Spark® injection system and meas-
urement was continued until cycle 15 was finished. First experiments showed that CPA single
treatment did not result in calcium mobilization (Figure 27). No fluorescence enhancement has
been measured compared to control cells. The non-selective muscarinic receptor agonist
methacholine was used as positive control for calcium mobilization. After injection of meth-
acholine, the fluorescence signal increased rapidly. Experiments were always repeated twice

in triplicates (n=3) if not stated otherwise.
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Figure 27. No calcium mobilization detected in SH-SY5Y cells after CPA treatment. Cells were
incubated with 10 uM calcium dye Cal-520® 2.5 h before fluorescence was measured. Baseline was
measured 4 cycles a 15 s (starting at time point 0 s) at 485 nM. Injector system injected 20 ul CPA (10
pUM) or methacholine (1 uM) and measurement was continued for12 more cycles a 15 s. Locke’s solution
was included as control treatment. Three independent experiments were performed in triplicates (n=3)

and values are given in mean +/- SEM.
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Interestingly, methacholine-mediated calcium mobilization was increased by CPA. The combi-
nation resulted in fluorescence enhancement comparedto methacholine single treatment (Fig-
ure 28A). This modulating effect was even more prominent for Ze 911. The combination of Ze
911 and methacholine resulted in a significant increase of fluorescence compared to meth-
acholine alone (Figure 28B+C). In addition, Ze 911 single treatment mobilized calcium unlike
CPA. The effect of Ze 911 and methacholine is more than additive. These results implied that

Ze 911 contains agonistic as well as modulating substances mobilizing calcium.
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Figure 28. Modulatory effect of CPA (A) and Ze 911 (B+C) on methacholine-mediated calcium
mobilization in SH-SY5Y cells. Cells were incubated with 10 uM calcium dye Cal-520® 2.5 h before
fluorescence was measured. Baseline was measured 4 cycles a 15 s (starting at time point O s) at 485
nm. Injector systeminjected 20 pl CPA (10 uM), methacholine (1 uM), Ze 911 (0.1 mg/ml), a combination
of CPA and methacholine or a combination of Ze 911 and methacholine and measurement was contin-
ued for 11 more cycles. Locke’s solution was included as control treatment. Three independent experi-
ments were performed in triplicates (n=3) and values are given in mean +/- SEM. Values were consid-

ered significantly different with p values < 0.05.

Valerian extract pretreated with adenosine deaminase (Ze 911-ADA) and 3,4-DQA were tested
for calcium mobilization thereafter. Figure 29 shows that the combination of Ze 911-ADA and
methacholine resulted in significant fluorescence increase compared to methacholine single
treatment. To confirm the involvement of A1AR, cells were treated with A1AR antagonist
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DPCPX in combination with methacholine and Ze 911-ADA. The fluorescence signal of
Ze 911-ADA in combination with methacholine was slightly decreased by DPCPX, but not sig-
nificantly (Figure 29). It can be speculated that adenosine in Ze 911 plays a role but is not the
only component responsible for the effect. Therefore, treatment with antagonist showed that
A1AR might play a role but is not the only regulator of calcium mobilization in these experi-
ments. It is likely that one of the approximately 200 substances in Ze 911 mobilizes calcium by
a different pathway.
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Figure 29. Ze 911-ADA modulates methacholine-mediated calcium mobilization in SH-SY5Y cells.
Cells were incubated with 10 pM calcium dye Cal-520® 2.5 h before fluorescence was measured. Base-
line was measured 4 cycles a 15 s (starting at time point 0 s) at 485 nM. Injector system injected 20 pl
methacholine, Ze 911-ADA, a combination of Ze 911-ADA and methacholine or a combination of Ze
911-ADA, DPCPX and methacholine and measurement was continued for 11 more cycles. Locke’s so-
lution was included as control treatment. Three independent experiments were performed in triplicates
(n=3) and values are given in mean +/- SEM. Values were considered significantly different with p values
< 0.05.

Subsequently, since 3,4-DQA showed a robust modulatory effectin the B-arrestin 2 recruitment
assay it was also tested for possible modulatory effects concerning calcium mobilization. Cells
treated with methacholine and 3,4-DQA showed a different kinetic in the assay compared to
other substances that were tested. 3,4-DQA did not affectthe first rise of the curve (first re-
sponse after treatment) but prolonged the phase of calcium mobilization (Figure 30A). The
difference calculated by the AUC scratched at the limit of significance (p = 0.0568). Therefore,
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single time point analysis was performed afterwards. Significant differences have been de-
tected for single time point investigations (Figure 30C). 3,4-DQA significantly increased cal-
cium mobilization of methacholine from 60 s until 105 s after treatment. Single treatment with
3,4-DQA did not result in calcium mobilization (Figure 30A+B).

A B
—  2000- —~ 200000
=) T)
= ?t_, ns
= oo c 150000+
<] o T
T &
T 1000 8 -
L] F 100000
s o
g 500- E
£ S 50000
2 0 o =T T T T 1 2
L 50 100 150 200 250 8
© o<
C 5004 . N ' '
Time (s) & F o
8 W ° ,,,“9
fb 5
—— Control -= Methacholine 1 uM @&‘@ ‘oq,"
N
- 3,4-DQA 0.05 mg/ml Methacholine + 3,4-DQA gp‘}
@e“&@
2000+
s [ I
=
& 1500-
: | .
2 —_
©
N [ =
S 1000~
<} I *
E —
E *
3
O 5001
S
0- T T T |”

I 1
60 75 90 105 120 135 150 165 180 195 210 225

Time (s)

Figure 30. Modulating effect of 3,4-DQA on methacholine-mediated calcium mobilization in SH-
SY5Y cells. Cells were incubated with 10 uM calcium dye Cal-520® 2.5 hours before fluorescence was
measured at 485 nm. Baseline was measured 4 cycles a 15 s. Afterwards, injector system injected 20
pl methacholine, 3,4-DQA or a combination of methacholine and 3,4-DQA and measurement was con-
tinued for 11 more cycles (A). AUC analyses (B) did not show significant differences while single point
investigation (C) resulted in significant differences between 60 s and 105 s after treatment. Locke’s
solutionwas included as controltreatment. Three independent experiments were performed in triplicates

(n=3) and values are given in mean +/- SEM. Values were considered significantly different with p values
< 0.05.
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45 Lateral diffusion behaviour of A;AR after treatment

HEK-GloSensor™-HiBiT-A1AR cells were labelled with HaloTag®-self-labelling protein technol-
ogy and analysed in SPT setup that operated with a 637 nm laser. This method has already
been successfully established for GPCRs by Franken et al. 202084, The following experiments
aimed to detect receptor dynamics after stimulation with A1AR ligands. Three independent

experiments were performed measuring and examining at least three cells each (n=3).

451 Investigation of diffusion states using a three-state model

Among other things, SPT measurements allow the observation of different receptor states that
are characterized by diffusion coefficients, spatial confinement and oligomerization for in-
stance. A1AR receptor can be foundin three distinct receptor states on HEK 293 cells. These
states are classified as follows: an immobile state called S1, a rather slow-diffusing state called
S2, and a fast-diffusing state called S3. These states are defined by diffusion coefficients and
corresponding state occupancy values. In the first experiment, cells were treated with either
1 uM CPA, 0.1 mg/ml Ze 911 or PBS (control) and incubated 15 minutes before measurement
was started. Incubation time of 15 minutes was chosen since assays performed above impli-
cated that a lot of signalling happens in the first 15 minutes. Cells that were only treated with
buffer control PBS showed the following diffusion coefficients: 0.018 + 0.003 um?/s for S1,
0.040 + 0.003 pm?/s for S2 and 0.125 + 0.009 um?/s for S3. Treatment with CPA or Ze 911 did
not change diffusion coefficients in any of the three states significantly (Figure 31).
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Figure 31. Diffusion behaviour of A;jAR on HEK 293 cells after agonist treatment. Diffusion coeffi-
cients corresponding to states S1 (A), S2 (B) and S3 (C) on plasma membrane of HEK-GloSensor™-
HiBiT-A1AR cells. Cells were either treated with PBS (control), 1 uM CPA or 0.1 mg/ml Ze 911 15 min
before measurement was started. Data was obtained by vbSPT analysis in MATLAB (version R2016b).

At least three independent experiments were performed. Values are given in mean +/- SEM.

4.5.2 Receptor state occupancy not altered after agonist stimulation

Besides diffusion coefficients, voSPT analysis also considers and calculates the relative num-
ber of particles in the certain states S1, S2 or S3. The distribution of A1AR in the different states
after treatment is shown in Figure 32. Cells were treated with agonists 15 minutes before
measurement was started. No significant changes in number of particles have been observed
after treatment with CPA or Ze 911 including all three states. Occupancies were comparable
to control cells (Figure 32B).
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Figure 32. Occupancies of different diffusion states after treatment. Receptor state occupancies
forS1, S2 and S3 15 minutes after treatment with either PBS (control), 1 uM CPA or 0.1 mg/ml Ze 911
(A) with corresponding tabulated values (B). Occupancies of different receptor states are expressed in
percentages. Data was obtained by vbSPT analysis in MATLAB (version R2016b). At least three inde-

pendent experiments were performed. Values are given in mean +/- SEM.

453 Impact of A;AR stimulation on spatial confinement

Impact of A1AR stimulation on spatial confinement of diffusion was investigated to further char-
acterize lateral diffusion of the receptor. Confinement analysis based on packing coefficient
(Pc) was described in 3.2.5.2. Even though, confinement analysis was performed for every
diffusion state, robust statistical analyses of spatial confinement was only possible for S1 and
S2. Number of track segments in S3 were too little for reliable statistical analysis. For cells
treated with buffer control, 34.893 + 8.968 % of evaluated trajectories were identified to be
confined in state S1 and 8.527 +1.424 % in state S2. Besides confined fraction (%), the mean
of confinement size of the diffusion area was determined which was given as the square root
of the convex hull area in nm. Mean confinement size of control cells was 65.086 + 6.481 nm
in state S1 and 103.707 £+ 0.760 nm in state S2. No significant changes in confined fraction
and confinement size were detected after treatment with CPA or Ze 911 compared to control
(Figure 33). Confined fraction in state S1 is nearly the same for all three tested conditions
(Figure 33A) whereas a tendency of increasing confined fraction after A1AR stimulation was
detected in state S2 (Figure 33B). Mean confinement sizes were comparable for the three
tested conditions in state S1 as well as S2 (Figure 33C+D).
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Figure 33. Confinement of A1AR on HEK 293 cells after treatment. Confined fractions in percentages
(A+B) and corresponding mean confinement sizes (C+D) in nm for states S1 and S2 on membrane of
HEK-GloSensor™-HiBiT-A1AR cells 15 min after treatment with either 1 uM CPA, 0.1 mg/ml Ze 911 or
PBS (control). At least three independent experiments were performed. Values are given in mean +
SEM.

45.4 Homodimerization of A;AR after stimulation

The last SPT evaluation step was the investigation of ligand treatment on A1AR homooligomer-
ization states on the cell surface. The previously generated fluorescence intensity distributions
of the vbSPT data was investigated by a mixed Gaussian fitting to determine fractions and
corresponding mean intensities of the corresponding monomers and potential homooligomers.
They were identified by rising mean intensities. Doubled mean intensity signalized the pres-
ence of homodimers, tripled mean intensity signalized the presence of homotrimers and so on.
The oligomerization analysis revealed that only monomers and homodimers were present at
the surface of the investigated cells with a proportion of approximately 1:5. Homotrimers or
higher oligomers were not identified. PBS treated control cells showed a distribution of mainly
monomers with 78.702 + 2.134 %. Homodimers occurred with 21.298 + 2.134 % in a lower
ratio. After treatment with CPA or Ze 911 an increase of homodimer occurrence has been
observed compared to control cells (Figure 34). However, the changes were not statistically

significant.
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Figure 34. Fractions of monomers and homodimers of HiBiT-A1AR on HEK 293 cells after treat-
ment. Cells were either treated with 1 pM CPA, 0.1 mg/ml Ze 911 or PBS 15 min before measurement.
Fluorescence intensities were fitted by a mixed Gaussian model and plotted as percentages (A). Values
were separately tabulated (B). Values were not significantly different from each other and given in mean
+ SEM. At least three independent experiments were performed.

No differences in the lateral mobility of HiBiT-A1AR has been detected on HEK 293 cells con-
cerning the investigated diffusion properties above. This was surprising since agonist stimula-
tion usually has a measurable impact on lateral mobility. The other assays showed that time-
dependency is an important parameter that should be considered. Whereas calcium mobiliza-
tions was mainly detected after the first 2 minutes after stimulations, the peak of cCAMP re-
sponse was measured after approximately 15 minutes. Recruitment of B-arrestin 2 peaked at
around 5-10 minutes with a longer activation phase compared to the other assays. Since time
does play an important role, a time-dependent analysis of lateral mobility was planned next to
ensure that no effects were overseen. Therefore, the well-descried A:AR agonist CPA was
inspected at five different time points after treatment. These timepoints are listed in Table 10.
Hence, CPA was measured directly after treatment until 30 minutes thereafter. It is not recom-
mended to measure much longer than 30 min on one coverslip because of laser-induced pho-
tobleaching.

45,5 Time-dependent investigation of lateral diffusion of A;AR after CPA treatment
4.5.5.1 Impact of time-dependent A;AR stimulation on diffusion coefficients

In the first experiment, cells were treated with 1 yM CPA and measured in a time interval from
1 to 30 minutes directly after treatment. Cells treated with CPA showed diffusion coefficients
between 0.0151 and 0.0206 um?/s for S1, 0.0411 and 0.0436 pum?/s for S2 and 0.1364 and
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0.1609 um?/s for S3. The diffusion coefficients in the different states remained the same for all
five investigated time intervals (Figure 35). No significant differences between groups have
been observed.
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Figure 35. Time-dependent diffusion behaviour of A1AR on HEK 293 cells after CPA treatment.
Diffusion coefficients corresponding to states S1-S3 including five different time intervals on plasma
membrane of HEK-GloSensor™-HiBiT-A1AR cells. Cells were treated with 1 pM CPA directly before
measurement and recorded 1-30 minutes afterwards. Data was obtained by vbSPT analysis in MATLAB
(version R2016b). Atleast three independent experiments were performed and values are givenin mean
+ SEM.

4.5.5.2 Impact of time-dependent A AR stimulation on receptor state occupancy

State occupancies after CPA treatment for all five different time intervals were investigated.
The number of particles in state S1 and S2 did not change over time after treatment. However,
in the fast-diffusing state S3, a significant difference was detected (Figure 36A). The occu-
pancy of S3 significantly increased between time interval 2 and time interval 4 from 18.261 +
1.492 % to 30.016 £ 1.355 % (Figure 36B). Another significant difference has been observed
between time interval three and time interval four from 21.620 + 2.365 % to 30.016 + 1.355 %
(Figure 36B).
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Figure 36. Time-dependent occupancies of different diffusive states after CPA treatment. Recep-
tor state occupancies for S1, S2 and S3 including five time intervals after treatment with 1 pM CPA (A).
Increase of receptor state occupancies in state S3 from time interval two to time interval four (B). Occu-
pancies of different receptor states are expressed in percentages. Data was obtained by vbSPT analysis
in MATLAB (version R2016b). At least three independent experiments were performed. Values are given

in mean + SEM. Values with p < 0.05 were considered statistically significant.

4.5.5.3 Impact of time-dependent A;AR stimulation on spatial confinement

For CPA treated cells the confined fraction in the time intervals of 1 to 30 minutes reached
from 22.518 + 3.423 % to 44.879 £ 3.793 % for S1 and from 6.734 + 0.188 % to 14.326 +2.148
% for S2. A significant increase of confined fraction has been detected from time interval one
to time interval five in state S2 (Figure 37B). There is a tendency of increasement from the
beginning to the end of the time intervals. However, no other statistical significances have been
detected in S2. Confined fraction did not change over time in S1 (Figure 37A). Besides con-
fined fraction, the mean of confinement size was determined. It is given as the square root of
the convex hull area in nm. Figure 37C and D show that the confinement size remained con-
stant for S1 as well as S2 including all five time intervals. For S1, the mean confinement size
was between 64.227 + 5.493 nm and 71.946 + 6.292 nm and for S2 between 103.022 + 5.020
nm and 110.439 + 7.164 nm.
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Figure 37. Time-dependent confinement of HiBiT-A1AR after CPA treatment. Confined fractions in
percentages (A+B) and corresponding mean confinement sizes (C+D) in states S1 and S2 on mem-
brane of HEK-GloSensor™-HiBiT-A1AR cells after CPA treatment. Cells were treated with 1 pM CPA
and SPT measurements were performed 1to 30 minutes afterwards. At least three independent exper-
iments were performed. Values are givenin mean £ SEM. Values with p < 0.05 were considered statis-

tically significant.
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4.5.5.4 Impact of time-dependent A;AR stimulation on homodimerization

The proportion of monomers compared to homodimers was approximately 1:5. Oligomeriza-
tion states did not change significantly over time after CPA treatment (Figure 38A and B).
There is a tendency of an increasing number of homodimers over time and a decreasing num-
ber of monomers over time (Figure 38B). The difference from time interval 2 to time interval 3

scratched the significance (p = 0.0804 monomers and p = 0.0785 homodimers).
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Figure 38. Fractions of monomers and homodimers of HiBiT-A1AR on HEK 293 cells after CPA
treatment. Cells were treated with 1 uM CPA directly before measurement including a time interval of
1 to 30 minutes. Fluorescence intensities were fitted by a mixed Gaussian model and plotted as per-
centages. Values were not significantly different from each other and given in mean + SEM. At least

three independent experiments were performed.

The results showed that time-dependent investigation of lateral mobility does make sense after
A1AR stimulation. Especially the investigation of receptor state occupancy and confinement
showed that longer incubation times resulted in significant changes. Inspecting only one time
point (endpoint) sometimes comes with the disadvantage of missing important information
about certain receptor characteristics including diffusion and signal transduction.

4.6 HPLC fingerprint of Ze 911

Valerian extract Ze 911 was analysed and characterized using HPLC (method described in
Table 11) to identify main components and corresponding peaks. This was achieved by com-
paring retention times and UV absorption spectra using reference substances. Valerenic acid
(t=72.2 min), Acetoxyvalerenic acid (t = 62.9 min), (+)-Pinoresinol (t = 44.5 min), Pinoresinol
diglucoside (t = 26.0 min) and (-)-Olivil (t = 27.7 min) were successfully identified (Figure 39).
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Figure 39. HPLC Chromatogram of Ze 911. Ze 911 was dissolved in DMSO and diluted in water to a
concentration of 5 mg/ml. 40 yl solution was injected into the system. Reference substances were dis-
solved in DMSO and diluted in water. They were injected using a concentration of 0.1 mg/ml. Charac-

teristic peaks occurred at corresponding retention times (min).

4.6.1 Adenosine detected in Ze 911

To confirm the content of adenosine in Ze 911, HPLC analysis of Ze 911 and Ze 911 treated
with ADAwere performed and compared. Adenosine was injected as reference substance and
identified by retention time and corresponding UV absorption spectrum. Figure 40A shows the
chromatogram of adenosine with a retention time at t = 8.9 min. This specific peak also ap-
peared in the chromatogram of Ze 911 (Figure 40B) whereas it was missing in the chromato-
gram of Ze 911-ADA (Figure 40C). This experiment confirmed the results from the 3-arrestin
2 assay and ensured the presence of adenosine in Ze 911.
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Figure 40. Adenosine peak detected in Ze 911. Ze 911 (B), Ze 911-ADA (C) and adenosine as refer-
ence substance (A) have been injected into HPLC system. The two extracts were diluted in water to a
concentration of 5 mg/ml. Adenosine was diluted in water to a concentration of 1 mM. The injection
volume of the two extracts was 40 pl and for adenosine 18.7 pl (equals 5 pg). Characteristic adenosine

peaks have appeared at corresponding retention time (8.9 min) except for Ze 911-ADA.
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5 Discussion

Valeriana officinalis has a long tradition as mild sleep-inducing agent. One of the characteris-
tics of a medicinal plant extract is the complexity of its ingredients and therefore possible tar-
gets and effects. Finding and defining the substances of interest is difficult and tedious. An-
other challenge might be the growing conditions such as location and weather. It is desirable
that these conditions are consistent to ensure unchanged composition of active substances in
the resulting extract. It is known that valerian extract is binding to and interacting with adeno-
sine Al receptors (A1AR). In 2002, Miiller et al.*® showed that valerian extract acts as partial
A1AR agonist. Moreover, it has been shown that the hydrophilic polar extracts might be pref-
erential over non-polar extracts!#. Isovaltrate, a lipophilic component of valerian extract, acted
as inverse agonist that might counteract the sleep-inducing effect!4. Schumacher et al. 2002%°
identified an olivil derivate (4‘-O-B-d-glucosyl-9-O-(6"“-deoxysaccharosyl)olivil) that interacts
with A1AR as partial agonist. Controversially, the study group Sendker et al. 20207 investi-
gated several valerian extracts for the above mentioned olivil derivate with no success. All
investigated batches seem to lack this particular olivil derivate. These findings from the last
two decades left us with the motivation to find new answers concerning active substances in
valerian extract including their effect to improve the current data situation. The agonistic effect
of valerian extract on A1AR has been shown by measurement of second messenger cAMP¢,
To our knowledge no data of valerian extract Ze 911 potentially influencing A1AR B-arrestin
dependent has been published so far.

HEK 293 cells genuinely express adenosine A1, A2a and Azs receptor®”. While A1AR inhibits
adenylate cyclase and consequently cAMP accumulation, A2aAR and AzsAR stimulate adenyl-
ate cyclase and therefore increase cAMP accumulation. To verify if HEK 293 cells respond to
A1AR ligands like Ze 911, dynamic mass redistribution studies were conducted. Even though,
as a label-free technique, DMR is often considered a “black box”, the measurements were
quite promising for the concerns of this study. Stimulation with NECA, CPA and CGS 21680
resulted in positive wavelength shifts of different magnitudes. The wavelength shift of NECA
was clearly higher compared to the other two specific agonists. This was expectable since
NECA stimulates all adenosine receptors expressed on HEK 293 cells. The dose-dependent
positive wavelength shifts of CPA and subsequently Ze 911 provided valid information about
A1AR agonism. It was noticeable that the graphs with corresponding respond curves of CPA
and Ze 911 differed from each other. A steep peak right after treatment was observed for cells
stimulated with Ze 911 unlike CPA. This phenomenon was possibly driven by the higher
amount of DMSO in the sample solutions of Ze 911. This finding demonstrated the importance

of applying a correct solvent in every experiment. Navarro et al. 2020% showed a positive
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wavelength shift for A2aAR agonism using DMR. The strongest wavelength shift was generated
by A22AR agonist PSB-0777 whereas it was moderate for adenosine and NECA. The differ-
ence in wavelength shift produced by NECA might be explainable by cells used. Navarro et al.
2020°% worked with A2aAR overexpressing HEK 293 cells while non-transfected HEK 293 cells

were tested in this study.

After proving the presence and activity of A1AR on HEK 293 cells, a tool that worked A1AR-
specific was developed. The goal was to generate data that provides information about A1AR-
mediated B-arrestin 2 recruitment. Besides receptor internalization and desensitization, these
adaptor proteins are known to play a role in GPCR signalling>%®. In fact, it has been shown
that signalling provoked by B-arrestins is very diverse®. There is evidence that B-arrestins are
involved in orexin signalling which is important for the regulation of the sleep-wake cycle!®. It
has been shown that -arrestins are recruited after activation of orexin receptors (OX1R and
OX2R)®3. However, the data situation is limited and the exact purpose of -arrestins in sleep
regulation still eludes us. Nevertheless, these findings demonstrate the importance of signal

transduction triggered by B-arrestin recruitment.

To study the interaction between A1AR activation and corresponding B-arrestin 2 recruitment
a NanoBiT® assay was developed. An ECso value of 780 nM for the natural nonspecific AR
agonist adenosine was determined for B-arrestin 2 recruitment. Since A1AR couples to Gi pro-
teins and therefore inhibits adenylate cyclase, other study groups usually investigated ICso
values instead of ECso values. For example, Fredholm et al. 2001'* determined an ICso value
of 310 nM for adenosine by measuring changes in cAMP formation in A1AR-overexpressing
CHOcells. The assays are only partially comparable since differentcells and different readouts
were addressed. Whereas Fredholm et al.’®* measured G protein dependent inhibition of ad-
enylate cyclase recruitment of B-arrestin 2 was measured in this study. Additionally, endoge-
nously produced adenosine or inosine must be considered that may vary using different cell
lines, culture conditions and assays methodologies. However, since both values were deter-
mined in a similar medium to large nanomolar range, they are generally comparable. After-
wards, the specific A1AR agonist CPA was tested and an ECso value of 130 nM was determined
for B-arrestin 2 recruitment. Mdller et al. 2002 determined an ICso value of 24 nM for inhibition
of cAMP production by CPA. Different conditions using different assays must be considered
again. Muller et al. 2002'¢ measured inhibition of cAMP accumulation on isolated membranes
of A1AR overexpressing CHO cells treated with adenosine deaminase (ADA) while measure-
ments in this study were performed in living A1AR NanoBiT®-Barr2 HEK cells. For comparison
reasons, a CAMP assay in living HEK GloSensor™ cells was performed additionally in this
work. In this assay, an ICso value of 16 nM was determined for CPA, which perfectly fitted to
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the above-mentioned results from Mduller et. al 20021, It was noticeable, that the difference
between B-arrestin 2 recruitment and cAMP inhibition were true for CPA as well as adenosine.
The determined ECso value of 121 nM for the non-specific agonist NECA was comparable to
the one of CPA in the B-arrestin 2 recruitment assay (130 nM). Cordeaux et al. 2000%°? deter-
mined an ICso value of 115 nM for NECA in CHO cells by measuring inhibition of cCAMP accu-
mulation, which is comparable to result determined in this study. Assay specificity was proven
by A1AR antagonist DPCPX. CPA-mediated recruitment was dose-dependently reversed by
DPCPX with an ICso value of 105 nM. Calzetta et al. 2011 also conducted a study to inves-
tigate the suppression of the effect of CPA by DPCPX in isolated human bronchial tissue. A
concentration of 100 nM DPCPX totally reversed the CPA-mediated response. In this study,
the response of CPA is completely abolished at a concentration of 1 uM DPCPX. This differ-
ence is explainable by a different experimental procedure including different test conditions.
Calzetta et al. 2011 worked with bronchial tissue samples from patients while HEK 293 cells

were investigated in this study.

The understanding of B-arrestins and their role in several signalling pathways of GPCRs has
become a focus of scientific research not only in the progression of diseases but also in drug
safety characteristics. Favouring either one or several transduction pathways canimprove the
safety and efficacy of a drug and is also known as biased signalling. This phenomenon was
extensively studied for B-adrenergic receptor blocker carvedilol that acts B-arrestin bi-
ased!41% Several study groups also showed a positive effectof ligand bias concerning safety
for A1AR®"1% Wall et al. 20227 discovered an A1AR-selective agonist named benzyloxy-cy-
clopentyladenosine (BNnOCPA) that acts analgesic but does not cause hypotension, bradycar-
dia or respiratory depression. Capadenoson, a non-nucleoside A:AR selective biased agonist
with improved safety profile!®, was tested in this present study. To our knowledge, there is no
data published for B-arrestin 2 recruitment mediated by capadenoson-activated A1AR. Robust
partial agonism was determined in the NanoBiT® assay for capadenoson whereas full agonism
was detected for adenylate cyclase inhibition in the cAMP assay. Adenylate cyclase inhibition
by capadenoson is comparable to full agonist CPA. Baltos et al. 2016°" showed that cap-
adenoson resulted in slightly higher cAMP inhibition and reduction of ERK1/2 and Akt phos-
phorylation compared to NECA. This fits the generated data in the adenylate cyclase inhibition
assay conducted in this study. Since AiAR-mediated ERK1/2 phosphorylation is partly de-
pendent on B-arrestin, the effect found by Baltos et al. 2016°" could be explained by ca-
padenoson-reduced recruitment of B-arrestin 2 presented in this work.

It has been shown that B-arrestin 2 recruitment was approximately twice as high for CPA and
NECA compared to capadenoson considering calculated AUCs. Calculation of AUCs includes
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receptor activation, deactivation and internalization. To investigate the efficacy of agonists it
can be useful to measure and characterize the activation phase of the receptor only. Therefore,
so-called initial rates that represent activation kinetics before counter-regulations take place
have been determined for the different agonists with the help of plug-in equations by Hoare et
al. 20208182, The initial rate of CPA (10.3 +0.3-fold change/min) was 5 times higher compared
to the one of capadenoson (2.5 + 0.1-fold change/min). The difference in initial rates is there-
fore even more prominent than the difference of the calculated AUCs that include counter-
regulations of the receptor. Consequently, the calculation of initial rates might be the more

sensitive method for the comparison of different agonists in the B-arrestin 2 recruitment assay.

After testing and validating the system with agonists and antagonists, guaranteeing high spec-
ificity for A1AR, Ze 911 was tested. It has been already shown that valerian extract has an
agonistic activity at A1IAR*1¢, The data available focused on the influence of valerian extract
or its single components on cAMP accumulation or receptor binding. Data for A1AR-mediated
B-arrestin 2 recruitment after treatment with valerian extract has not been published by now to
our best knowledge. Milller et al. 2002'¢ determined an ICso value measuring cAMP accumu-
lation of 900 pg/ml for valerian extract VE-1 (Ze 911), whereas it was 35 pg/ml in the GloSen-
sor® cAMP assay used in this study. They investigated membrane preparations from overex-
pressing CHO cells while the assay used in this work was performed in living A1AR-overex-
pressing HEK cells expressing a cAMP biosensor. Even though the ICso values vary, both
study groups showed individually the agonistic effectof valerian extracton A:AR. Interestingly,
the determined ECso value of Ze 911 in the B-arrestin 2 recruitment assay (66 pg/ml) was only
twice as high compared to inhibition of cAMP accumulation. CPA for instance, had a signifi-
cantly higher difference comparing both assays, in fact approximately 5 times. It can be spec-
ulated that Ze 911 has a slight bias towards the recruitment of B-arrestins compared to CPA.

After the detection of the strong agonistic effect of Ze 911, a HPLC fingerprint analysis of the
extract was essential. Since adenosine appears in a variety of species, it was a not surprising
to find it in Ze 911. This outcome was a perfect explanation for the solid agonistic effectfor
both, B-arrestin 2 recruitment and inhibition of cCAMP accumulation. To our knowledge it has
not been described that valerian extract contains adenosine. This also explains the adenosine-
like action of valerian described by Brattstrom et al. 2007'%°. Pretreating Ze 911 with adenosine
deaminase completely abolished the response in B-arrestin 2 recruitment assay. Since aden-
osine has poor bioavailability*'® and is therefore not the most promising drug candidate, it was
fundamental to find other possible effects of Ze 911 on adenosine Al receptor. Besides ago-

nistic effects it became obvious to investigate the extract for potential modulatory effects. The

66



Discussion

industry partner of this work, Zeller Séhne AG, prepared an adenosine-free extract and dis-
covered a potent fraction that mainly contained one substance class: dicaffeoylquinic acids
(DQAS). The core facility Analytical Proteomics of the IBMB kindly analysed Ze 911 for the
presence of DQAs(1,5-DQA, 3,4-DQA, 3,5-DQAand 4,5-DQA) in Ze 911 using liquid chroma-
tography tandem-mass spectrometry (LC-MS/MS). Masses (m+1) and corresponding frag-
ment ions were identified (see supplemental material and data 8.2.). DQAs are interesting
concerning the regulation of the sleep-wake cycle since they can pass the blood brain barrier®2.
Additionally, it has been shown that DQAs improved sleep quality as part of beverages in a
clinical randomized, double-blind, placebo-controlled crossover study®:. The four identified
DQAsin Ze 911 were tested in the established (B-arrestin 2 recruitment assay. The combination
of adenosine and 3,4-DQA or 4,5-DQA resulted in significantly higher recruitment compared
to adenosine single treatment. For 1,5-, and 3,5-DQA no such effect was determined. A pos-
sible explanation for this result could be the steric hindrance since the stereochemistry of 1,5-
DQA und 3,5-DQA differs from the other two DQAs. Single treatment with DQAs did not result
in B-arrestin 2 recruitment. To investigate these modulatory properties in more detail, different
concentrations of 3,4-DQA as well as adenosine have been tested. A dose-dependent modu-
latory effect of 3,4-DQA has been detected. Additionally, cells treated with low concentrations
of adenosine in combination with 3,4-DQA showed a solid modulation by 3,4-DQA whereas
cells treated with high concentrations of adenosine were not modulated by 3,4-DQA. This was
expected since high concentrations are dominated by agonistic effect of adenosine itself. In-
terestingly, 3,4-DQA did not influence the activation phase of the recruitment - it rather pro-
longed the effect after activation and therefore prevented the receptor from deactivation. This
modulatory effect of DQAs was not detectable for inhibition of cCAMP accumulation. The inhibi-
tion caused by adenosine single treatment was similar for the combination of adenosine and
3,4-DQA. It was also not possible to detect a modulating effect using the synthetic positive
allosteric A:AR modulator VCP 171 in the cAMP assay, whereas it worked well for 3-arrestin
2 recruitment. This is remarkable, since these results show that the established (-arrestin 2
assay can be quickly adapted from measuring agonistic to modulatory properties. The agonis-
tic effect of NECA was increased by 25 % using VCP 171 which fits the literature datat!!.

The NanoBiT® system for the investigation of B-arrestin 2 recruitment has been used for other
adenosine receptors*?, However, for A1AR only internalization was determined using this tech-
nology!'3, interactions with B-arrestins have not been investigated. In the field of biased ago-
nism, A1AR was analysed by downstream signalling pathways like ERK1/2 instead of the in-
teraction between the receptor and B-arrestins directly®”1%, The signal-to-noise ratio of the
developed B-arrestin 2 assay is very high. Increases of the signal by a factor of 10 can easily
be determined by the essay. This is a great tool for the establishment of recruitment assays
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measuring physiological expression levels in future experiments. White et al. 2019'** already
showed, that the implementation of a Nanoluciferase (NanoLuc) into a cell at a genomic level
is possible using CRISPR/Cas9. This is a great advantage, since they were able to achieve
successful results under endogenous promotion of NanoLuc-AzAR.

As mentioned above, the literature data of adenylate cyclase inhibition was confirmed for CPA
and Ze 911. The established cAMP assay used the expression of a cCAMP biosensor plasmid
(pGloSensor™-22 cAMP). Additionally, cells were overexpressing Ai1AR to level out the signal
of the other endogenous expressed adenosine receptors. Activity of adenylate cyclase was
inhibited dose-dependently by CPAand Ze 911. However, measurement of modulatory activity
was not possible, neither for VCP 171 nor for 3,4-DQA. A problem could have been the number
of different substances used in the assay. Measuring a Gi effect is dependent on a stimulating
substance in the first place (forskolin and isoprenaline in this case). Additionally, adding an
agonist and a modulating substance might exceed the possibilities of the assay system. Sev-
eral study groups also used this CAMP assay to investigate GPCRs with agonistic and antag-
onistic substances!'>1¢, Goulding et al. 20187 described a potential allosteric modulatory
effect of the AzsAR-selective antagonist PSB 603 detected in the cAMP GloSensor™ assay.
Comparing two antagonists, ZM 241385 (A22AR antagonist) was able to completely inhibit ag-
onist effect of NECA, while PSB 603 (A2sAR antagonist) only partially inhibited agonistic effect
of NECA, suggesting that this mechanism could be explained by a negatively cooperative ef-
fecton the biding affinity of agonists at the orthosteric site. However, Goulding et al. 2018
only suspected that the effectthey measured might be modulatory, there is no prove since
they did not use a modulating agent for comparison or confirmation respectively. In addition,
measuring this inhibiting effectof an A2aAR / AzsAR-mediated Gs response might be less prone
to errors compared to a Gi response measuring inhibitory signals. It is not surprising that 3,4-
DQA treatment did not result in measurable modulating properties since it could be biased
towards B-arrestin signalling. VCP 171 however, was suspected to produce a modulatory ef-
fect, also on cCAMP level.

To get a holistic picture of Ze 911-mediated effects on A1AR, calcium mobilization was inves-
tigated after treatment. It is known that Gi-coupled receptors, including A1AR, evoke calcium
mobilization*®. The connection between sleep and calcium signalling was extensively studied
by several study groups®*'°. Sleep deprivation in mice resulted in diminished calcium signal-
ling and consequently insufficient Ca?* supply!'®. Significant reduction of intracellular calcium
mobilization has been shown after 48 h sleep deprivation in splenocytes'?. Additionally, it has
been shown that activation of A1AR stimulates calcium release from intracellular stores'?°. One
of the main components found in Valeriana officinalis named pinoresinol diglucoside induced
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calcium mobilization by activation of lysophosphatidic acid receptors®?!. The results generated
in this study showed that CPA as well as Ze 911 rather modulate calcium mobilization. Single
treatment with Ze 911 or CPA did not result in significant calcium mobilization whereas it was
clearly detected by positive control methacholine. However, the effect of methacholine was
modulated by CPA and Ze 911. The combination of both substances resulted in increased
calcium mobilization compared to methacholine single treatment. Interestingly, the positive
modulatory effect on methacholine was significant for Ze 911 whereas it was detectable but
not significant for CPA. This indicates that Ze 911 might contain other substances that influ-
ence calcium mobilization via AR independent pathways. This finding was strengthened by the
results generated by Ze 911 pretreated with adenosine deaminase (Ze 911-ADA). The combi-
nation also increased the calcium signal mediated by methacholine significantly compared to
methacholine single treatment. DPCXP was able to inhibit this increase slightly but not signifi-
cant, indicating that A1AR plays a role but is not the only operator explaining this modulatory
effect. Interestingly, 3,4-DQA resulted not in increased calcium concentration in the beginning
but prolonged the mobilization phase itself showing a slightly different kinetic than other test
substances. This effectwas investigated in more detail inspecting every time point individually.
Significant increases of methacholine-mediated calcium mobilization have been detected in
the time slot between 60 s and 105 s after treatment. This phenomenon of not influencing the
beginning of the mobilization but prolonging the effect was also detected in the 3-arrestin as-
say. It can be speculated that DQAs might prevent the receptor from deactivation or internali-
zation. Unlike the results in this work, Ethier and Madison 2006'?? showed mobilization of cal-
cium by CPA on human bronchial muscle cells. Since different cells and experimental setup
have been used, results are only partly comparable. However, it would be worth studying the
effect of CPA modulating methacholine in more detail. Mobilization of calcium in SH-SY5Y
cells by muscarinic receptors has been described before!??,

Single-particle tracking (SPT) has been frequently used to investigate lateral mobility of
GPCRs!2+125_ Protein-protein interactions that take place at the plasma membrane are highly
dependent and influenced by lateral mobility of several components in the membrane'?’. SPT
is a powerful technique to analyse and quantify for example diffusion properties of receptors.
The membrane is divided by a network of actin filaments in accordance with the “membrane
skeleton fence model”. The network of actin filaments belongs to the cytoskeleton of the cell
and is located close to plasma membrane?®, Additionally, numerous transmembrane proteins
are anchored to actin-based membrane skeleton network. They act as rows of pickets that
briefly appear as diffusion barriers in the membrane!?°. Moreover, microdomains are found in
the bilayer of the membrane which also act as semi-permeable diffusion barriers. Microdo-
mains are rich in cholesterol and defined by a high membrane rigidity and density of signal
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proteins'*%13t The lateral mobility of the receptor therefore depends on many different compo-
nents. Signal proteins and receptors are not distributed equally but rather located in individual
microdomains. Protein-protein interactions might be favoured in functional microdomains since
protein clusters can be formed (hots pots)**2. Sungkaworn et al. 2017*%? showed that diffusion
barriers that resulted at least partly out of actin filaments and clathrin-coated pits favoured the
formation of hot spots. These hot spots contained GPCRs as well as G proteins resulting in
increased signal transduction. Receptors in microdomains either diffuse or leave it by so-called
“hop diffusion”. Suzuki et al. 2005 nicely described hop diffusion for p-opiod receptor. In
general, different states of the receptors are found inside as well as outside of microdomains
that are defined by specific diffusion behaviours. SPT experiments were conducted to investi-
gate lateral mobility of A1AR after stimulation with CPA or Ze 911. Therefore, HEK-GloSen-
sor™-HiBiT-AiAR cells were investigated using HaloTag®-self-labelling protein technology.
The red fluorescent dye Janelia Fluor® HaloTag® Ligand 646 was used for imaging. The usa-
bility of this technique for single-particle tracking has been demonstrated for GPCRs by
Franken et al. 202084, Even though HaloTag® labelling is not frequently used in SPT experi-
ments, it has a wide range of applications®**. Lillo et al. 2020**° for example used HaloTag® to
investigate the influence of AsAR on A22AR in competition experiments.

Based on localized fluorescence, signals were analysed using “u-track” in MATLAB to identify
trajectories. The vbSPT algorithm divided trajectories into segments according to their momen-
tary diffusion speed as described by Persson et al. 2013%. These segments were divided ac-
cordingly and diffusion coefficients as well as corresponding occupancies were determined.
Compared to other approaches in single-molecule tracking like the hidden Markov model,
VbSPT analysis has the advantage of being able to process information from data sets with
short trajectories. This is crucial for experiments with fluorescent dyes, because they tend to
bleach out due to laser irritation. This results statistically in a higher proportion of short trajec-
tories. The data generated in this study by vbSPT analysis created segments that were further
classified into the three diffusion states S1, S2 and S3. The states were differentiated into an
immobile state (S1), a rather slow diffusion sate (S2) and a fast diffusion sate (S3). Every state

had a specific diffusion coefficient and corresponding state occupancy value.

A1AR-overexpressing HEK 293 cells were treated with either CPA or Ze 911 and SPT meas-
urement was started after an incubation time of 15 minutes. Diffusion coefficients of agonist-
treated cells were comparable to PBS-treated control cells in all three diffusion states. The
number of particles also remained the same for all investigated conditions in the certain states
S1, S2 and S3. Aatz et al. 2022% also detected three diffusion states for 5-HT2a receptor on
SH-SY5Y cells using a similar SPT model. Stimulation of cells resulted in increase of receptors
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in immobile state S1 and decrease in fast-diffusing state S3. Unlike in this study, they pre-
incubated SH-SY5Y cells with St. John’s wort extract (STW3-VI) six days prior measurement.
Therefore, experiments are only partly comparable. However, changes in diffusion coefficients
or number of particles after agonist treatment have been suspected in this work as well since
downstream signalling processes for example result in altered diffusion properties. Sungka-
worn et al. 20172 observed an increased fraction of a2a-adrenergic receptors in immobile
state S1 and slow diffusive state S2 during interaction with G.isubunits. The “lack of change”
after treatment in this work could be explained by the incubation time of 15 minutes before the
measurement was started. Results of other assays in this study have shown that time does
play an important role in the response kinetic. While calcium mobilization took place in the very
first seconds to minutes after treatment, the peak of B-arrestin 2 recruitment was measured

approximately 5-10 minutes after treatment.

Spatial confinementwas determined for every diffusion state S1, S2 and S3. However, number
of track segments in S3 were too little to be included in statistical analysis, robust statistical
analyses of spatial confinement was therefore only possible for receptors in S1 and S2. Even
though a tendency of increasing confined fractions after CPA and Ze 911 treatment was de-
tected (Figure 33B), the effect was not significantly different from the control condition. Mean
confinement sizes after treatment were comparable to control in S1 and S2. Investigation of
Bi-adrenergic receptor (3:AR) in C6 cells also showed spatial confinementin state S1and S2
whereas it was not detectable in S3'*". The confined fractions of 1AR in the two states were
higher in the study of Bussmann 2021%*" whereas corresponding confinement sizes were in a
similar range. Besides testing different cells, they incubated the cells over a period of five days
with St. John’s wort extract (Ze 117) before SPT measurement was started. Longer incubation
times may have a different impact on the plasma membrane and therefore diffusion properties.
Schwenzer et al. 2018'% detected an increase in spatial confinement on Bz-adrenergic recep-
tor overexpressing HEK 293 cells (HEK-B2AR) in state S2 and S3 with consistent confinement
sizes. However, the results are only partly comparable to this study since a different receptor
was investigated. Unlike AiAR, B2AR is Gs-coupled leading to different signal transduction

pathways.

Homooligomers were identified by fluorescence intensity distributions and curve fitting with a
mixed Gaussian model. The analysis resulted in two fractions identified as monomers and
homodimers. Homotrimers or higher order oligomers were not identified. The distribution of
monomers and homodimers of A1AR after CPA or Ze 911 treatment differed slightly from con-
trol cells. The number of homodimers increased after treatment; the values scratched the sig-
nificance (Figure 34). Li et al. 2019'*° also showed the occurrence of A:AR homodimers that
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could be activated by agonists like NECA or adenosine. It has been shown that the agonist
affinity can be increased if A1AR homodimers are present?®. In fact, Gracia et al. 2013 de-
tected that low concentrations of A1AR antagonist caffeine increased agonist-induced signal-
ling in a homodimer while high concentrations of caffeine inhibit signalling as expected. Canals
et al. 2004** investigated A22AR homodimers on HEK 293 cells and found out that more than
90 % of the receptors are in dimeric state at the cell surface. Unlike in this study, they investi-
gated dimer occurrencesusing bioluminescence resonance energy transfer / fluorescence res-
onance energy transfer. The distribution difference of monomers and homodimers between
A1AR and A2rAR on the surface could be explained by the receptor type itself. A1AR binds to
inhibitory G proteins, while A22AR binds to stimulatory G proteins that might has an impact on
homodimer formation. The investigation of (homo)dimerization and (homo)oligomerization
states of receptors including consequences for downstream signalling processes is therefore

an important factor.

The first SPT experiments revealed small differences between control cells and A1AR-stimu-
lated cells. However, none of the investigated parameters including diffusion coefficients, re-
ceptor state occupancy, spatial confinement and homodimerization of A1AR turned out to be
significantly different from control cells. The other conducted assays in this study showed that
the first few minutes after treatment were informative because significant differences have
been detected in that period of time. In the B-arrestin 2 recruitment assay for example, a very
steep activation phase right after treatment has been observed. After the peak was reached at
approximately 5-10 min after treatment, the curve descended evenly in approximately 30
minutes. Hence, a time-dependent approach was developed including five time intervals (1 to
30 minutes after treatment, see Table 10). It is not recommended to measure one coverslip
longer than 30 minutes because of photo bleaching. The time-dependent experiment was car-
ried out with the well-described A1AR agonist CPA.

Diffusion coefficients did not change over time after CPA treatment, they remained the same
for all three investigated A:AR states (Figure 35). An increasing number of receptors in state
S1 has been observed between time interval one (1-5 min after treatment) and two (5-10 min
after treatment), even though it was not significant. Atthe same time, a decrease in number of
receptors has been detected in S3. Anincrease of receptorsin S1implies a potential regulatory
response of the cell. However, the only significant increase of number of receptors has been
detected in fast diffusion state S3. The number of receptors in S3 increased significantly from
18.261 + 1.492 % (time interval two, 5-10 min after treatment) to 30.016 £ 1.355 % (time inter-
val four, 20-25 min after treatment) while they decreased in state S1 for the same time inter-
vals. This suggests that receptor state distributions, that regulate receptor interactions, mainly
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took place in the first ten minutes. As already described above, other study groups detected
an increase of receptors in slow diffusion state S1 after agonist treatment'213, They, however,
only inspected one time point (endpoint) after treatment and not a time interval. Additionally,
incubation times were tremendously longer compared to this study.

Spatial confinement was determined for every diffusion state and time interval after treatment.
Confined fractions and corresponding confinement sizes were detectable in S1 and S2. A ten-
dency of increasing confided fractions in S1 and S2 over time has been observed after treat-
ment (Figure 37 A+B). One significant increase has been detected in slow-diffusive state S2
between time intervals one (1-5 min after treatment) and five (25-30 min after treatment) (Fig-
ure 37B). For confinementanalysis, it is therefore preferable to choose longer incubation times
before starting the measurement. Especially for plant extracts, incubation times are often much
longer. Bussmann et al.’*” or Aatz et al.'*¢ for example incubated St. John’s wort extract for
several days. Therefore, it would be interesting, to investigate lateral mobility of A1AR after a
longer incubation time with Ze 911. However, St. John’s wort extract is used for the treatment
of depression, and it is known that the full effect occurs after a few weeks of medication42143,
Therefore, longer incubation times before inspecting lateral mobility of the receptor was a log-
ical approach. Since valerian extractis used for mild sleep disorders, it is desirable to have a
rather fast effect, consequently shorter incubation times were selected in this work. It is safe
to say that these findings demonstrated the great advantage of time-dependent investigations
and consequently the effect of different incubation times of an agonist. Future experiments
should address the investigation of time-dependent lateral mobility after treatment with Ze 911
and the A1AR-modulating DQAs.

The inspection of monomer and homodimer formation of A1AR in the five different time-inter-
vals after treatment showed that there is a strong tendency of increasing homodimer formation
for the last three time intervals compared to the first two time intervals (Figure 38). Effects on
homodimerization after agonist treatment have been shown for several different receptors in-
cluding fibroblast growth factor receptor 1 (FGFR1)%4, human purinergic G protein-coupled
receptor P2Y1* and a-adrenergic receptors'#® for example. In the last decades, there has
been a debate whether GPCRs occur most frequently in monomers, homodimers, heterodi-
mers or even oligomers and if those formations play a role in signalling cascades. Time-de-
pendent formations after treatment have not been studied extensively yet, this might be ad-
dressed in future experiments. Especially for sleep-inducing agents like valerian extract, these
results are promising since “time” does play a superior role in the process of falling asleep. A
sleep-inducing drug, no matter if herbal or chemical, should unfold its effects shortly after in-
take.
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6 Conclusion and Outlook

Even though human beings must sleep, the complex mechanisms behind it still eludes us.
Sleeping disorders can be treated with herbal medicinal products like valerian extract prepa-
rations. Even though, several clinical studies have proven the effect of valerian extract, the
mechanism of action is still not fully understood and therefore definitely worth inspecting in
more detail. Valerian preparations are used frequently since decades for mild sleep disorders.
Nevertheless, the extract is not recommended in the medical guidelines for the treatment of
sleep disorders. This underlines that the current data situation needs to be improved. ldentifi-
cation of the substances responsible for the sleep-inducing effects and involved signalling
pathways come with great benefits. Valid data that is available for physicians, pharmacists and
patients creates safety and confidence in prescribing and recommending herbal products that
contain valerian extract for mild sleep disorders rather than chemical alternatives. Additionally,
if potent components of the extracts are identified one can think about plant extracts that are
enriched with those substances in the future.

This work has shown that there is still a lot of unknow potential concerning the identification of
valerian extracts’ effective substances including their mode of action. Detecting adenosine in
the extract was a challenge for the investigated target and future experiments. Even though,
adenosine is a ubiquitous molecule that plays a superior role in the sleep-wake cycle and is
found in almost every part of the human body, it has a poor bioavailability which makes it a
rather challenging drug candidate. However, this finding also opened new doors including the
identification of Ai1AR-modulating substances present in Ze 911 named dicaffeolquinic acids
(DQAS). Especially determining that DQAs modulate the effect of adenosine-mediated (-ar-
restin 2 recruitment is promising since DQAs can pass the blood brain barrier. The hypothesis
that DQAs positively modulate the effect of endogenous adenosine at A:1AR in the brain regions
responsible for sleep would be a bright outlook. Besides recruitment of B-arrestin 2, Ze 911
and DQAs also modulated methacholine-mediated calcium mobilization. This was a very in-
teresting finding and might be addressed in the future since this assay was not A1AR specific
and the results showed that there are more potential targets that could be investigated. Espe-
cially the factthat Ze 911 pretreated with adenosine deaminase modulated calcium mobiliza-
tion revealed that there are other components than adenosine involved in this effect. The in-
formation gained from SPT experiments intensified the importance of time-dependent investi-
gations rather than end point analysis. Especially because cell membranes are highly complex
structures, and the diffusion properties of receptors can be modulated by the composition of
the membrane and its environment. Therefore, it would be interesting to investigate time-de-

pendent influence of valerian extract on diffusion properties of A:AR since it already has been

74



Conclusion and Outlook

shown that plant extracts like St. John’s wort for example has an impact on lateral diffusion of
receptors that are relevant for depression after a longer incubation time. In this work, no sig-
nificant changes have been shown on receptor homooligomerization after treatment. However,
a tendency of increased homodimer formation was detected after treatment. Focussing on the
formation of homooligomers and heterooligomers of A:1AR in the context of sleep would be an

interesting attempt for the future as well.
Safe approaches and therapies for sleep disorders remains an important topic for the society.

Even though a tiny step towards unfolding the sleep-inducing effects of valerian extract has

been made, there still is a lot of room for further investigations.
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8.1 Plasmids
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Figure 41. pGloSensor™-22F cAMP Plasmid. Detailed information: https://www.promega.de/prod-

ucts/cell-signaling/gpcr-signaling/glosensor-camp-cgmp-protease-biosensors/?tabset0=0&cat-

Num=E1290
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Figure 42. Plasmid ADORA1-Tango. Plasmid was a gift from Bryan Roth (Addgene plasmid # 66209;
http://n2t.net/addgene:66209; PRID:Addgene_66209).
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Figure 43. Plasmid pCMV_ADORA1-LgBIiT. Plasmid to express human adenosine Al receptor with

Large-BiT fused to C-terminus in mammalian cells.
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Figure 44. pCDNA3.1Zeo_SmBiT-ARRB2. Plasmid to express rat B-arrestin 2 with Small-BiT fused to

N-terminus in mammalian cells.
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Figure 45. pCDNA3.1Zeo_HiBiT-ADORAL. Plasmid to express human adenosine Al receptor with

HiBiT fused to N-terminus in mammalian cells.

8.2 Identification of dicaffeoylquinic acids (DQAs) and adenosine by high-resolution
liquid chromatography-mass spectrometry

Liquid chromatography tandem-mass spectrometry (LC-MS/MS) was used to analyse valerian
extract Ze 911 and derivatives for the existence of dicaffeoylquinic acids (DQASs) and adeno-

sine.

For analyses, 10 pg of either adenosine or Ze 911 were evaporated in 100 pl water containing
0.1 % DMSO using Thermo Scientific™ Savant™ SpeedVac™. Substances were re-dissolved
in solvent A (0.1% formic acid (FA)) to yield a 1 g/L solution and separated on a Dionex Ulti-
mate 3000 RSLC nano HPLC system (Dionex GmBH, Idstein, Germany). One ul of each sub-
stance solution was injected onto a C18 analytical column (self-packed 400 mm length, 75 pm
inner diameter, ReproSil-Pur 120 C18-AQ, 1.9 um, Dr. Maisch). A linear gradient from 1% to
55% solvent B (90% acetonitrile, 0.1% FA) at 300 nL/min during 70 min followed by 32 min at
98 % solvent B was used to separate the extract and adenosine. Orbitrap Fusion Lumos mass

spectrometer (ThermoFisher Scientific, Bremen, Germany)was coupled online to nano-HPLC.
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lons between 100 and 2000 m/z were scanned in the Orbitrap detector every 3 s with a reso-
lution of 60,000 (maximum fill time 50 ms, AGC target 300,000, normalized AGC target 75 %).
For internal calibration (typical mass error <1.5 ppm) polysiloxane (445.12002 Da) was used.
Top 10 precursor ions were chosen for synchronous precursor selection and fragmented with
higher energy CID (HCD: 20, 30, 50 % collision energy) for detection of reporter ions in the
Orbitrap analyser (resolution 15,000, maximum injection time 20 ms, AGC target 25,000, nor-
malized AGC target 50 %). Fragmented ions were excluded from repeated analysis for 15 s.

Data was analysed using FreeStyle software (version 1.8; Thermo). Briefly, spectra were
screened for precursor masses of positively charged DQAs (517.1346) or adenosine
(268.1046). For verification, masses of the corresponding MS2 fragment spectra were com-
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and Data

pared to fragments recorded in the PubChem database (NIH; NCBI)
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Figure 46. Mass spectrum of DQAs (A) and mass spectrum of adenosine (C)
Chem results are shown in (B) for DQAs and (D) for adenosine. Zoomed in parts show fragmented

masses+1.
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