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°C degrees Celsius

u 10°

” lambda, wavelength (nm)

4 delta, difference

AC alternating current

BAEC bovine aortic endothelial cells

BSA bovine serum albumin

CAMP cyclilc 3*5’-adenosine monophosphate
cf. (Lat.:conferre compare

C capacitance

Gn specific membrane capacitance (ECIS model)
CHO Chinese hamster ovary (cells)

DAG diacylglycerol

DMEM Dulbecco’s modified eagle medium
DMR dynamic mass redistribution

DMSO dimethyl sulfoxide

ECIS electric cellsubstrate impedance sensing
EMEM Eagle’s minimal essential medium
FCS fetal calf serum

Fig. figure

g gram

G418 geniticin

GDP guanosines’-diphosphate

GTP guanosines’-triphosphate

GPCR G proteircoupled receptor

G protein guanine nucleotidéinding protein

H human

HEK human embryonic kidney (cells)

IPs inositol1,3,4triphospahte



I current

L liter

m meter

m milli

min minutes

M molar (mol/l)

N number of experiments

n nano (1)

nd not determined

p pico (102

pPEGo negative logarithm (base 10) of half maximal effect concentratiogy(EC

PBS phosphate buffered saline

PKA protein kinase A

pH negative logarithm (base 10) of the molar concentration of dissolved
hydronium ions (k0%

PKC protein kinase C

PLC phospholipase C

PTX pertussis toxin

R resistance

R specific barrier resistance /ECIS model)

RWG resonant waveguide grating

SEM standard error of the mean

SPR surface plasmon resonance

t time

Tab. Table

U Voltage

Z impedance

e impedance magnitude

8W10E eight wells, ten electrode

96W1E+ 96 wells, one electrode



2 Scope and objectives

2 Scopeand dbjectives

Conventional methods for the functional characterization of GPCR liganédlutalcassays
monitor individual signaling pathways such as alterations in calcicAMP or IPlevels.By
contrast,although being less speciflapelree assaysare integrative approaches, harbouring
the potential to detect complex signaling netvksias the sum ointracellularprocesses upon
GPCR activation.

Theaim of this doctoral thesis wde optimize and to explore the potential of two lakfree
methods namely DMR and ECIS, to functionally characterize ligands of prctdtgminergic

and peptidergic &protein coupled receptors. For this purpose, histaminaitl neuropeptide

Y (NPY)Y2 and Y receptors were selected as examples, as appropriate pairs of selective
agonists and antagonist as well as corresponding data from variousdepehdent assays

have been available

With regard to optimization, various cell types expressing liaenan H; receptor (HiR)
comprising constitutively R expressing tumor cells as well ahfferent genetically
engineered HEK293T cells-expressing the R and the firefly luciferase, were chosen.
Moreover, to study the effect of adhesion in the lalbele assays, the eexpression of human
macrophage scavenger receptor 1 (hMSR1) was aimeksad. model system for peptidergic
GPCR, CHG;s-mtAEQ cells cexpressing the human NPY (Y2R) or ¥ receptor (¥R), the

chimeric G protein G;is and mitochondrially tagged aequorin were selected.

To study the contribution of individual signaling pathways to the holisticdoeds, the
selective Gorotein inhibitors FR900359 (also known as UBIG) and pertussis toxin (PTX)

were considered appropriate tools.
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1 General introduction

1 General ntroduction

1.1 G-protein coupled receptors

Gyrotein coupled receptors (GPCR)present the largestand most versatile group of
membrane receptor§l-3]. More than 800 GPCRseencoded in the human genonid]. The
GPCRare grouped in fie major phylogenetic classgs. The largest branch with about 700
memberscomprisesthe rhodopsinlike receptors[5]. The other groups are the adhesion,
secretin, glutamate and frizzled/taste receptds. Furthermore, there aranore than100
(orphan)GPCRwith no identified endogenous ligand or functif88]. TheGyprotein coupled
receptors areshaing structural similarities comprisingn Nterminal extracellular domain,
seventransmembranedomairs, connected bythree extracellular and three intracellular
loops, and aCterminal intracellular domairf9]. A broad rangeof chemical and physical
stimuli, for exmapleneurotransmittess, ions or light can activatespecific GPCRsyhich
subsequentlytransduce the signal into cellular respossfl0]. Consequently, GPCRs are
involved in many physiological functioasd in a plethora of diseasd41,12]. The majority of
GPCRare signalingia heterotrimeric guanosi#’-triphosphate binding proteins (@roteins)
[3], whereas ther signalingmechanisms ar&-protein independentinvoling 3-arrestinsor
GPCRheteromeilization [13,14]. Therefore GPCRs armore precisely referred to as seven
transmembrane receptors (7TMR4}p]. More than 30 % of adipproved drugs are addressing
GPCRR,10,16], although onlyabout 30 GPCRs atarrently targeted17]. Therefore there

isstill alargenumberof GPCR® be validated fodrug discovery.

1.2 Gprotein mediated GPCRignaling

The heterotrimeric &roteins were discovereanore than 40 years agd18]. The GPCR

mediated signal transduction is triggered by agonist binding which induces conformational
changes of the receptor resulting in the activation of heterotrimerpr&@eins[19]. The G

proteins consist of three polypeptides, tl39-52 kDaGDPGTPbinding 'r e puv]sS v §Z

v Ju[@. (QE §]A 3]}vU 87 }Avo]v3w)@ }uv 8} $Z Gir ep pv]:
protein activation is resulting ithe exchange of guanidine diphosphdteactive Gprotein)

for guanidine triphosphatéactive G% (E}S Jve Jv S$Z 'r -@DRGTEeXchdrigedBe

G+rotein dissociates from the receptor and falls apart inb@ r- and the ™ vsubunit Both
subunitsarethen free to stimulate distinct pathway&1]. Theduration ofsignalingdepends

on the rate of thentrinsic GTP hydrolysisy SZ  -subunit and the following r@association

1



1.2 Gprotein mediated GPCR signaling

YO 'v' W A18Z[2224]. h% 8§} vIAU i0 u uu o] v 'r ep pvehde€ed -« E]
onsequence} ( § Zsubunit and their functional properties@oteins are classically divided
Jvd} (JLE ourW &N g v 'n2n3[22,25,26]. Moreover, 5GB v i1 'V e V]S
are known[25]. tZ v }u% 0  SHE rjrproteins, GPCRs either activate or inhibit
adenylyl cyclase (AC) activity, followed by areaseor decreasen intracellularcyclic AMP
(cAMB levels [27-30]. The second messenger cAMP cdor example,adivate cAMP
dependent protein kinaséA (PKA)the Rap guanine exchange factpac éxchange protein
activated by cAMJor the transcription factor CREB (CAMP response element bipdatgin)
[26,31-33]. 'rio proteins arealsoinvolved in A@ndependent responses, e. g. the blockade

of calcium channelsn the stimulation of Grotein inwardly rectifying potassium channels
(GIRK) and in the stimulation of phosphodiesterg8$3l]. &P ESZ Eu} E Ujpvdsd }voC 'r
"Ts% E}S Jve Vv Jv(op Vv U p¥ia calgiumcalmadylin{ 28] sInteraction

A3 Z girtriggers the stimulation of phospholipase C (PLG¥miesults in the formation of
inositol trisphosphate (IB) and diacylglycerol (DAG)or the ri-adrenergic receptorsouping
toboth §Z g4r v $Z iisubunitwas described34,35]. The stimulation otPs-sensitive
receptors, located in thenembrane of theendoplasmatic reticulum, resin a retase of
calcium ions into the cytosol. Diacylglycerah activatehe protein kinase C (PK{26,31,36].

G12 was the last identifiedr %o G }subfamily v }ve]eSe }( A} u prantthe) 'r

'r 13 protein [37]. About 25 different GPCRs have been associated to the activation Gflibe
subfamily [38]. "W Ze+ }u %0 0]viP13 &fe activating small GTPases like RH2a4.

D}E }A idds Have received attention in the context of cell proliferation and

morphologcal change$39]. dZ '“v e« jmegract with effectors like mitogeractivated
protein kinases (MAPKS), phosphatidylinosiBdtinase (PI13K) and small GdiRding proteins
[40].D]e*} ] S '“v epu pal}sinvolied in GPCR desensitization and downregulation
[41]. Receptor desensitization after agonist activatt@nminatesthe signalingprocess and
constitutes a significant step in thregulation of GPCRnediated effectg42]. Traditionally,
GPCRs are characterized byithpreferential coupling tadistinct Gproteins. However,an
increasing number dBPCRs has been identified as promiscuous receptors capalleping
to various Goroteins[43,44]. It is worth to mention, that the signaling depends on tredlular

background45,46].



1 General introduction

1.3 G+protein independent GPCBignaling

G+rotein coupled receptors do not only use canonicalp(@ein mediated) but also nen
canonical (Grotein independentpignalingpathways for example via farrestins[47-50], to
transduceligand binding into a cellular response Historically, arrestins were discovered
because of their ability tderminate Gyprotein mediated signaing by interacting with
phosphorylated ligandctivated GPCRS1] andsubsequent receptor internalizatid®2,53].
This process involves-@totein coupled receptor kinases (GRKSs). After internalization, the
GPCRs are either degraded or recyddgdeintegrationinto the membrane[54]. Arrestins
are able to regulate the signaling of the vast majority of GR&IRsIn addition to their role

in receptor desensitization and trafficking these protegr® capable to trigger various
signalingpathways[56], which aredifferent from classicalGprotein mediated effectuation
[51]. The arrestin family consists of four isoforms (arrestid)Isharing a high sequence
homology.Arrestin 1 and arrestin 4 arexclusivelyexpressed in the visual system, whereas
arrestin 2 (Rarrestin 1) and arrestin 3 {&restin 2) are expressedbiquitously [57].
Depending on their affinity to@rredin 1 or 2,the receptors aralivided into Class A or Class
B receptorsClass A receptors ldwith a higher affinity to Barrestin 2[54]. Among the most
intensively investigatedgignaling molecules involved [Barrestin parthwaysare mitogen

active protein kinase (MAPKhdthe Srefamily tyrosine kinasef6,58-60].

1.4 Traditional GPCRszays

A variety of detection techniges have been establishetb investigate GPCGRjand
interactions, receptor activation and receptor triggered signatiathways.Traditional GPCR
assays can be grouped into two categorieamely in ligandbinding assays and functional
assaysSincethe early 1970s, GPCR reseasttvancedwith the development of radioligand
binding technique$61,62] . Basically, three kinds of ligafimihding experiments can be carried
out [63]. There are kinetic experiments, where the associatien) @nd dissociationkggr)
constants of a compound of interest are determin&hturation experiments are used, to
determine the dissociatioonstant Kq) of the radioligandand the quantity of specific binding
sites for the compoundFinally, competition experiments are used to determine the binding
constans () of nonlabeled ligands by displacement afradioligand Radioligandbinding
assayglo not provide informatioron the quality of action, i. ewhether the compound is an

agonist inverse agonisbr an antagonisf4].



1.4 Traditional GPCR assays

Functional assays using laboratory animals and preparations of isolated datnesady
performed in the nineteenth century, and played a central role in drug resgaiohto the
development of reductionist cellular and molecular approaché¢owadays GPCR ligands are
usually studied on the human receptor of interest expressed in variogsdails containing
the required signaling machinery, enabling the detection and quantification of a distinc

readout to characterizagonists antagonist®r inverse agonists.

Classical functional assays for GP&Rsneasuring r s or g/11 or iicSUbtypedependent changes
of intracellular concentrations afecond messengsi(e.g. C&", cAMP,IP;) or alterations in
the expression ofeporter genes(Fig. 1.). These assays awdten performed as endpoint
assaygequiringcell lysisFurthermore,GPCR activation resulting @yrotein-independent
signalingcan be determined bymeasuring the arrestin recruitmente. g.by luciferase

complementation assay

PRy o Y. B
M1 gI Iy

GTPase assay Kelg v
: -
N =T

1 1 l R-Arrestin recruitment
cAMP t cAMP{ Ca’*t assay

Luciferase reporter  Fura-2 / Aequorin
gene assay calcium assay

Fg. 11: Example®f cellularsignalingpathwaysactivated byGPCRandexploitedfor quantification
in traditionalfunctional assays.

Examples of proximal assays measuring GPCR activatiohedf@S|GTPE binding and the
steadystate [*’P]GTPase assawhich are performed with membrane preprations of cells, for

example Sf9 insect cells, expressing the receptor of int¢6éds5).

Methods for the determinatiorof transient changes in the cytosolalciumconcentration

(ICa1), e. g. due to calcium release from intracellular stores such astit®plasmatic

4



1 General introduction

reticulum (ER)are popular because of the availability of calchsensitve fluorescent dyes
[66,67]. Calcium sensitive fluorescenlyes such as Furd, Flue3 or Flue4, can be used to
monitor intracellular C& in real timeto obtain data from agonist, antagonist and allosteric
modulators but not inverse agonist66,68]. Instead of fluorescent calcium indicas the
calciumdependent luminescence emitted by theecombinantly expressed jellyfish
photoprotein aequorin can beexploited to measure changes in intracellulaC&*
concentrationg69,70] . Thismethodrequires genetical engineering of the celted incubation
with a luciferin substrate]66,71]. The GPChnediated calcium signal is predominantly
depending on' r 11 coupling[72]. However,calciumassays can also be performed in case
that the cells expressing the receptor of interese either equipped with promiscuous G
%0 (E}S ]vs} € rigf or genetically modifiedo re-direct 'rs v 'rsignalingto calcium
releaseusing chimeric roteins[43,73-75]. The latter has been achievdyy replacingthe

last five to nine @erminal amino acids ofrs } E i'with those of ' r 11 [76-79].

To quantify GPCR activity in eporter gene assathe GPCR dependent gene expression
results in the biosynthesis of a conveniently detectable protei®nzymatic activity of the
latter (e. g. luciferase}66,80]. Luciferases can be groupextcording to source, cofactor
dependence, brightness, emission wavelength, gt]. The most frequently used luciferase
is the firefly luciferase, which was isolated frdahotinus pyralig82]. The enzyme used-
luciferin as a substrate, which is adenossth oxydized and, upon AMP release, converted to
a dioxetanone, falls apart into @@nd oxyluciferin under emission ofight at a maximum
wavelength of about 560 ni§82,83]. In principle gene reporter assayare broadly applicable
to GPCRandallowthe detection ofweak agonist¢due to signal amplificatiorgnd allosteric

modulators[4,80].

In additin, Gprotein dependent effects the quantification d¥-arrestin recruitmentis
required to identifyfunctiondly selective GPCR ligarsdMisawaet al. [84] developed asplit
click beetle luciferase complementation assay which is ittealhis purpose.Two inactive
fragments of luciferase arattached tothe receptor and arrstin, respectively.Upon GPCR
activation and arrestin recruitment, the fragments come into close proxiamtyreconstitute

enzymatically activeuciferase[85,86], which provides aobust signa & alow background.

The current knowledgef GPCR pharmacology has been essentially gained from results

obtained from conventional second messenger baseinctional assays, making these
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technologies indispensabléiowever, neither method is univeral and ideal. Only in rare
cases, such assays can be performed with native cells reflecting thimlphysal situation.
Assayspecific manipulation range from the addition of indicators to complex tiene
alterations of the cellsegarding expression of receptors, effector proteins and gene reporters
[4]. Moreover, such reductionistapproachesfocusing on specific signaling pathwagse
inappropriate to uncover complex signaling networks which contribute to saradl
physiological cellular respon$8], and attempts to identify orphan receptors or their ligands
will most probably faillLabelree assay technologiesould overcomesome of these problems

by detecting holisticcellular responsge The most commonly used labieee assaysely on
impedancebased or optical readouts [87-91]. Labelfree assays have been successfully
applied to characterizenot only GPCRs but also various other biological targets such as

kinases, ion channels and immunorecept®2-98].

1.5 Labelfree assay platforms

Labelfree assagusually employ a biosensor to record ligamtlucedcellulareffectsin a non
invasive mannef99,100. Living cells, expressinfp¢ GPCR of interest are allowedatbach
to the surface ofan appropriate support (e. g. electrode or optical waveguidegonfluent
cellmonodayer is ideato obtain a stablebaseline ando improve the reproducibility of the
readout[101]. Uponaddition of a GPCl®jand on,minute changes inellular morphologyare
detected by the sensdd.02). In principle such a sensaronvertsa plethora ofcellular effects
(e. g., minor alterations in cell shape, cell adhesion, cell proliferatiormiggthtion cell death)
into a quantifiable signal[102-111]. Up to now,the processeseflected in the signal areot
fully understood although It is assume that minor cytoskeletal rearrangemens or
alterationsof cell-cell interactiors play a major rolg90]. Therefore, the signal from a label
free assay is commonly referred to as a “black box” reaf@@jt and it remains challenging
to deconvolute the response and to trace the complex signal back to the contributing

pathways.

It is characteristic of labdtee technologieshat, in contrast tatraditional assaysknowledge
of the involved signaling pathwaysuanecessaryreal time measurements are performed
without addition of molecular probes and genetic modifications to enable a distgaztaut
[91]. Labelfree techniques are in principle applicalideany GPCRcluding orphans, provided

that the receptor is expressed in an appropriate cell typ&2]. As labeffree assays are
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guantifying effects rather than resolving individual pathways contributing nooaerall
response, thesapproach increase the chance to identify biologically active compounasiwhi

would escaperaditional labeldependent assay$4].

Biosensors can be grouped into distinct groups, according to the method ofl signa
transduction.Among others calorimetric, acoustic or magnetitosensorsare described in
literature [100,113]. Opticalbiosensorsdetecting and quantifying the index of refractiam

the cellin close proximity tothe optical sensof114,115], and impedancéased biosensors
[91,116], using electrodeas support for the cellsyereemployed in this doctoral projeend

are, therefore, explaned inmore detailin the following and illustrated i€hapter 3Fig. 3.1

A schematic representationf the usedabelfree methods is shown belowFig. 12).
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1.5.1Dynamic mass redistributio(DMR)

Ligandtriggered celluladynamic mass redistriiion (DMR)can berecorded by an optical
sensor such aa resonant waveguide grating (RW®WG came up in the 1990s and was
originally used to investigate binding@impoundgo immobilized receptor§l17]. Explained

in a simplified form, the biosensor consists of a substrate layer, a wavefjndeherein an
optical grating structure is embedded, a medium and a cell [EB/@&rWhen illuminatedrom

the microplate bottom side with broadband light centred at 830 nm in acgpeangle, the
light is movingin parallel through the bottom of each well of the microtiter plajel§].
Resulting from the interaction of light with the grating, an evanescé@tdteomagnetic field is
generated, vinich decays exponentially from the sensor surfgb@?]. The electromagnetic
field interacts with cells in the sensor vicinity and depending on the lo¢actere index,
changes othe reflected wavelengtican bemeasured.The readout is recorded as the shift in
resonant wavelength in picometer (pm) as a function of tji@3]. The GPCHhducedcellular
responsedeads toalterations inthe refractive indexclose tothe sensor surfac87,99]. Mass
redistributions perpendicular to the sensor are detectable: gignal increasg when mass
movement is directed to the surface of the sensor, whereas mass movamtrd opposite
direction decrease the signal; mass redistribution parallel to the sensonareetectable
[102). The limiting factor of the DMR method is the penetration depth of the evaradeld,
which lies between 156- 200 nm Just DMR events within this penetration depth can be
recorded. It is worth to mention that the used lomgavelength light is strong enough to
illuminate the biosensor but not the cell. Thus, the optical RWG method can kaleoed as

a noninvasive analysing technigqy®,89,91,99,103119.

1.5.2Surface plasmon resonand®&PR)

Another optical biosensotransducing liganetriggered DMR into a quantifiable signslthe
surface plasmon resonance (SPR) technolS&R was first described by Otto in the late 1960s
and was made commercially available for biomolecular investigations in[129021]. Like
RWG, SPR has proven to be applicable for versatile investigations &péoredrug, enzyme
substrate or lipd membraneprotein interactions, among othergl22-124]. In geneal, SPR
spectroscopyan be applied fomonitoring changes dhe refractive index of ced] cultivated

on a metal(usually gold)sensor[125]. Surface plasmon resonance takes place, when

monochromatic paralletpolarized (p-polarized) ligpt beam hits the layer of goldinder
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conditions d total internal reflectio126]. Ppolarized light is defined as light with an electric
field direction parallel to the plane of incidence on the metal lajtas.worth to mention, that
spolarized light (perpendicular to the surface) does not cause plasmon resereamt
increases just the background intensity of reflected lighR7]. Several instrumental
configurations exist which are used to excite surface plasmons. TheSgurations are using
prisms, gratings or optical waveguidd27]. At a specific angle of incidence, electrons of the
gold surfaceare excited tomowe parallel to the surfac€plasmon$. The plasmons generate
an electric field whicldecays exponentiallgn both sides of the gold filfi28]. DMR within a
distance of about 300 nm from the sensor surface can be recdrt2g. The interaction of
incident light with electrons of the golden surface layer is resulting in aftipe recorded
intensitylevelof the reflectedlight. The angle at which the maximal reduction of the reflected
light intensity occurs is named resonance angle. The resonance angladsepe optical
characteristics of the system, like the refractive indices ofitieglia at both sides of the gold
layer. Because the refctive index at theside of theprism is not changing, the refractive index
in the direct vicinity of the gold surface algif dynamic mass redistribution is directed to the

sensor[127].

1.5.3Electriccellssubstrate impedance sensing (ECIS)

The applicability of electric biosensors to detect morphological changes imcdilssupon
biological, chemical or physicdirsuli was first described in the early 1980804]. ECIS
exploits confluent monolayers of cells on gold electrofigdg], for example, embedded in
wells of microtiter plates, to quantify alterations in the impedance. Tdedtcovered
electrodes and reference electrodes are electrically connected by celfeutadium on top

of the cell layer. Subsequently, small sinusoaltdrnating current (AC) voltages at varying
frequencies are applied to these electrodes and impedance alterations easured[129].

The cells behave as insulators because of the capacitivecaratucting properties of the cell
membrane[129. Due to this characteristic, the current is forced to flow around the cellular
bodies along napw gaps under and between adjacent cells at lower frequencies (< 10 kHz).
At higher frequencies (> 30 kHz), the current can couple capacitively thrthey cell
membrane[129]. The technique is quantifying changes in complex impedafcas(readout,
calculatedby theratio of the voltage (is meased by ECIS) to current (is applied ECIS), as
defined by Ohm’s lawZ(= U()/I(t)) [130]. In turn, the complex impedance can be dissected
into three parameters’,, r and G, [131,132). In the ECIS model, cells are represented as disk

10
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shapedobjects with insulating membranegglled with conducting electrolyte solutigrvhich

are levitating above the electrodeB, quantifies theimpedance contribution generated by
adjacent cells. The parametardescribes the impedance due to the restricted current flow
between cells and electrodd.he radius of the cells arttle cellelectrodedistance are the
main factors contributing tar. LastlyGn describes the average capacitance of the cell plasma
membrane. It is worth to mention, that it is not possible to distinguish between thebaix

basal membrang¢131,137].

ECIS is a versatile technique to investigate the icelh frequencydependent manner
reflecting minute morpological changes,and to distinguish between impedance
contributions from celkelectrodecontact cellcell contact and membrane propertiels.was
demonstrated ECI&an be applied to various biological targets including, e.g., GB@&ine

kinase and nuclear receptof$3Q.

1.5.4ECISSPR assayombination

In the last years several approaches were performed, to combine SPRthéthamalytical
methodsto increasethe information depth[133-135. The combination of the two most
widespread labefree techniques is therefore a logicstepto record cellular response from
one and the same cell populatigi33]. Both techniques are based on different physical
principles(as shown before) generating complementary readMihereas tle impedimetric
assay is providing data integrated over the whole cell body, the opticalsarement
technique detects alterations up to 300 nm perpendicular to the sensor ceirféhe
combination of the impedimetric and optic labeee techniques mayincrease the

information obtained from the same cell populati¢t33.

1.5.5Information on Gprotein coupling gained from DMR and ECIS

Although being considered holistic approaches, the shape obtiRand ECI&acescan be
roughly associated with ligan€6PCRnteractions resulting in distinct Gprotein subtype
activation[136-138]. Typical signates of G.q11, G.sand G.ix mediated cellular responses

monitored by DMR and ECIS are showhign 13

11
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"I couping of GPCRs.

Neverthelessjt should be emphasized that the overall response monitored by 4fbel
methods can depend on the céylpe, the GPCR, specific or promiscuoyzr@ein coupling,
the pharmacological properties of the ligand, the extent of activation/intohif different
pathways including @rotein independent signaling, and possibly many other factors.
Therefore, these aspects have to be considered when investigating ayart@PCR in a
specific cellular background by labdete techniques. By analogy with clasdiexperimental
pharmacology, e. g. on isolated organs, detailed investigations withaulaletools such as
pathway inhibitors and selective ligands (agonists, antagonists) are naagda identify the

contributing signaling mechanisms in holistic latvee cellular assays.
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3 The critical impact of cell adhesion in optical and

Impedancebasedlabeldfree assays

Note: Prior to the submission of this thesis, parts of this chaygespublished in cooperation

with partners

Lieb, S.; Michaelis S.; Plank,Bérnhardt, G.; Buschauer, A.; Wegener, J.
Labelfree analysis of GPC&imulation: The critical impacof cell adhesion
Pharmacol. Re2016 108, 6574

The following experimentsere performed by cauthors:

S.M.:PerformedeCISSPR measurements with373 MG and BAE cells

N.P.: GeneratedHEK293TCRH.uchH:R cells (cf. N.P., PhD thesis, University of Regensburg,
2016).
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3.1 Introduction

Grotein-coupled receptors (GPCRs) constitute the largest family of memiraned
signaling proteins, which transmit extracellular stimuli across the cell membirao the
cytoplasm by activating heterotrimeric-fdoteins[1,2]. GPCRare involvedin a plethora of
diseases, includinigflammation, pain, cardiovascular diseases and neurological disdiers
6]. Theyrepresent the biological targets aghore than 30% of all arketed drugg[7]. In
addition to those GPCRs addressed by approved drugs, the discovery aactetizationof

orphan receptorsstill holdsa great therapeutic potentigB].

Various @inctional assays have been designed awndcessfullyapplied to determine the
liganddependent, GPCRiediated activation or inhibition of cellular signaliogscadese. g.

by quantification ofsecond messengessich as cyclic AMP, inositol trisphosphate or calcium
ions[9]. These assaygquire specific molecular probes (e.g. Ft#6AM), and the analytical
readout is most often based on fluorescence or luminescerye.contrast,labelfree
technologiesprovide a holistic, unbiased and tirnesolvedapproach to monitothe cellular
response to a compound of interest (agonist/antagonidithese techniques areecoming
more and more accepted and appreciated in drug discoyEd}; in particulat due to their
applicability to orphan GPCRs, for which the endogenous ligands and the lpbigsib
signaling pathways arill to be identified.

The most widely applied devices to perform labek cellbased assay®ly on measuring (i)

the electrochemical impedance Z of estivered planar electrodes (Fig. JA)-13] or (ii) the
resonance wavelenbt Oof cellcovered optical waveguides (resonance waveguide = RWG)
during experimental stimulation of the cells (Fldg) [14-17]. Athoughthe surface plasmon
resonance (SPR)chnique(Fig. 1Cyvas developed earliert has not yet received the same

attention for the analysis ofeltbased assaygssRWG or impedancebased approaches
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A ECIS B  RWG (DVR) C SPR

Wz

-3 ¢y s i uBuly el olh-
= WWM

Signal: AC current / voltage Signal: polychromatic light Signal: monochromatic light
Readout: complex impedance Readout: A of reflected light Readout: intensity of reflected light
Integration: entire cell body Integration: 100-200 nm from surface Integration: 100 — 200 nm from surface

B [

ECIS-SPR

Fig. 1:Schematic overview of the most widely applieddbfvee approaches tanonitor celtbased
assays (A) Electric Celbubstrate Impedance Sensi(ffCIS) reads the electrical impedance of cell
covered electrodes with neimvasive AC currents and voltages. The impedance signal Z is sensitive to
coverage of tk electrode with cells and the geometric shape of the cells on the electrodsufB3es
that hold aresonant waveguidgrating (RWG) reflect monochromatic light of wavelengdvhen
exposed to polychromatic incident light. The resonance wavelength otflected light is determined
by the refractive index close to the surfagmaking the dewie sensitive to any change in mass
distribution in the lower part of the cell body(Q Monochromatic incident light excitesurface
plasmonsinderresonancéSPR) conditioredong agold-coveredsurface.The intensity of the reflected
light—not dissipatednto plasmonic energyis determined by the refractive index close to the surface.
Thus, SPR provides very similar informatiorR#$G.(D) Setup for simultaneousonitoring ofthe
cellularresponse by ECIS and SPiRe sensor surface holds tvatliptical fields for SPR sensing and
two much smaller working electrodes for ECIS recordings. The relay alldiekirsg between the
individual electrodesRWG = resonance wave guide; ECIS = electrsubasiirate impedance sensing;
SPR = surface plasmon resonange;imtensity of the incident lighti £ intensity of the reflected light;

Z = impedace; CE = counter electrode; Wkerking electrode.

In SPR the intensity of the reflected light is measured. Intensity readiegsrtron the
generation of surface plasmons aloagold-coated growth surface. Whereas ECIS is sensitive
to the dielectric properties of the cell bodies on the electrode, RWG S#dreport on the
integral refractive index within a distance of 100 to 200 nm from the serfaherefractive

indexis affected by the cell bodies and the distribution of mass along the surface.

25



3.1Introduction

The basic concepts of all these approaches have been desanidetail elsewher§l1,13,16].
Thus, ve only give a short summary amphasizehose similarities and differences that are

important for the main conclusion of this study.

The use of electrochemical impedance measurements to monitobaskd assays was first
described by Giaever and Kegdé&] and is referred to as electric callibstrate impedance
sensing or short ECIS. In ECIS the cells are grown on the surfacegoldtilm electrodes
deposited on the growth surface. When cells attach amiead on the electrode, the
impedance increases since the dielectric cell bodies behave like insyatitigjes forcing the
current to flow below, between or through the celtgependingon the AC frequency used for
the measurement. Accordingly, the technique is sensitive to electroderage and cell
morphology. When confluent cell layers are studied, cell morphology detesnihe
impedance readout entirely. This phenomenobased on the fact that cedize as well as the
tightness of ceitell and celsubstrate contacts determinethe geometric and resistive
properties of the ionic current pathways around the cell bodies. Any changeli shape
causes a corresponding change in the geometry of the current pathamags thus, the
measured impedance. Since it is well known that GPCR activation may lead to actin
cytoskeleton remodelingl 4], it is straightforward to apply ECIS as monitoring device in cell

based assayto investigateGPCR pharmacology.

In RWG devicdd 7] the surface for celjrowth is manufactured with an optical gratings a
conseaqience mlychromatic incident light is reflected as monochromatic light while an
evanescent electric field is generated at the substrate surfébe. evanescerglectricfield
penetrates appoximately100- 200 nm into the sample. The integral refractiveen within

this “sensitivesheet” affects the resonance condition and, thus, determines the wavelength
of the reflected light. Sincéhe plasma membrane aidherent mammalian cellsan beas
close as 25 nro the surface(stronglydependent on cell type), the resonant wavelength is
affected by any mass redistribution, provided thatsilocalizedn the lowerpart of the cell
body close to the membraneWith respect to this interpretation of refractive index changes

the approach is often referred to as "M fordynamicmassredistribution.

In SPR16] a high quality glass slide is covered with a thin layer of gold. When théaicger

between glass and gold is hit bymonochromatic laser beam under resonance conditions
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(wavelength, angle of incidence) the evanescent electric field couplesthe conduction
band electrons of the metal and excites surface plasmons (i.e. electrmitgdluctuations).
These plasmongenerate an evanescent electric field with a similar penetration degthe
one provided by the resonance waveguide grating inrdrege 0f100 to 200nm (dependent
on wavelength) The refractive index within thisensitive“sheet” affects the resonance
condition and thereby modulates the intensity of the refracted light. Accordingly, BMdG
SPR approaches are both sensitive to the integrated refractive indaiwite evanescent
field close to the surfacd-or any changes that occur on the apical sifléhe cells omore
distant from the surface, bothRWG and SPRrte blind. It has beensuggesed that both
techniques primarily record signalsresulting from changesof the cortical cytoskeleton

adjacent tothe basaplasma membrane.

WhereasRWG and SPRadouts are closely related, impedance measurements are based on
very different physics and the signal is integrated over the entire cell.dddys, optical (RWG,
SPR) and electrochemical approaches (ECIS) provide complemeinfarynation.
Simultaneousapplication ofthesetechniques might help to unravel the fine structure and
patterns of timeresolved response profiles. To explore the potential of such a combination
approaches, recently, we developed an experimental setup that allows to api8yalB@ SPR
[18] to one and the same cell population (Fig. 1D). Since the cells are grown efilrgsltbr
either of the two approaches, the gofdm is structured by photolithography to provide
electrodes for ECIS amdeasurement fields for SPR. Thus, the BBPIB approach provides

fully synchronized time course data for both readaut

With this ensemble of labdtee detection techniques, it was our objective to study tmpact

of cell adhesioron the different readous. We examined two different cell typebuman U
373 MG glioblastoma cells and bovine aortic endothelial ¢8SEC) that endogenously
express prototypical class A GPCRs, the histamirreddptor (HR) and thet;-adrenergic
receptor (t>-AR), respectivelyThesereceptors are well known and have been intensely
studiedon the cellular level with various methads addition westudied HEKR 93 cells that
were engineered to stably express (i) the human histamine recepfrand (ii) the R plus
the human macrophage scavenger receptofhMSR1)19]. The latter is known tgsupport

and enhanceellmatrix adhesior{20].
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3.2 Materials andmethods

3.2.1Cells anctulture conditions

The U373 MG human glioblastoma cells, endogenously expressing tk, ¢repurchased
from the American Type Culture Collection (ATTC, Rockville, MD, USA). Cetsltneid
in Eagle’s Minimum Essential Mediumcontaining LEglutamine and 4.5 g/L
D-glucose (Sigma, Munich, Germany), supplemented with 3.7 g/L NdMEk, Darmtadt,
Germany), 110 mg/L sodium pyruvate (Serva, Heidelberg, Gerraad$p % fetal calf serum
(FCS, Biochrom, Berlin, Germany). Bovine aortic endothelial cells (BAECknendbg
expressing thet.-adrenergic receptorwere kindly provided by Dr. S. Kiand Prof. Dr. P.
Rosen(DeutschesDiabetesZentrum, Dusseldorf, GermanyJhese adothelial cells were
originallyisolated from aortae of freshly slaughtered calves as described elseti#grand
propagated by sequential subcultivatio Cells were cultivated in DMEM containing L
glutamine and 4.5 g/IDglucose, supplemented with 3.7 g/L NaRCOLO0 mg/L sodium
pyruvate and 1@ FCS. Routine cultures of both cell lines were maintained-am26ulture
flasks (Sarstedt, Numbrecht, Germany) in a humidified incubator &C3ahd 3% CQ. Cells

were subcultivated (1:10) twice a week.

3.2.2Transfections

Human embryonikidney HEK293)I cells were purchased from the German Collection of
Microorganism and Cell Cultures (DSMZ, Braunschweig, GerntdBilR93Tcells stably
expressing the CRE controlled luciferase were established as preuviassiybed[21]. The
HEK293TRHE.uc cells were stably dcansfected with pcDNA3.1(-hHR. Cells were
detached from a 25 cn@ulture flaskoy trypsinization one day before transfection. Cells were
centrifuged (10 min, 30@) and suspended in medium. Two mL of the cell suspension at a
density of 510° /mL were seeded into a-&ell flat bottom plate (Sarstedt, Nimbrecht,
Germany) The plasmid was linearized wiBvd (New England Biolabs, Frankfurt am Main,
Germany) for 2 h at 37C prior to transfection. The linearized vector was purified with the PCR
purification KIT (Qiagen, Leipzig, Germany) according to the manuféstaranual. DNA (2
pg) was diluted with DMEM without FG8yd 6 pL of the transfection reageRuGene HD
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(Roche Diagnostics, Mannheim, Germany) were added. The mixture wexed and
incubated for 15 min before addition to the cells. The medium was removedI|&2hand
the cells were transferred into a 25 cm? culture flask with DMEN0IBCS and hygromycin b
(250 pg/ml) (A.G. Scientific, San Diego, USA). 24 h later the medium Masedepy fresh
DMEM supplemented with 10% FCS, G418 (600 pg/ml) (Biochrom, Berlin, @eremnan
hygromycin b (250 pg/mL). @mansfected cellsvere cultured in Dulbecco’s Modified Eagle
Medium (Sigma, Munich, Germany) containinglutamine, 4.5 g/L glucose and 3.7 g/L
NaHC@ The medium was supplemented withOmg/L sodium pyruvat, 10% (v/v) fetal calf
serum as well as the selection antibiotics G418 (600 pug/ml) and hygrorby(250 pg/ml).
Thisco-transfeced cell linas referred to asHEK293TCRE_uchHR cells.

A second stable transfectant was generated from HEK293TCRE_uchH:R cellsby co-
transfection with pIRESpuro3/hMSR1 (kindly provided by Dr. S. Koefojet Biotech, Saint
Greégoire, Francegncoding the human macrophage scavenger receptor 1 (hMBH|1and
puromycin resistanceFor transfection, the cells wereeded in a sixvell-plate (Sarstedt,
Numbrecht, Germany) so that they reached approximatel/760% confluency on the next
day. The transfection mixture containing 2 pg of pIRESpuro3/hMSR1 DNA wted diith
serumfree DMEM,and 6 pLof FuGeneHDransfection reagenwere added. The selected
stable transfectant HEK293TCRH.uchHiRhMSR1 cells) was maintained in DMEM
supplemented with 1086 FCS, 6Q@®/mL of G418, 200 pg/mL of hygromycin b and 0.75 pg/mL
of puromycin (InvivoGen, San Diego, UiBA&) humidified atmosphere containing% CQat
37 °C. Expression of the hMSR1 receptor HEK293TCRH.uchHiRhMSR1 cellswas

confirmed by western blot analysis (fi§l, appendiy.

3.2.3Chemicals anddast compounds

Chemicals of analytical grade were purchasexn Merck (Darmstadt, Germany) unless
otherwise stated. Stock solutions of histamahibydrochloride(Acros Organics, Geel, Belgium)
and ~ sigoprenaline hydrochloridgSigma Aldrich, Munich, Germany) were prepared in
Millipore water (MerckMillipore, Darmstadt, Germany) and stored-a0 °C. Shortly before
the experiments, aliquots were thawed and diluted witkibovitz’'L15 medium (Thermo
Scientific, Darmstadt, Germany) without FCS to the final concentration.
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3.2.4Impedimetric assay

Timeresolved impedimetricmonitoring of ceHlbased assaysvas performed using the
ECIZ device for 96vell electrode arrays of type 96W1E+. Hardware and disposable arrays
were from Applied BioPhysi€3roy, NY, USA). Each well holds two circular eléesmf
350umdiameter, which are electrically arranged in seriesusithe device monitors 0ramz?

of a confluent cell layer, corresponding to approximately-° cells,assumingircular cells
with an average diameter of 10 prRrior to seeding any dhe four cell types, the electrode
arrays were cleaned and decontaminated by three successive argon plasoseegof 3G
each Plasma Cleaner PEBIO2, Harrick Plasma, New York, USAjJspensions of thdifferent
celltypesin their individualculture medium were prepared from cloge-confluent cell layers

by standard trypsinizatiortechniques. For the measurements 300 @il culture medium
containing approximately -20* HEK293Tcells/well, 45-10* U373 MG cells/well or 40
bovine aortic endotheliatells /well, respectively, were seeded into the individual wells of an
electrode array. The cells were allowed to attach in ai@€bator at 37 °C for 24 h. About 1

h before the assay was performetie culture medium was aspirated and replaced by 150 L
of prewarmed 15 mediumwithout FCS. The arrays were connected to the ECIS device inside
an incubator (Galaxy 48S, New Brunswick, US#\)a humidified atmosphere (without
additional C@) at 37 °C for continuous impedance monitoring. Data was recordeshafC
frequency of 4 kHzAfter recording baseline data, the test compounds dissolved-16 L
medium were addegand the cellular response was monitored for approximately 40 mMime
course @ta is presented as the shift of impedance magnitufi (t) relative to the last data
point before test compounds weraddedinto the wellsat time zero Thus, 4Z|(t) = |Z|(t) -
|Z](0). The time courses for all test compounds wesabsequentlycorrected for the

corresponding values of untreated controls (buffer 9nly

To the best of our knowledge there is only one technique, fluorescenceenteide contrast
microscopy (FLIC), recently developed by Braun and Froifi#adlowingthe determination
of the distance between the lower cell membrane and the electrode surfaelfeK293-CRE
LuchHR cells andHEK293TCRH.uchHiIRhMSR1 cells were also studied by recording the
impedance of the celtovered electrodes along frequency bad from 10 Hz to 10&Hz
(impedance spectroscopyhjrequencyresolved impedance data was analyzed according to a

biophysical model that decomposes the overall impedance of acoedired electrode into
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subcellular contributions as described earli@3,24]. According to this modelwhich is
schamatically illustrated in Fi@, the overall impedance of the cell layer arisesm current
flow along trans(dashed linesand paracellular ionic pathwaysolid lines) These pathways
are further decompeed in(i) the resistance between adjacent cells (celll junctions '1' in
Fg. 2, (ii) the impedance of the plasma membranes (‘Fim 2) andiii) the resistance in the
cleft between basal cell membrane and electrode surfé&ge: (3' in Hg. 2). This cleft
resistance R is defined as: &« = 2 “(U d) with the cell radiusd the specific resistivity in
the cleft Uand the distance between lower membrane and electrode surface d. Wheeodth
radius and the specific resistivity of theedium in the cleft underneath the cells are constant,
Reeft IS inversely proportional to the distance between cell and surféée.analyzed the two
HEK293Ttransfectants with respect to their individual resistances in the-sdiistrate
junctions. The results are presented as the average resistance in the cleftdretive basal

cell membrane and the electrodei&.

A
|
=, | ,
2 1
I 1
I \
3 ‘. —

Fig. 2:Schematic illustrating the physical model that has been used to analyzsslimpe speita of
the two differentHEK293Transfectantawith respect to the cleft resistanceik (3). Rer describes the
resistance in the ceflubstrate junction which isdependent onthe distance between basal cell
membrane andhe electrode surface d. Besidesc<Rthe model comprises thearameter R (1) to
account for the resistance between cells and the membranpedance £(2). Solid awws indicate
paracellular current flow, whereas dashed arrows indicate transcellular current flow.
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3.2.5Dynamic mass redistributiomssay

Labelfree dynamicmassredistribution (‘DMR’) monitoring was carried out on BnSpire
(PerkinElmer, Waltham, USA) multimode reader, wisdiased onhe EPIC optical biosensor
technologyusingresonance wavguides (RWGPrior to RW@ased assays, suspensions of
cedls under studywere prepared irtheir individualculture medium from clos¢o-confluent
cell layers by standard trypsinization. For the measurements 4fj pells suspended in cell
culture mediumwere seeded intauncoated 384well EnSpirecell assaynicroplatesapplying
the individualdensities: 2L0* genetically engineereHEK293Tells/well 2.510° bovine aortic
endothelial cells/well and.5-1¢* U373 MG cells/well. The microplates were incubabec
humidified atmosphere containing 5% £& 37 °C for 24 h, providing cell layers of
approximately 9®6 confluency. Immediately before starting the experimetits,cells were
washed four times with 415 medium and were allowed to equilibrate inside the Enspire
multimode reader at 37C for about one houAfter recording baseline dataQ pLof the test
substances dissolved inr1l5 medium(concentration 4x)were addedwith a multichannel
electronic finnpipette (Thermo Fisher Scientific, Waltham, MA, dB8&}he cellular response
was recorded continuousfpr 40 min.Time course data is presented as the shift of resonance
wavelength 4@) relative to the last data point before test compounds were adued the
wells at time zero. Thus4@) = @) - @0). The time courses for all test compounds were

subsquently corrected for the corresponding values of untreated controls (bwifiy).

3.2.6Experimental setup for EGISPR ssays

The dual sensor platform was set up by implementing both techniques, ECIS ad 8R,
same sensor chip. The EGIBR chips wenerepared from higkrefractiveindex glass slides
(2.5cmx2.5cm) covered with aBm chromium bottom and a 48m top gold layer. The metal
layers were subsequently structured by photolithography and wet etching as idedcr
previously[18], providing the goldfilmpattern as indicated in figure 1D. A PDMS spacer
(Sylgard 184 silicone elastomer kit, Dow Corning, Michigan, USA) forming a ae cult
compatible flow cell was glued on top of the sensor using atogit silicone adhesive (Master
fix Aquarium Silikon, Warenimport und Handels GmbH, Vienna, Austria). The siliconaglue

allowed to cure for about 24h. The resulting sensor surface IBigfeatured two individually
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addressable small circular ECIS working electrodes (dianpjdierm) and one large counter
electrode, which was approximately 100fold bigger in surface area. Thmgsc@lectrode was
used as SPReasurement spot at the same timeElectrodes and SPR sensor spots were
housed in a common fluid volume of about 50Q. The individual readouts from both
techniques provide the optical and electrical properties of ttedls on the sensor chip

simultaneously.

SPR measurements were recorded on a Biosuplar400TSPR system (MiviFecSming,
Germany) at 37C. The sensor chip was mounted on top of andiéds prism of the Biosuplar
system usingppropriateimmersion oil (refractive index..61; Cargille, NJ, USA). The flow cell
was covered with an acrylgtass licequipped within- and outlet ports. After mounting of the
cellcovered sensor chipa standard angle scan was performed to localize the angle of
incidence proiding the maximal sensitivity oéflectivity. Subsequently, the SPR system was
run in kinetic measurement mode, during which changes in reflectiviR) (vere recorded
over time (t) at thisnost sensitiveangleof incidence For ECIS measurements of the same cell
population the impedance of the two individual working electrodes wasaditely measured
against the common counter electrode on the sensor alsmga Solartron $1260 Gain
PhaseAnalyzer (Farnborough, UK). A relay allowed cdwiiig between the two working
electrodes. The impedance magnitude at a samplingHHBBAEC) or 20 kHz-873 MG)is
plotted as shift in impedanceq4Z| as a function of timeelative to the last value before
compound addition. The different sampling freapciesused in these experimentare a
consequence of the different electrodsize in ECISPR compared tihe commercial96well

ECIS electrode arrays and individdiglectric properties of the two cell types studied here.

Prior to the experiment, suspsion of U373 MG andovine aortic endothelial cells were
prepared from clos@o-confluent cell layers by standard trypsinizatiand seeded aa final
density of 16 U373 MG cells/crhor 9-1¢ bovine aortic endothelial cells/cmz, respectively.
This provided a complete coverage of the sensor surface by cell adhesion 24 hours
Before starting the experiments thedividualculture medium was replaced byll5 medium
and baseline data warecorded for one hour to allow the system to equilibrate before
addition of pre-warmed solutions of the test compounds dissolved in
L-15 medium.Time course data |Z|(t) and R(t) is presented harmges in impedancdZ| (t)

and reflectivity 4R(t) relative tothe last data point before compound addition at time zero
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3.2.7Fura2 calciumassay

The assay waserformed as described elsewhef25]. In brief, dter trypsinization, the cells
were centrifuged at 300 g for 10 mimhereafter the medium was discarded and the cells
were countedin a hemocytometer To three volumes of cell suspension in loading buffer
(HEPES (Serudeidelberg, Germangb mM; NaCl 120 mM, KCI 5 mM, MgCinM, CaGlI1.5

mM, glucose 10 mM; pH 7.4) one volume of loading dispersionL{bading dispersion: 2 %
BSA(Serva); 5 uPluronic (Sigma); 44Fura2 (VWR, Ismaning, Germahwas addedCell
densitywas adjusted tdl0°/mL The prepared suspension was incubated in the dark for 30
min and subsequently centrifugedCells wergesuspended in loading buffer and allowed to
stand in the dark for another 30 min. The cells were wadwade with loading buffer and
adjusted to a final density df0°?’mL.The assay was performed in acrylic cuvettes (VWR) using

an LS50 B spectrofluorimeter (Perkin Elmer).

3.2.8Data analysis

Concentratiorresponse curves were constructed from the recorded time couesés
correctionfor the time courses of untreated contrqlsy measuring the areanderthe curve
(AUC) of individualesponse profiles 4Z|(t) or 4@)] from 0— 40 min for each compound
concentration. The concentration of halhaximum cell response EfGvas determinedby
fitting a fourparameter sigmoidal transfer functio(&y. (1)) to the recorded datausing
GraphPad Prism 5.01 (GraphFaaftware, San Diego, USA)

;= a04 (jaoeF ap) ok + 101 M@ % F@F (1)

Herein Y denotes the signal response at a given concentratiagixs Yhe maximal response,
Ymin IS the minimal response, Efs the concentration of halfnaximal response with the Hill

slope n.
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3.3 Resultsand discussion

3.3.1lImpedance and DMResponseof U-373 MGcells upon hHR

stimulation

As he hHR is' r g11-coupled activation of the receptor by the endogenous agonist histamine
leads to an increasén cytosolic C¥, inositotl,4,5trisphopshate (1B and diacylglycerol
(DAG) concentrations. We studied the response-@73 MG cells, endogenously expressing
Hi receptors, to histaminausingimpedimetric ECIpand optical (EnSpirejeadouts Both
assays were performed under similar conditions. Neither the electsodiacegECIS) ndhe
RWG substrates (EnSpivedre coated with extracellular matrix proteins prior to cell seeding.
After 5 min of baseline recording, histamine wasled at increasing concentrations to the
individual wellsand the cellular response was studied with a time resolution of approximately

onemin for both methods.

Figure 3Ashows the time course of the impedance changg| at a sampling frequency of
4kHz when B73 MG cells were exposeditreasing concentrations bfstaminein atypical
experiment The response is clearly concentratidependent and shows a characteristic
pattern with an initial dip of the signal followed by a pronounced risgue 3B shows the
same dataset after correcting for the time course of the contrel§lonly).At the highest
agonist concentration applied the dip of Pnen ulpvs S} %0 %0 E} AU
- 200 : within the firsttwo minutes, followed by an increage more than 900: within 20
min after addition of histamine. This impedatnic response profile4Z]| (t) is in agreement
with those typically recorded forr ¢;11-mediated responsef 2] in other labs. When the area
underthe-curve (AUCHor the poolof baselinecorrectedtime courses (fig. 3B) was calculated
between 0 and 40 mirand plotted as a function of the logarithm of the histamine

concentration, we obtained a sigmoidal curilegg3Q with a pE&yof 6.52 + 0.08.
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Fig. 3 Histamine inducedesponse of kB73 MG cells monitored by ECISGfand RWG/DMRD:H.

(A, D) Representativéime coursegperformed intriplicate) ofthe change ofu%. v  Preearded
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signalupon addition of agonistree L-15 mediumby subtraction(C,F)Concentratiorresponse curve

were derivedfrom the areaunderthe-curve (AUC) of baselirmrrecteddataintegratedfrom 0—40

min for four independent experiments, each performed in triplicate.

As shown in figure8D-F in case of RWG monitoring, the histaminducedresponsewas
concentrationdependent, too, but the pattern (§. 3D) was different from thempedimetric
profile (Rg. 3A). The signal increased rapidly to a maximum withh rBin after histamine
addition, followed by a decline and, in case of histamine concentratt@0€ nM, a second
rise of the signal within 1516 minwas observedThis phenomenon was highly reglucible.

A monotonic fast increase dlfie signal within the first 5 min after stimulation and a slow
decrease ovethe residual observation tim€0 min) was reported in the literature when
dynamic mass redistribution (EPH2) been applied to r ¢11-coupled GPCR26,27]. To the
best of our knowledge, tweoelative maximan the timeresolved response profilbave not
been reported for' r g11-stimulation so far[17,26]. For the normalized signal&ig. 3E) the
relative maximum after approximately 3 min became only vis#tleather high histamine
concentrations, suggesting that this effect might beleast in partunspecific, resulting from
receptorindependent, interactions of the agonist (e.g. menauhe interactions) ofrom a
change in intracellular signalingUC analysis of the time profiles from 0 to 40 min revealed

the Sshaped concentratiomespmse relationship shown in FigFwith a pEGof 6.12 + 0.10.
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3 The critical impact of cell adhesion in opticalampedancebased labefree assays

The pE6& valuesdeterminedwith both techniques are in good agreement but significantly
different fromthe pEGoof 4.87+ 0.4 (N =10) determined by C& mobilization assays using
Fura2/AM. Thesignificantly smaller ps@values returned byabeHree methods may reflect
the contribution of different signaling pathways to the holistic readolserestingly, both
time profiles show two extrema: tweelative maxima in the RW®ased profile compared to
a minimum and a subsequent maximum for the impedabased readout. Whereas the
impedanceminimum ard the firstrelativemaximum of the RW&Gignalappear approximately
at the same time after addition of histamine, the impedance maximum and the decon
maximum in RW¢ata areslightly shifted along the time axi#t this point we can only
specuate about the reasons for these observatioBsth techniques are sensitive to coverage
of the surface with cells and changes in cell morpholdgd. But whereas RWhasal
recordings report on a dynamic mass redistribution within a short distance fromsutace,
impedance readings reflechangesn cell shape integrated over the entire cell bodyhus,
individualchanges atifferent positionsof the cell bodycontribute to the two time profiles
with very differentindividual weightsMoreover, ECHKeadings report on the geometry of
ionic current pathways which are determined by the position of the celinbranes. In
contrast, time course data recorded by RWé&sed dewies mirror a displacement of masses

which may precede or follow changes in membrane morphology.

3.3.2Impedanceand DMRresponse ofBAECapon tr-adrenergic

receptor gimulation

As tr>-adrenergic receptorq t>-AR) are Grs-coupled activation results in stimulation of
adenylyl cyclase and a subsequémtreasein the concentration of thesecond messenger
cAMP.When BAEOsere exposed to increasing concentrations of isoprenalinere wasa
sustained, monotonic and concentrati@ependent increase ifZ| (Fg. 4A). The maxiral
responsewas achieved within 10 min after agonist addition. After passing the maxirthenm
signal slowlydecreasedbut did not return to basalvalues wihin the obsevation time of

40 min, as becomes most obvious frahe baselinecorrecteddata in figure 4BWhereaswe
found this time profile to be highly reproducibier many passages of BAECSs, the literature is
controversial with respect to impedimetric tirmesolhed response profiles for fs-coupled
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receptors. Similar to our observations, Yu et al. also report on a monotonic impedan
increase with subsequent decline to basal values within two h¢28. Cher authors
describe adecreasein impedancebelow baseline values ascharacteristic response to s
activation[17]. Quantitative analysis of thHeaselinecorrectedtime profiles by calculating the
AUC from time 0 to 40 migavethe concentrationresponsecurve shown in Fig4C The
corresponding pEgwas calculated as 6.0 = 0.4. In previoupedimetricstudies we found
very similar pEfg values of 6.5 £ 0.2 for the same cell type, usirgjfferent electrodesize
[11]. Radioligand bindingtudies on BAECSs revealegikavalueof 6.97+ 0.03for isoprenaline
[13]. Thus, with respect to potency the different assayadioligandbindingversus functional

assays providea difference up to one order of magnituder the halfmaximum response

RWGbased monitoring of BAE@pon isoprenaline stimulation is summarizéa Fig.4D-F.
The time profiles shoad an immediate steep increase to thenaximaof the curvesafter
additionof the agonist This maximum is very simikrthe highest isoprenaline concentration
and the medium controlAlthough the signals appear to besaklyconcentrationdependent

in the baselinecorrected time courses (figure 4E), the AUC data plotted against the
concentrations of isoprenaline cannot be fitted according ebwigmoidalconcentration
responsecurve(figure 4F), precluding the calculation of a reliablegfak&lue Obviously, the
RWGbased time profiles do ngdrimarilyreport on the agonistnducedcell response but may
contain other signal contributions for instance, perturbations from liquid handlinghis
interpretation is supported by the observation of a similar initial ‘jump’haf signal in £B73
MG cells upon addition ohistamine (cf. Fig. 3D)Compared to thehistamineinduced
response ofJ-373 MG cells, the maximum signal change4ofC 61 %ouU =« } « EA

markedly reduced.
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3 The critical impact of cell adhesion in optical and impeddvased labefree assays

Fig.4: Isoprenalineinduced response of BAE cells monitolsdECIS (&) and RWG/DMR (B. (A, D)

Z % @E * v3 3]A 3lu JuEe ¢ ~% E(}EUP J¥(3]EF% 0V SPnPO IE }ZEV §
I, ~ ¢« }JE E +}v v A Ao VvP3Z P,}t PXern W Pl EIpEEE 3
signal upon addion of agonistfree L-15 medium by subtraction. (C, F) Concentratiesponse curves

were derived from the areanderthe-curve (AUC)f baselinecorrected dataintegratedfrom 0—40

min for four independent experiments, each performed in triptie.

Based on the data shown in figu4®-Fthe question arosgwhy theisoprenaline stimulation

of t>-ARexpressed on BAE cell surfacesiot as properly reportetly resonance waveguide
devicesas the histamine response of-373 MG cellsAs the impedance dat(Hg. 4A0
provides a concentratiodependent response profile for the very same cell type and assay
conditions, there is no doubt that the signal transductioachineryis operating. In order to
exclude that the different supportssed in electrochemat and optical analysis are the reason
for the observed differences, we studied the3@3 MG and the BAEsglIsby the combined
ECISSPRechnique By ECISSPRanalysis cells from the same population were growntlne
samemedium on a surfacecovered witha thin gold film for boththe ECIS andhe SPR

readout.
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3.3Results and discussion

3.3.3ComparingJ-373 MG (HR) and BAIeells (t>-AR gimulation by
ECISSPRanalysis

Both cell types U-373MG and BAEGQyere grown to confluengon ECISSPRsensor chips as
shown inFig.1D. These supports provideds&ructured gold-film for performing both, ECIS
and SPR monitoring on the same sensor surface. As the sensor surfaceohiyldso
individually addressable ECIS working electr@ohekwo readout fields for SPR detection, the
throughput in this experimental setuwas limited. FighA and5B show typical time course
data for confluent LB73 MG cells stimulated by 100 puM histamine.. Bl§shows the ECIS
profile andFig.5Bthe SPR profilef the samecell population. The time profilesere very
similar tothose depicted inHg. 3. The ECISignalshowed a minimumafter addition of the
agonistfollowed by a maximurand a slight decrease alotige observation periodThe SPR
profile showed tworelative maxima similar to the RWGignals at very high concentrations of
histamine (cfFig.3D). Thus,n case of stimulation by histamintine time-resolved ECISPR
profiles (Fig. 5A,B) were in goodagreementwith the curves fromECIS and RWMéased

experimensfor U-373 MG cellsvhen recorded separatelfFig.3).

When BAEGsere studied by ECISPRiponexposure to 10 uMf isoprenaline fig. 59, ECIS
recordings revealethe samecharacteristictime course as shown iRig.4A Thus, the cell
population was responsive to isoprenaline and the impedimetric profile was repiol.By
contrast, there was no significant response detectablesioyultaneousSPRanalysisof the

very same cell population under identical conditighg.5D).Thus, both optical methods, the
RWG and the SPR analysis, failed to determine the agonist potérsopeenaline on BAECs.

In contrastto the RWGbased time profiles (cf. Fig. 4E), there are no indications for unspecific
cell responss due taliquid handling in SPRBased time coursg(Fig. 5D) Please note that the
cellcovered SPRhip is not removed from the temperature controlled housing for agonist
addition. Instead liquid exchangevas performed via inlet/outlet portsasthat the cells ag

always covered by liqujdeducing unspecific perturbations.
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Fig. 5 Representativeime-resolved response profiles of-8¥3 MG cells (A, B) and BAE cells (C, D)
upon exposure to 100 pM histamine or 10 pM isoprenaline, respecti@dy.and (C) preserthe

Z vP ]Jv Ju% v Pnen e (H(B) and yD} §héwuhe time coursetbé reflectivity
change P ZECIS and SPR data were recordednisame cell population othe samesensor chip.
Due to limited throughput of the ECISSPR device, wpresent typical time coursedrom single
registrations.The results were highly reproducible (N = 10 independ&peements eachperformed
in duplicate).

From an earlier study, performing anrdiepth analysis of the impedimetric response of BAECs
upon stimulation with isoprenaline, we learned that BAECs attach rather weaklheio t
growth substrate[11]. At the time we estimated the average distance between basal cell
membrane and growth support tiee larger tharb00 nmfrom optical xzsections recorded by
confocal laser scanning microscopy (extracellular space labeled by fluoroplitk)
Therefore, analysis by SPR is illusive, considering that the penetratidnafdpe evanescent
electric field(Fig.6) is in the rangef 100 — 200 nm.Thus, the absence of any change in
reflectivity or resonance wavelength in case of the BAECs is most liketp do unsuitable
distance of the cells the surface. Accordingly, the adhesion of cells to the surface must be

considered as a factor that potentially affects and modulatesstresor response.
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3.3Results and discussion

Fig. 6:Schematic illustrating thaverage distance betwedmasalcell membrane and growth support
dior b (di< &) with respect to the penetration depth of the evaseent electric field 100— 200 nm)
indicatedby the graycodedbar. When the distance d becomes larger than the gteation depth of
the evanescent field, cellar response are no detectable.

Compounds such as cytochalasin D, which are frequently used to assesketbethe actin
cytoskeleton in signal transducti¢®9], are capable of significantly affecting the erlbstrate
distance ando alter the sensitivity of the optical readout before or during an experiment

which makes data interpretation rather complex

3.3.4Comparison of HEK293IRH.uchH:R with and without
hMSR1 o-transfection

Toexplore the dependence of the optical signal oli edhesionwe performedstudieswith
HEK293TRHB_uccellsengineered to expressither the human histamineH; receptoralone

or in combination withthe human macrophage scavenger receptor 1 (hMSRi¢ latteris
known to act as a cell adhesion molecule binding to the extracellulaix&@CM)Scavenger
receptors were first described by Brown and Goldst&lfl). The macrophage scavenger
receptor 1 is a trimeric class A membrane glycoprotein with a single cytoplasmic domain, a
single transmembrane region and a huge extracellular domain which mediategnigcn of
polyanionicligands,such asnodified forms of low density lipoprotein (LORP,31,32]. It has
been repoted that cells expressing the human class A scavenger receptor showvexdpro
adhesion to the ECMRQ]. In agreement to thiSHEK cell expressing either hR alone
(HEK293TCRH.uchHR)or hHHRand hMSRI(HEK293-CRH uchHiRhMSR1pehaved very
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differently during routine trypsiization. Whereas those cells not expressing hMSR1 were
completely detached from the surface within less thame minute, it took more than ten
minutes to detach HEK cells @xpressing hMSR1. Thobservation indicatesn improved
adhesion of theHEK293TRH.uchHiRhMSR1 cells to the growth support as it has been
reported before[20]. Coexpressing hMSR1 has become an accef88fdand commercialied
strategy (‘GripTite™93MSR cells’jo render HEK293Tcells more adhesive and thereby
improve their resistance to detachmeint robot-based high throughput drug screening assays
with automated platewashing protocolsBothtransfectantswere studied by EISand RWG
monitoring with respect to their responsiveness to 1 pM histamine. Tésults are
summarized in figur&. Whereas FigrA presents the ECIS profile of HEK2EZRH uchHR

to 1 puM histamine, Fig. 7B shows the RWG profile for the sdimellus. ECtand RW&oased
time courses mirror the stimulation of the hidreceptor, but the cellular response was rather
weak in particular, when monitoredoy RWG In contrast, under the same conditions,
HEK293-“CRBE.uchH;RhMSR1 cells revealed sigaabf higher intensity in both assays,
especially pronounced and with higher sigt@hoise ratio in theRWGDMR assay (Fig. 7C,
D).
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Fig. 7 (A, B)Representative response traceskEK293TCRHE.ucH1R cells expressing the histamine

H. receptor during exposure to 1 uM histamine (red) relative to a mediumrob(black). The time

E *}Jo0A Ju% VvV % E}(]o Pnen3d&e t'% DY 3o E M [6, DY\Respense of
HEK293TCRB.UcH1RhMSR1 cells eexpressing the histamén H. and hMSR1 receptor during

exposure to 1 uM histamine (red) relative to a medium controldkjaThe timeaesolved impedance

% E}(]0 Pnen~Se ] %0}88 v ~ «U SZ ]2t% DEZ %AE} (@0 }E ~ X d* U%O
frequency of 4 kHz. Beriments were performedh triplicate.

This result suggesthat expression of hMSR1 improves adhesion and reduces the distance
between cell and substrate for these cells whettongly increasethe heightof the signal. It

is noteworthy that unlikethe RWGbased time courseshe shape of the impedance profile
(Fig. 7A) wasvery similarto that of U-373 MG(Fig.3A) and HEK29BCRH.uchH:RhMSR1

cells Fig.7C)upon histamine stimulationThe absence of a second maximum in ttiee
course of theresonancewvavelength 4Csuggestghat the cellular background contributes to
the observed response profilepart fromthe type of GPCR under stuadyd the signaling

pathwaysinvolved

In addition to the optical methodghe critical role of cell adhesiobecomes obvious from
analyzing impedance spectr#/hen the impedance of cetlovered goldfilm electrodes s

recorded along an extended frequency rarfigem 10 Hz to 100 kKi#he resultingimpedance
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spectraare analyed by a physical modeilustrated in Fig. 2, decomposng the integral
impedance of the cell layer into three major contributors: (i) the resistamtedien adjacent
cells R as a measuref cellcell junctions; (ii) thempedanceof the cell membrane&, and
(i) the resistance of the eledlyte-filled cleft underneath the cells betweehe basalcell
membrane andhe electrode surfaceRier. According to its definitionRier = 12 “(U d), the
cleft resistanc&ertisinversely proportional to theistanced between cell and substrat@ith

re representinghe cell radiusand (E E Athesgpefific electrolyte resistance in the cleft
between cell and substrate with thicknessuliore detailed information on this model is given

elsewherg23].

Analyzing the impedance spectra of hddEK293Transfectans according to this model
provides a cleft resistance ofidg of (16 r 4) : "cm? for theHEK293TCRE.uchH:R cel devoid

of the adhesiorproteinhMSR1. For theo-transfected cell expressing hMSR1he calculation
revealeda cleft resistance & of (31 r 6) : "cm2.Underthe plausibleassumption thatsand

Uare constant for bothcell types (same cellular backgroungame culture medium), this
differencein Riettranslates in a reduction of the distance between cell membrane and surface
d byapproximately 50 %Although tis calculation is based on assumptigtine results further
support the hypothesis of a shorter distance betwate HEK293-CRELuchH;RhMSR1
cellsand the surface, improvingWGbased and to a minor degree impedaruasedcellular

assays
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3.4 Conclusion

3.4 Conclusion

The presat study has shown that the distance between cell and surédtie sensing devices
directly affects the sensitivity of both, optical and impedaihesed readoutsRWG and SPR
based cell monitoring is partiarly affected as measuremerst rely on dynamic mass
redistribution within a few hundred nanometemway from the surface.ln case thatthe
distance between cell membrane atite growth surfaceexceedshe penetration depth of
the evanescent field, the metid becomes insensitive and eventually blificherefore it is
mandatory to control and if necessary, to improve cell adhesion to the surface, as
demonstrated by comparing HER3 cells expressing thelRi alone or in combination with
the adhesion protein KISR. The resultsuggesthat impedimetric and optical readoui@re
complementaryThe combination of ECIS and &f#¥be heldul in this respect as broadband
impedance analysis allows deconvolution of the individual impedance contnitsupooviding

indirectin situinformation about the adhesion ahe cells upon thesensor surface
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3.5 Appendix
3.5.1Detection of hMSR1 expression in HEK293RH uchHR-
hMSR1 cells by immunoblotting

Figure Al shows the result of an immunoblot analysis of cell lysates usingl@dsiragainst
the human macrophage scavenger receptor 1 (hnMSR1). As positivelcaelt lysates were
prepared from human epithelial cells derived from pancreas carcinonNGRAwhich are
known to express the hMSR1 receptor (lanel). Lane 2 and 3 represenitrthenoblot of cell
lysates prepared frontHEK293-“CRHEH.uchHR (2) and HEK298RH.uchHiRhMSR1 cells
(3). The band at 75 kDa clearly indicates that h(MSR1 is strongly express#KI293TCRE
LuchHiIRhMSR1, but not by HEK298RHE. uchH:R cells. This is in accordance with the fact
that HEK293TRH.uchHiRhMSR1 show improved adhesion to the growth surface
compared to HEK293TRE_uchHR.

Figure Alimmunodetection of h(MSR1. Cell lysates prepared from@®ARpositive control, lane 1),
HEK293TCRB.uchH1R (lane 2) and HEK29GRB.uchH1RhMSR1 cells (lane 3) were
immunoblotted after SDEAGE using an aftMSR1 monoclonal antibody and a secondary detection
antibody together with a molecular weight marker (right lane). hMSR1 isesged by HEK293IRE
LuchH1RhMSR1 and PANCcells but not by HEK29&RH. uchH1R cells.
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3.5.2SDSPAGE anavestern blot

The expression of the human macrophage scavenger receptor (hMSREK293TRH uc
hHiIRhMSRL1 cells was verified by immunoblotting. HEKZSRE Luc hR hMSR1, HEK293T
CRE Luc hR and PANC cells (ATCC no. GR169), grown in 7&&m2 culture flasks (Sstedt)

to 80% confluency, were washed twice with-mdd PBS and harvested by scraping after
addition of icecold RIPA lysis buffer (20 mM TRIS pH=7.8; 200 mM NaCl; 1 mM EDTA; 1 mM
EGTA; 1% TriteK-100; 5 mM KHPQ; 10 mM glycerol phosphate, supplementedth
protease inhibitor mix (SIGMAFAST Protease Inhibitor cocktail tablets, Sigma)jheand
samples were vortexed and centrifuged (13000 g, 4 °C, 10 min). The concentrfasiauble
protein was determined according to Bradford (Protein Assay fromR&ibLaboratories,
Munich, Germany). An amount of 10 pug of total protein in sample buffer or 5 plreaidy
to-use stained protein marker (Precision Plus Protein Dual Color Standard (BioResl)
loaded per lane onto a SDS gradient gel (Nov&6® TrisGlycine Gel, Fisher Scientifithe
SDSPAGE was performed at 140 V for about 1.BHe separated proteins were electroblotted

to a nitrocellulose membrane (pore size 0.2, Peqlab Biotechnologie, Erlangen, Germany)
at 200 mA for 40 min (blotting buffeTris (0.3 g), glycine (1.4 g) ad 100 mL of water/MeOH
(8:2 v/v)). To prevent unspecific binding, the membrane was incubai¢h Trisbuffered
saline (20 mM Tris and 150 mM NacCl in water, pH 7.6) containing 1% of -2@denthe
following referred to as “TBST”) and 5% skimmed milk powder at rt for 2 heQudrly, the
membrane was incubated with the primary antibody (rabbit monoclonal-awattrophage
scavenger receptor 1 antibody (ab151707); abcam, Cambridge, Ukddil@500) with TBST

+ 2% (w/v) BSASERVA, Heidelberg, Germany) under rotation at 4 °C over night. The
membrane was washed with TBST (4 x 20 min, rt) followed by incubatioth&igecondary
antibody (donkey antrabbit IgGHRP (s€313, Santa Cruz Biotechnology, Dallas, TX), diluted
1:10000 with TBST + 2% BSA, under shaking at rt for 1 h. Subsequently the memisane wa
washed with TBST (4 x 20 min, rt), and incubated with the substrate (ClagieiVv ECI
Substrate, BioRad) at rt for 1 min. The bioluminescence was detected withnaiERiwVIP

Imaging System (BioRad).
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4 Labelfree versus conventional cellular assays:
Functional investigations on the human histamine

H; receptor

Note: Prior to submission of the thesis, parts of this chdmdbeen submitted fopublication

in cooperation with partners:

Lieb, S.Littmann, T.; Plank, NEelixberger, J.; Tanaka, M.; Krief, S.; Elz, S.; Bernhardt, G.;
Wegener, J.; Ozawa, T.; Buschauer, A.
Labelfree versusconventional cellular assays:uRctional investigationson the human

histamine H receptor

The following expements were performed by euthors:

M.T.:Generated hkRsplitluciferase and {farrestinsplit-luciferase constructs for the £
arrestin recruitment assay

J.F.: Established and performdgtarestin recruitment assay(cf. J.F., PhD thesis, University
of Regensburg, 2016)

T.L.: Performed Rarrestin recruitment assays with BRI agonists and antagonists

N.P.: Established uciferase gene reporter assand performed gene reporter,eguorin

calciumand radioligand competition binding assay
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4.1 Introduction

4.1 Introduction

The discovery of the first ‘antihistamines’, later designated as hiseiineceptor (HR)[1]
antagonists, in 1937 and the introduction of first generatamtihistaminic drugs for the
treatment of allergic conditions in the 1940s represent milestones idion@al chemistry and
drug researchi2,3]. The success story of this wedltablished class of drugs was continued by
the development of second generationRlantagonists with low centraffects and reduced
affinity to off-targets (for a recent review on histamine receptors and ligand§4pf. The
identification and preclinical characterization of the first generatioiiR Hintagonists was
based on holistic approaches, i. e., pharmacological investigations on isolajaadscand
proof-of-principle studies in exgrimental animals, e. g., guingegs. Beginning with the
feasibility of radioligand binding studies more than 30 years agoetheas increasing
preference for reductionist over holistic approaches in the search fondgjaf G protein
coupled receptor§GPCRSs). Nowadays, appropriate techniques of biochemistry and molecular
biology, e. g., the cloning and expression of receptors, methods for thifidation and
guantification of intracellular signals as well as the resolution of tiiegensional strutres

of the biological targets, enable the study of GPCRs at the cellular and everokbeular
level. Functional assays are mainly performed on the human orthologtieeorespective
protein expressed in appropriate cells. However, receptor activatiagp not always result in

a uniform cellular responsg®]. Due to the complexity of signaling networks, the selection of
an individual pathway, for example, the calcium or the cyclic AMP response, leveght
being considered characteristic of a given receptor, may be insufficierst ssadout to
describe the ograll cellular effect. GPCRs can activate or inhibit different effeciadigand
specific manner, known as “functional selectivity” or “biased signa[®d2]. Being aware of
the limitations of the assays relying on specific readouts, holisticlaetpproaches should
provide a more realistic picture of the overall response to a liggpetific receptomediated
stimulus. Optical and impedimetric methods such as dynamic mass redistribution; (DMR
resonant waveguide grating, RWG) and electricaghistrateimpedancesensing (ECIS) are
based on changes of the refractive index close to the surface or the electnicdie
impedance of celtovered electrodegespectively[6,1321]. As labefree techniques, DMR
and ECIS are of special value for investigations on orphan receptors)ayualso be very

useful in case of weknown GPCRsuch as the HR[22], for example, with respect to the
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identification of multiple signaling pathways, i. e., respafeyond those considered in

conventional assay{$,1517,19,2326].

The canonical signaling of the humaiRHmMplies mainly &1 protein mediated activation of
phospholipase C, resulting in increased inositdl,5trisphosphate ®3) and 1,2
diacylglycerol (DAG) levels, the mobilization of calcium ions from intracelluleassémd
multiple downstream effects depending on phosphorylation proce$4£¥-30]. However,
the HIR was also reported to be capable of coupling for@eins other than G11, i. €., to Go
[31-33] or G;[34], and to induce cellular responses sashthe activation of nuclear factaB
(NFNB) [35] via Grqu1 and GEv Moreover, the recruitment ofEarrestins and receptor
internalization upon kR activatior{36,37]as well as R/arrestin nediated cellular signalling

processes, e.g. MAPK activat{@8,39]were described.

Taking into consideration the possible ligagebendent functional selectivity, the complexity

of the signaling machinery and the crosstalk within biochemical netwthregharacterization

of ligands in focused functionaksays seems incomplete. d@ampare the the cellular effects

of HiR ligands depending on the type of readout using genetically engineered HE¢€N33T

I. e., cells of an identical genetic backgrouwd investigateda set of agonists and antagonists
(Fig 1) by DMR and ECIS in comparison to gene reporter (luciferase) assay, calaisn ass

(Fura2 and aequorin)Earrestin recruitment and radioligand competition binding.
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Fig.1: Structures otompounds investigatedt the humanhistamine Hreceptor.

4.2 Materials andmethods

4.2.1 Histamine receptor ligands

Histamine dihydrochloride was from Acros Organics (Geel, Belgiumtghistine
dihydrochloride, diphenhydramine hydrochloride, cyproheptadine hydroatdgmaprotilire
hydrochloride, fexofenadine hydrochloride and clozapine were from Sigma Hldric
(Taufkirchen, Germany)mepyramne maleatewas from Tocris Bioscience (Ellisville, MO,
USA)levocetirizine dihydrochloride and mirtazapine were from Biotrend (ColoGeemany).
URKUMS530[40], 2-phenylhistamine(PH) 2-(3-bromophenyl)histamine(BrPH) and23-
trifluoromethylphenyl)histamine(TFMPH)[41,42] histaprodifen [43] and the analogues
URBS280,-BS354-BS355,-BS358,-BS364 andBS36544] were synthesied as reported
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previously The stocksolutionsof agonists (10 mM) were prepared with Millipore water,
except for the histaprodifen derivativg80% DMSO). The stock solutions for antagonists (10
mM) were prepared in Millipore water, except for clozap{stock solution in 0.1 M HCI) and
fexofenadine (50% DMSQ. case that compound solutions were prepared with DMSO, the
final DMSO concentration was kept below 0.5% in all as#dlystock soltions were stored
at-20 °CFor labelfree measurements,lmuots were thawed and diluted with Leibovitz1b
medium (Thermo Scientific, Darmstadt, Germany) without F&SFura2, aequorin Ca*and

luciferase assawliquots wee diluted with Millipore water

4.2.2Genetically egineaed cells andaulture conditions

4.2.2.1HEK2931CRHE.uchH1R and HEK293JRH.uchH1RhMSR1
cells

Human embryonikidney (HEK293T) cells stably exprestiwegfirefly luciferase under the

control of the cyclic AMP response elementRI [45] were stablyco-transfected with

pcDNA3.1(+hHR encoding the human 1R, and pIRESpuro3/hMSRdncoding the human

macrophage scavenger recept@6], and maintainedas publishedrecently (HEK293TRE

LuchH1RhMSR1 cellgR0].

4.2.2.2HEK293TCRHE_uchHiRMtAEQ cells

To obtain cells expressing mitochondrially tagged aequtieK293-CRH.uchHiIRMtAEQ
cells) HEK293TRH. uchH:R cells were stably doansfected withthe pcDNA3.1/zeentAEQ
plasmid The medium was removed 24 h after transfection, grelcells were transferred

a 75cn? culture flask with DMEM supplemented wifld % FCS. Selection was started the
next day by adding medium contaigithygromyai (250 ug/mL,)G418600 pg/mLand zeocin
(40 pg/mb (Thermo Fisher Scientific, Rockford, IL, JUJSA

4.2.2.3HEK2937ARRBIH1R and HEK293ARRBH1R celldor the
hH1R t-arrestin luciferasdragmentcomplementation assay
The fusion construct of the humamRi (he hHiR cDNAwas from cDNA Resource Center,
Bloomsburg, PA, USA) attte Cterminal luciferase fragmenfH1RELucEwas generated
using the previouy described constrict SSTRELuc@47] by replacing theDNA of SSTR2 by
the cDNA of theHiR HEK293T cells were stalttgnsfected withthe pcDNA3.IhycHIS(B)
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vectorencodinga t-arrestinisoform (1 or 2N+erminally fused with the Merminus of a green
clickbeetle luciferaseELUCNARRBDr ELUCNARRBZrespectively)47], and the pcDNA4/\/5
HIS (B) vector encoding HBRucGFig. S1, Supporting InformatiorQellstransfected with
pcDNA3.1/myeHIS (Byvere cultivated in the presence of 600 pg/mL G418 for up to 3 weeks
until stable growth was observed. For the celtstransfected with the pcDNAA/5-HIS(B)
vector encoding H1HELucC 40 pg/mL zeocin was usedo determine theH1RELucC
expressionywestem blot analyses (cf. Fig. S1, Supporting Informatasmdsaturation binding
studies were performed with both HEK29BRRBIH:R cells and HEK292RRBZ2:R cells
using[*H]mepyramine (cfAg. S2Suppmrting Information).

4.2.3Radioligand competition binding assay

HEK293TCRB_uchHR cellavere grown in a 7&2m2 flask to a confluency of around 80%. The
cells were detached with 5 mL of trypsin and resuspended in 5 mL LeibeY&zniedium.
After centrifugation, the cells were resuspended ib3d.medium Theassays were performed
in the presence of 5 nM3H]mepyramine (Hartmann Analytic, Braunschweig, Gerjany
specific activity 20 Ci/mmolgk 4.5 nM, ¢ = 5 nihonspecific bindingvasdetermined in the
presence of 10.M of diphenhydramine hydrochloride (Sigma, Deisenhofen, Germany).
Samples containing Leibovitz1k medium, test compound (final concentration in the range
from 0.1 nM to 10 uM), radioligand, and HEK2ERH uchH:iR cells (at a density of 1 million
cells/mL), were incubated at room temperatuand shaken at 250 rpm for 60 mkiltration
through glass microfiber filters (Whatman GF/C), pretreated with poly(etinyliee) (0.3%,
w/v), using a Brandel 96 sample harvester, separated unbound fromasssciated
[*H]mepyramine. After three washirggeps with buffer(Tris, 75 mM, adjusted to pH 7.4 with
HCI; MgG| 12.5 mM; EDTA, 1 miMijlter pieces were punched and transferred into\@6ll
sample plates 145@01 (PerkinElmer, Rodgau, Germaryxolume o200 .L of scintillation
cocktail (Rotiscint Ecoplus, Roth, Karlsruhe, Germany) was added péefoed incubaion

in the dark under shaking at 200 rpm . Radioactivity was measured witlcra Beta2 1450
scintillation counter.Ligands were tested in at leagiiree independent experimentsach

performed in triplicate.
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4.2.4Aequorincalciumassay

The assay wasssentiallyperformed as described previouslgr neuropeptide Y (NPY) Y
receptor ligand$48]. HEK293TCRH.uchHiRmMtAEQ cellsvere detached with trypsin/EDTA
and DMEM without phenol red and centrifuged at 300 g for 10 min.cEHesuspension was
adjusted to a density of 10 thon cellémL in DMEM without phenol red, and coelenterazin
(Biotrend) was added, so that the final concentration was 2 uM. The suspensioncubated

in the dark for 2 h. The cell suspension was diluted 1:20 with loading QifEPE&Serva,
Heidelberg,Germany), 25 mM; NaCl, 120 mM; KCI, 5 mM; MdCmM; CaG| 1.5 mM;
glucose 10 mM; pH was adjusted to 7a)d the suspension was incubated in the dark under
gentle stirring for additional 3 h. In the agonist mode, 1®&fi10-fold concentratedsolution

of the test compound in loading buffer were addeer well ofa white 96well plate Greiner,
Frickenhausen, Germany), and luminescence was measured for 43 s with as GENio
microplate reademfter injecting 162 pL of the cell suspension. Subsequently, 20 uL of a 1 %
Triton 106X solution vereinjected, and light emission was recorded for additional 22 s. In the
antagonist mode, 2 pL (160Ild concentrated) of the respective antagonilution were
incubated with 178 pL of the cell suspension £5 min. Luminescence was measuedter
injecting 20 pL of agonist solution (#8ld concentrated)or 43 sand, subsequentlyafter
addition of 20 pL of a 1 % Tritor1RO for additional 22 s. The fractional luminescence was
calculated by dividing the area of the first peak (injection of the cell suspgnsspectively
agonist solution) by the sum of the aeaf peak 1 and peak 2 (Tritor2Q0 injection) using
Sigma Plot 11.0 software.

4.2 5Fura?2 calciumassay

The assay wasssentiallyperformed as desded for NPYY1receptor ligandg49]. After
detachment of the cells with trypsin/EDTA, the celeye suspended in DMEM containing 5%
FCS anaentrifuged at 300y for 10 min. The medium was discarded, and the cells were
resuspended in DMEM anmbunted. To three volumes of the cell suspension, prepared in
loading buffefHEPES (Serva), 25 mM; NaCl, 120 mM; KCI, 5 mM; Mg®; CaGJ1.5 mM;
glucose 10 mM; pH vgaadjusted to 7.4), one volume of loading dispersion (lofribading
dispersion contained: 2 % BSA (Serva); 5 pL of Pluronic (Sigma); 4 uk2of\AWIR, Ismaning,

Germany) was added, so that the final cell density was 1.0 mio cells pahmlsuspensio
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was incubated in the dark for 30 min. Thereafter, the suspension was centrifugedelise
were resuspended in loading buffer and allowed to stand in the dark forha&n@®0 min. The
cells were washed twice with loading buffer and adjusted to a finasitg of 1.0 mio cells per
mL. The assay was performed either in acrylic cuvettes (VWR) usind.S&0 B
spectrofluorimeter (Perkin EImefd9] or in transparent 9évell microplates (Greiner) using a
GENios Pro microplate read@0]. Assays in the antagonist mode were always performed in

cuvettes, andhe cells were preincubated with the respective antagonist for 15 min.

4.2.6Luciferasegene reporter assay

The assay wasssentiallyperformed aspreviously describedior the histamine Hreceptor
[45]. One day prior to the experiments, tHeEK293TCRHE.uchHR cellsvere adjusted to a
density of approximately 800,000 per mL in DMEM without phenol redngsigldrich)
suppkemented with 5 % FCS. 160 pL of the cell suspension were seeded into flah 8o
well plates (Greiner) per wellhe cells were allowed to attach overnight the antagonist
mode, the hHR wasstimulated by 300 nM histamine in the presence of the @shpound

In the agonist mode, the 1R was activated by 20Lpof a 10 fold concentration of the
respective compoundlo obtain a volume of 200 pL per wal pL of DMEMvere added Al
wells contained the same amount of DMSO or waldre medium was discarded, and 80 uL
of lysis buffer (25 mM Tricine (Sigma Aldrich); Glycerol 10 % (v/v) (Merdid; E&M (Sigma
Aldrich); 1 % (v/v) Tritdif X400 (Serva); MgS& 7 HO, 5 mM (Merck); DTT, 1 mM (Sigma),
the pH was adjusted to 7.8 with HCI) were added to each well. The platesshaken at 600
rpm for 15 min. Afterwards, 40 pL of the lysate were transferred into wa@evell plates
(Greine). Luminescence was measured with a GENios Pro microplate reader (TecamgSalzb
Austria). Light emission was induckd injecting 80 uL of the assay buffer (25 mM-Gly,
(Sigma Aldrich); MgS37 HO, 15 mM; KKPQ, 15 mM (Merck); EGTA, 4 mM; ATP disodium
salt, 2 mM (Sigma Aldrich); DTT, 2 mMué&ferin potassium salt, 0.2 mg/mL (Synchem,
Felsberg, Germany); pH wadjusted to 7.8 with HCl.uminescenc¢51] was measured for
10 s.To determne the effect of pertussis toxin (PTX) cellsre seeded in medium containing
0.5 pg/mL PTXror experiments in the presence fR9003591 puM and 10 puMN or galein
(Santa Cruz Biotechnology, Heidelberg, Germ&@)uM, stock solution: 10 mM in DM$O
celswere preincubated with the Ggq inhibitor or the GE ihhibitor for 2 h.
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4.2.7 EArrestin recruitment assay

One day before the experimenHEK293-ARRBIHR and HEK293ARRBZAR cells were
trypsinized(0.05% trypsin, 0.02% EDTA in P&l centrifugd (400g, 5 min). The cells were
resuspended in DMEM without phenol red (Sigma, Steinheim, Gerrsapp)emented with
5% FCS, and 90 pL of the cell suspension were seeded in whitealed, flat bottom 96
well microtiter plates (VWR, Ismaning, Germany) at a density of approxima@€900
cells/well. The cells were cultivateat 37 °C overnight in a watsaturated atmosphere
containing 5% COShortly before the experiment, the cells were removed from the incubato
and allowed to equilibrate t@oom temperature and10 pL ofagonistsolution were added
per well The plates wereshaken a5 °C for 6@nin. In theantagonist modeprior to addition
of the agonist, cells were incubated with the respective antagonistfonin. Atthe end of
the incubation period, 50 yL of medium wemplaced bys0 pL ofBrightGloluciferase assay
reagent (Promega, Mannheim, Germani)e plates were vigoroushalen (800 rpm) for 5
min. Bioluminescence wascordedfor 1 s per well using th&ENios Pranicroplate reaer

(Tecan, Salzburg, Austria).

4.2.8Ilmpedimetric assay

For the investigation of #R agonists otHEK293T_RH.uchHiRhMSR1 cellsthe assay was
performed asrecently describedfor histamine [20] using an ECI® device for 9avell
electrode arrays (type 96W1E+) from Applied BioPhysics (Troy, NY AUSA)me of 300 pL

of cell suspension, prepared in DMEM containing 10% FCS frorrt@losefluent cell layers

by standard trypsinization techniques, wdispensedat a density of 9-10cellsper well. The
cells were allowed to attach in a e€i@cubator at 37 °C for 24 About 1 h before the assay
the culture medium was replaced by 150 pL of sefueme -15 medium. Data were recorded
with the ECIS device inside an incubator (Galaxy 48S, New Brungikin a humidified
atmosphere(without additional C@) at 37 °C at an AC frequency of 4 kHz for 1 h until the
baseline was constant (equilibration), afod another40 min after addition of the agonist at

various concentrationd-or data handling cf20].

For the determination of HR antagonist activigis after equilibration for 1 h150 Lasolution
of the respective antagonist was added to the cells for an incubation period ot @bamin.
Subsequently 150L.of the antagonist containingolution was replaced by the same volume
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of L415 mediumcontainingthe antagonist at the same concentration a®@d nM ofhistamine
to obtain a final agonistoncentrationof 30 nM which is known to elici80% of the maximal

responsen the absence adfin antagonist

The effect of pertussis toxin (PTX) was determined in the agonist mode udsigresieated

with 1, 10 or 100 ng/mL PTX in DMEM supplemented with 10% FCS for about 20 h. About 1
before the assay the culture medium was replaced by 150 pL of skren-15 medium and

the assay was performed assigibed above. To investigate the effect of U by analogy

with the antagonist modgcells were preincubated in the presenceloé G.qinhibitor at final

concentrations of 0.1, 1 or 10 pfMr 20 min

4.2.9Dynamic nass edistribution assay

The assay wasepformed in the agonist modeas previously described for histamine on
HEK293TCRB_.uchHiRhMSR1 cell420] using anEnSpire (PerkinElmer, Waltham, USA)
multimode readerA volume of 40 L of cell suspensipnepared from clos#¢o-confluent cell
layers by standard trypsinidan, in DMEM containing 10% FCS was dispensed at a densitiy of
2-10* cellsper wellinto uncoated 384well EnSpire microplatesncubationin a humidified
atmosphere containing 5% &t 37 °C for 24 provided cell layers of approximately 9%
confluency The cells were washed four times widlerumifree L-15 medium and allowed to
equilibratein a volume of 30 pL of the same medium per wethe multimode reader at 37C

for about1 h. After recordinghe baseline the agonistof interest,dissolved in 415 medium

(10 pb was added the cellular response was recorded for 40 min and data analysis was

performed as describef20].

In the antagonist modegfter equilibration in 30 pL of medium per well for 1 h, a solution of
the respective antagonist in 10 pL of serfiee L15 medium was added, and the incubation
was continued for 20 min. Subsequentlgnother 10 pL of antagonist at the same
concentration containing additionally 500 nM of histamine to obtain a final agonist
concentration of 100 nM, which is known to elicit 80% of the maximal respo the absence

of an antagonist.

The effect of pertussis toxin (PTX) was determined in the agonist mode udsyweekated

with 1, 10 or 100 ng/mL PTX in DMEM supplemented with 10%oF@8out20 h.The cells
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were washed four times with serwfnee 15 medium and the assay was performed as
described above. Experiments in the presenceFR900359UBOQIQ were performed
according to the antagonist mode with the exception thastead ofantagonist the Gq

inhibitor was addedat final concentrations of 0.1, 1 or 10 uM.

4.2.10 Data analysis

The data were analyzeglith GraphPad Prism 5.01 (GraphPad Software, San DiegoattSA)
fitted to four-parameter sigmoidal concentratieresponse curvegroviding E& valuesof
agonists and Kgvalues of antagonist$-or antagonistspk, values were calculatefifom G

valuesaccording to the ChenBrusoff equatiorf52].

4.3 Results and tbcussion

4.3.1Functional characterizatioof H; receptoragonists

Changes D the resonance wavelength of celbvered optical waveguides (resonance
waveguide = RWG)ecorded in DMR or of the impedanceof cellcovered electrodes
measuredn EClSeflectalterations inthe cytoskeletal frameworfs3-55]. As demonstrated
in a recentstudy, cell adhesion to the surface is a critical isauguch labefree assay$20].
The DMR assay reports on changes in mass distributgddethe cell close to the growth
surface omutsidethe cell in the narrow cleft between cell and substrakass redistribution
and cell shape changes may be connected in the way that mass redistribution snckelte
shape changes or vice versa, although difficult to prove or displogeeasonable to assume
that the signal is dominated by dynamic proces$lest occurin the actin cortex or by
remodelingof the actin cortexat the membrane in the vicinity of the growth supp{@8-55].1t

is noteworthy in this context that the actin cortex is 100 to 1000 nm thigdeddent on ceH
type but DMR is only sensitive witi@90-300nm from the substrate surface. The actin cortex
is not necessarily the exclusive origin for any DMR signal since refocdtimther (even
extracellular) (macraholecules that are not linked to the actin cortexthe membrane can
causesimilarDMRsignalsThis is different from ECIS which is insensitive to mass redistribution
but reflectschanges in the ionic current pathways aroundaorosshe dielectric lipid bilayer

primarily associated with alterations in cell morphologyue to the intimate molecular
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contact between the plasma membrane lipid bilayer and the adjacent actin ¢att@xges in
the position of the membrane are invariably associated with a concomittdotagonof the

actin cortex so that both readout techniques often but not always report onilaim
phenomenaThus, someellular responsekadingto mass redistribution but naio changes
in the position of the membrane relative to the growth supparé visiblein DMR but not in

ECI&nd the information gained from both readouts it identical butcomplementary .

Therefore, ve performedboth, DMR andECISwith HEK293TCRH_uc cells engineered tm-
express the human histamine, Heceptor andthe human macrophage scavenger receptor 1
(hMSR1]56], to improve adhesion as desceith previousl\{20]. Both labelfree assaysvere
performed undersimilarconditions, e. g., with respect ttemperature, celculture medium
andequilibrationtime. Typical time courseand the resulting concentraticresponse curves
are shown in Fig. 2 for histamine as an exampletransientdip of the impedimetric signal
observed immediately after addition of the agonist is considered charagteosty couping

[29] allowing for a dicriminationfrom G coupling.

Fig. 2:Histamine induced response of HEK2€RH uchHRhMSR1 cells monitored by DMR (A, B)
and ECIS (C, Oypicaltime courses (triplicates) of the change of the resonance wavelengtm¢h) a
the change in impedance|Z| recorded at 4 kHz (C)Concentratiorresponse curves (B, C) were
derived from the corresponding aramderthe-curve (AUC) of baselireorrected data integrated
from O to 40 min.
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The DMR signadt the highesthistamine concentration peaks after an exposure time of
approximately 10 min, whereas the ECIS signal is retarded and peaks betsvaed 20 min
after histamine additionMoreover, the time needed for a maximum response decreases with
concentration in DMR but incases with concentration in ECISiismaybe interpreted as a
hint that an agonisinduced mass redistribution precesleell shape changesat least at
higher histamine concentratiors. Alternatively, both signals implgifferent processes

downstream fromreceptor activatiomccording tandividualkinetics

The construction o€oncentrationrresponse curves revealgaEGo values of 7.49 + 0.08nd
7.92 = 0.16for histamine inthe DMR assaynd ECIS, respectivelgomparing the data
summarized in Table 1 anisualized in Fig. 3, the apparent potencies of histamine differ by
up to a factor of approximately 10, depending on the type of asBag.highest pEgvalues

of histamine was determineih the impedancebased (7.92) andhe Earrestin2 recruitment
assay(7.74), whereas the luciferase gene reporter and the Rucalcium assay yielded the

lowest potency (pE&= 6.87).
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Tablel.: hH1R agonism determined in different functional assays using genetically eregitdEK293T cellda For comparisopublishedfunctionaldata from
[32P]GTPasassaysc are included.

gene reporter -arrestinl -arrestin2 Ca?* Ca?* DMR impedimetry GTPase [40,57,58]
(luciferase) recruitment recruitment (Fura-2 AM) (aequorin)
pECSO Emax pECSO Emax pEC50 Emax pECSO Emax pEC50 Emax pEC5o Emax pECSO Emax pECSO Emax
histamine 6.87 1.00 711+ 1.00 7.74 + 1.00 6.87 1.00 6.94 + 1.00 7.49 £ 1.00 7.92 1.00 6.92 [57] 1.00
0.06 0.1 0.08 0.06 0.15 0.08 0.16
UR-KUM530 7.49+ 1.05+ 7.46+ 091+ 797+ 099+ 6.94+ 0.99 761+ 103+ 799+ 112+ 860+ 1.15% 7.75 [40] 0.94
0.08 0.03 0.03 0.08 0.23 0.06 0.02 0.06 0.01 0.09 0.03 0.11 0.05
betahistine 656+ 0.96 * 748+ 0.80+ n.d. - 669+ 096+ 6.29+ 071+ 759+ 0.25% 5.85 [58] 0.86
0.25 0.02 0.04 0.01 0.13 0.02 0.17 0.06 0.08 0.03
PH 512+ 056+ 525+ 051+ 6.15+ 0.67% n.d. - n.d. 6.39+ 050+ 759+ 011+ 6.14 [40] 0.72
0.15 0.01 0.10 0.03 0.09 0.04 0.17 0.03 0.33 0.03
BrPH 546+ 056+ 599+ 043+ 6.49+ 063+ 590+ 0.66 n.d. n.d. n.d. 6.75 [40] 0.62
0.17 0.05 0.03 0.01 0.01 0.02 0.07
TFMPH 581+ 062+ 568+ 038+ 6.73+ 055+% n.d. - n.d. 656+ 071+ 7.16+x 0.62% 6.71 [40] 0.61
0.06 0.02 0.06 0.01 0.10 0.06 0.15 0.03 0.18 0.12
histaprodifen 585+ 046+ 648+ 047% n.d. - n.d. n.d. n.d. 6.95 [57] 0.62

0.02 0.01 0.12 0.06

2 Experiments were performed using HEK293T cells expressiRgamd additional constructiiciferase gene reporter: HEK29@RH.u¢ Z,iZ o090V t
arrestin recruitment assay: HEK29B8RRBH,R and HEK293ARRB2HR cell; Fur& calciumassayHEK293T hH1R CGRitcells aequorin calcium assay:
HEK293TCRB.uchHiRmMtAEQ cellsDMR and impedimetrfECIE HEK293TRHE. uchHiRhMSR1 cells.

®Data represent mean values + SEM from at least three independent experimentepaaifn triplicate, except for URUM530 and BrPH in the Ft2aAM
C&*assay and BrPH and TFMPH in the gene reporter assay, whielanadyzed in two independent experiments performed inlicgbe; n.d., not
determined; n.a., not applicable.

¢ Determined s membranes ohHR expressing Sf9 celorhHR binding data determined on membranes of Sf9 cellg@f57]
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4.3.2Cellular response to HR agonists in various assays

To investigate whether activation of the IR by ligands other than histamin@ovides
different assayrelated pEGo values as well, we selected the agonists shown in Fig. 1 for
functional studiesAll agonistancluded in this study preferentially induced the recruitment of
Earrestin2 over the Earrestinl isoform as generally obrsed for class A GPCR&9].
Unfortunately, it turned out that not all of these compounds are compatible with tHemiht
assay conditions. In particular the histaprodifen analogueg57], designated URBS
compoundsin the present study, caused cytotoxic effects at concentrations >1 uM (for
cytotoxicityof selected compoundsf. Figure 8, Supportingnformation) most probably due
their amphiphilic natureAlthoughthe Earrestin recruitment assays revealed partial agonism
in the expected concentration rangf. Table S1, Supging Information), attempts to
characterizesuchcompoundsin ECISand in the Fur& calcium assay using U373 MG cells
[20] as well as ithe luciferase gene reporter assays fail@eta not shown)in contrast to the
URBS compounds, the phenylhistamine derivative KIRV530 [40proved to be noroxic

up to a concentration of 100 uM (cf. Figur8dASSupportinginformation), allowing for the
determination ofpEGo values irboth, the labelfree and the conventional assays. As becomes
obvious from Fig. 3 and Table 1,-KBM530 is more potent than histamine in all assays and
seems to be a superagonisthoth, the impedimetric and the DMR asséyterestingly,the
concentrationresponse curve from ECIS is exceptionally steep, resuitiradpout 36fold
higher potency than in the Fura2 ass@iie time course of the impedimetric signal veasilar

to that of histamine with regard to the initial dip and the subsequent rise, suggepj
coupling(data not shownjor this compoundtoo. By contrastthe investigation of betahistine
revealed completely different concentratien@sponse curvegFig. 3) full agonism in the
aequorin calcium and the luciferase gene reporter assay(&96),but onlypartialagonism

in Earrestin2 recruitment (kax 0.80), DMR @Rx 0.71) and, in particular, in the impedimetric
assay (kax 0.25).The extremely low intrinsiactivity observedin the EClISassaycannot be
explained Regardless ofthe weak increase in|Z| , a transient dip of the signal was observed
(data not shown)Theagonist mtencyof betahistinewas lowestin the DMRand highest in

the arrestin recruitmentissay
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Fig.3: Assaydependent oncentrationresponse curves of histamine, BRIM530 and betahistin@).
Radar plots representing pkGralues (B) and efficacies (&xperiments were performed using
HEK293T cells expressing thaRldnd additional constructs: gene rep (luciferase gene reporter assay):
HEK293TRHE.uchH1R cells;t & E tarestin2 recruitment assay)HEK293'RRRB2HR cells
C&*(aeq) (aequorin calcium assayB)fEK293TRE.uchHRMtAEQ cellsDMR andECISHEK293T
CRE.uchH:RhMSR1 celldData were normalized to a solvent control and the maximal response to
the endogenous ligand histamine in the respective assay. Data represent meah froS8Eat least
three independent experiments performed in triplicate.

Potencies and intrinsic activities can increase as a function of recdetsity[60]. In cells of
one and the same genetic backgroundEK293TCRHE_ uchHR for calcium, luciferase gene
reporter, DMR and impedandeasedfunctional assays) oufata illustrate that the measured
potencies and maximal responses vagpending on both, the readout and the chemical
structure of the agonistThis becomes obvious from concentraticgsponse curves and, in
particular, from the radar plot in Fig. 3he potencies ofhistamineand URKUM530in the
luciferase gene reporter aay vere similarto those obtainedn assays exploitinthe GTPase
activity asa proximal readou{Table 1) The efficacy oURKUM530wasthe sameas that of

histamine except for bothabelfree assayswhich gave a slightly higher maximal response
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(Fig.3). This might be interpreted dsuperagonisrh[61] related to different binding modes
of histamine and URRUMS530 [40]resulting in a differential activation of signaling pathways
The response to LHRUMS530 was completely inhibited by diphenhydramii®0 pM)or
mepyramine(10 uM)in both assays, DMR and ECIS, confirming that the effects w&e H
mediated (data not shown). The pKalues determined from the corresponding inhibition
curves were 7.68 + 0.24 and 8.48 + 0.44 in ECIS and 7.07 £ 0.11 and 8.6 D§&2or
diphenhydramine and mepyramineaespectively, which is comparable to thespective

values determinedrersushistamineas agonist (Table 1)

The assaylependent differences regardingEGo and Eax valuesobserved for all agonists
under studyare difficult to explain,as not all assays can be performed under identical
conditions. However, the order of potency of agonists was consistent betwete

noninvasive and the canonical assays.

4.3.3Investigationof G protein coupling

To investigate thecontribution of Go and Gy proteins we constructed concentration
response curves of histamine and-KRM530 in the presence gfertussis toxin (PTX31] or

the cyclc depsipeptidd-R900359 (UBQIC)[62,63] respectvely.
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Fig. 4 Effectof the Gy-inhibitor FR900358n the histamineinduced responsén DMR ECISgene
reporter and C# (aequorin) assays. fariments were performed usingEK293T celexpressing
hHRand additional constructbMR andECISHEK293 TRBE uchHiRhMSR1 cellduciferase gene
reporter: HEK293TCRH.uchH1Rcells;aequorin calcium assapftEK293TCRE_uchHRMtAEQ cells
Data were normalized to a solvent control and the maximal activation af egstem by the
endogenous ligand histamineespectivelyData represent mean £ SEM from at letaeo
independent experiments performed in triplicate.

As becomes obvious from Fig. 4, the histamine response was reducetifterant extent by
the Gy11 inhibitor FR900359 depending on the assdiie impedancebased readout as well
as the aequorincalciumassayrevealeda complete lack of responseto histamine in the
presence ofat FR90035%&t concentrations of 0.1 and 1 uM, respectively. By contrast, the
DMR signal was reduced by approximately 809d the luciferase activity (gene reporter
assay) was lowered by about 508athe presence oFR900359 at a concentration of 1 UM,
and themaximalresponsesouldnot be further suppressedy FR900359 at a concentration
of 10 uM (not showrfor gene reporte assay. Whereas the blockadef the calcium signal
was expectediue to Gyz1 inhibition, the differential effecs of FR900359 on th&vo holistic
assayqimpedimetry vs. DMRand on the luciferase activity suggesdl additional signaling
pathways to contribute to the respective readouts (DMR and gene repost&ayg upon kR

stimulation.
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In the presence of pertussis toxin at concentrations from 1 to 100 nghelimpedance of
the histaminestimulated cells signal meained almost unaffected (Fig),5. e., there is no
indication of a contribution of (3o the impedimetric response. This observation is in
agreement with the complete blockade by thq iBhibitor FR900359. Otine contrary, PTX
decreased the response in DMR in a concentratiependent manneresulting in complete
blockade at a aacentration of 100 ng/mL (Fig.).5Although the DMR response was also
strongly suppressed by FR9003%9 results demonstrate that iGs involved, too.This
phenomenon is reminiscent of promiscuous GPCRs, capalieupling to G and G as
reported for the free fatty acid receptor FFAG3], and a&ependingon the cell type, the kR
was described to couple tog@nd/or G[31,34,64] This is supported by the effect of PTX and
the histamineinduced luciferase activity e gene reporter assay (Fig). nhibition of Gby
PTX (500 ng/mL) resulted in an increase in bioluminescence by approximadely 28
HEK293TCRHB.uchH1Rcellswere engineered to detect theyclic AMP dependent expression
of luciferase. However, in casé HiR stimulation the cAMP cascade is not required, as the
increase in luciferase activity is elicited hyd®upling resulting in an increase in intracellular
[C&*] and subsequent calmodulin dependent phosphorylation of the CRE bindingrprotei
(CREB)65-67]. The increase in bioluminescence in the presence of PTX confirms the

contribution ofG as an inhibitory component in this assay.

Generally, Z 'tv ]u @solcapable of interacting with effector proteingor instance,
'tv v Jv§ E( @ cAMR gatbwa}68-70] andcantrigger an intracellulaincreasein
intracellularC&* by interacting with phospholipas€ and C# channelg71]. Very recently,
regardless of its selectivity for @over G.i and G.s[63], FR90035%vas reprted to inhibit
GE-dnediated signalingtoo [72]. In this contextwe investigated the influence of gallein,
which issupposed to be a reversible inhibitor ot @ A ] 3 Zvalue of 422 nM [73,74]n the
presence of gallein at a concentration of 20 uM, the concentratesponse curve of
histamine inthe luciferase gene reporter assay on HEK28BH.uchHR cek remained

unaffected (data not shown), suggesting thatthéxé Ju & ]« v}§ JvA}oA X
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Fig.5: (( 8§ }( SiZnhibitor pertussis toxin on the histamiriaduced responses in DMR,
impedimetric EClpand gene reporter assays. Experiments were perforosidg HEK293T cells
expressing hiR and additional constructs: DMR aB@ISHEK293TRHE. uchHiRhMSR1 cells;
luciferase gene reporteHIEK293TCRE_.uchH1R cells. Data were normalized to a solvent control
and the maximal activation of each system by émelogenous ligand histamineespectively Data
represent mean + SEM from at least three independent experiments performeglindte.

With respect to the two laberee approaches, it is noteworthy that B2éads primarily @
mediated cell shape changes upastamire stimulation asFR900358ompletely inhibits the
cellular response. Consistent with the inhibition of the calcium signathe aequorin assay,
experiments with a calcium ionophore using8@d3 MG cells, constititely expressing theR
revealed that an increase in intracellula&* alonewassufficient to produce very similar ECIS
traces to those uponhistamine stimulation(data not shown)The dependence of the ECIS
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signal on the increase ilC§"]; is plausiké due to (i)the predominant influence of the actin
cortex on membrane topographsell shapeand (ii) the fact thafCa"; is a welknown

modulator of cortical actin (in concert with myosin). Oth&gnalingpathways that are
potentially triggeredby histamire are not mirrored in the signalvhenthey are not linked to

cortical actin oreorientation of themembrane.

In DMR assays, th€&; inhibitor FR90035%ould not entirely block theagonist induced
response whereaghe G inhibitor PTXalmost entirelyreducedthe signal Thus, DMRecords

a response integrating bot, and G-mediated signaling.

As demonstrated for DMR in Fi.the inhibition of the cellular signal BYR90035%nd PTX
upon stimulation with URKUM530 was qualitatively the same as in case of histamine (cf. Fig.
4 and Fig5). There is nondicationof a differential activation of signaling pathways, when

comparing both kR agonists.

Fig. 6 Effect ofthe G, inhibitor FR90035%n the responséo the HIR agonist URKUM530in the
DMR assayData were determined oHEK293TCRHE.uchHiRhMSR1 cellandrepresent mean +
SEM from at least three independent experiments performed in triplicate
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4.3.4Functional characterization of Heceptor antagonists

For mostof the hHR antagonistsinder study the pKs values were in the same range tag
functional data (GTPase assay, Sf9 cell membranes) from the litefa8)7&]andthe binding
data from our laboratory (Table 2However, there were someistrepanciesas becomes
obvious fromthe inhibition curves and the radar plot iRig. 7, in particular, in case of
fexofenadingwhen studied irthe aequorin assgynd for diphenhydramine, cyproheptadine
and maprotiline in the impedimetric assayhe daa gained from the impedimetric assay
suggested 10to 30-fold higher apparent affinity compared to the values determined by
radioligand competition binding. Except for impedimetric readouts, erpemts in the
antagonist mode do nadisplaya similarly strong assajependence for a given antagonist as
observed ircase ofagoniss (cf. radar plot in Fig7).However, there is a trend towards higher
pKs valuesin ECIS.
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Table2: pKbvalues for hH1R antagonists determined in different functional assays analplés determinedh radioligandcompetition bindingstudies

gene reporter t-arrestin2 cat ca* DMR impedimetry* GTPasg competition

(luciferase) recruitment®  (Fura2 AM) (aequorin) binding
diphenhydramine 7.66+ 024 7.96 £ 0.04 7.43 £ 0.08 7.62+ 0.6 7.55 1 0.05 7.59 +0.10 7.81[58] 7.40 £ 0.03
mepyramine 8.13+0.10 8.08 + 0.09 8.85+ 0.01 8.39+ 012 8.43+0.11 8.70+0.14 8.25[58] 8.39 £ 0.04
cyproheptadine  8.55+ 0.11 8.60 + 0.06 8.60+ 003 7.99+0.13 8.01+0.14 10.15+0.28 8.72[58] 8.63 £ 0.05
maprotiline 8.47 +£0.12 8.38 £ 0.03 8.58+ 008 8.00+ 0. 8.19+0.13 8.84 + 0.53 8.54[75] 8.50 £ 0.05
fexofenadine 7.47 £ 0.03 6.95 + 0.03 6.85+ 0. 6.20+ 0.3 7.01 £ 0.03 8.23 £ 0.30 6.65[58] 6.70 £ 0.06

Functional studies were performed using genetically engineered HEK@B3{ct Table 1, footnote) and binding data wereetdmined on HEK293TRHB_uc
hHR cells. Data represent mean + SEM from at least three independent experimeforsnaer in triplicate Functional and bindingatla of additional HR
antagonists investigated e respectiveassay, pKvalues:? levocetirizine, 7.16& 0.07 mirtazapine8.71+ 0.07 clozapine7.64 + 0.05° mirtazapine, 8.46 *
0.10; doxepine, 9.35 * 0.19; clozapine, 8.21 + OI220ocetirizine, 8.72 + 0.14; doxepine, 9.11 * 0.28; clozapif®,+ 0.08¢ mirtazapine 8.5975]; doxepine,
8.90[75]; clozapine, 8.3¢75].
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Fig.7: Histamine HR antagonisn of diphenhydramine, mepyramine, cyproheptadine, magio¢

and fexofenadineén five different assaydnhibition curves and radar ploExperiments were
performed usingyenetically engineereHIEK293T celexpressing thénH,Rand additional constructs
gene rep (luciferase gene reporter assayffK293-CRE._uchH1Rcells; t E E-Avestin2

recruitment assay)HEK293"ARRB2Rcells C&'(aeq) (aequorin calcium assapEK293TRHE UG
hHIRMtAEQ cellsDMR and imped (impedimetrytEK293TCRBE_uchH:RhMSR1 cellHistamine
was used at a concentration producing approximately 80% of the maxinpalss in the respective
assayData werenormalized to a solvent control and the de@ctivation of histamine in each system.
Data represent mean + SEM from at least three independent experiments perfornralicate.
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4.4 Conclusion

Labelfree methods(DMR and impedimetry) and various signglpathway specific readouts
were usedor the characterizatiorof iR agonis and antagonist®n genetically engineered
HEK?293T cells, i. e., cells of an identical genetic backgréoinantagonists, the results from
DMR were compatible with those frooonventional readouts, whereas the impedaHuzased
data were inconsistent in some casedost pronounced differencebecame obvious for
agonistsregardingboth, potencies and efficacies, depending on the chemical struattitbe
ligand and the type of readoytreflecting the complexity of the assays performed in the
agonist modeThese differences can be explained only in pEnt DMR appears to integrate
both, G;and Gmediated signaling (Fig.4 and Fig. 5), the main two pathways describecfor th
HiR, as does the gene reporter assay. By contrast, ECIS and calcium assays apparently
reflect G signalingDMR, impedimetry and the Futaassays allow the investigation of cellular
effects in real time, whereas gene reporter, aequorkEarrestin recruitment GTPase and
GTPE assays are endpoint measurememistinct histamine kR ligandslid not effect the
different functional readouts in a unifornway, a phenomenon which may indicate
“functional selectivity” or “biasd signaling; provided thawff-targets are not involvedAs the
latter cannot be excludedn addition to different readoutsselective receptoagonists and
antagonistsas well as specifinhibitors ofsignaling pathways are required as pharmacological
tools toreduce the risk omisinterpretation and pitfallslin so farlabekree holistic methods
such as DMR and impedimetry are reminiscent of investigations on isolatedsoagd may
be considered as “integrative pharmacology” at the cellular level. Thstoun arises whether
humancells constitutively expressing the receptor of interest and origigafrom the organ

to be targetted should serve as moappropriate models than genetically engineered cells.
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4.5 Appendix
4.5.1HiRELucC/ELUcRRB expression in HEK293T cells

The HEK293 cells were seeded ircift2 tissue culture flasks and cultivated for 2 to 3 days in
DMEM + 10% FCS to a confluency of abot@®@0. The cells were then washed 3 times with
ice cold PBS and subsequently lysed with 1 mL of RIPA buffer (20 mM Tr$H&ZI1200 mM
NaCl, 1 mM EGTA, 1 mM, 1% w/v TritehO®, 5 mM K2HPO4, 1 x protease inhibitor mix
(Sigma, Steinheim, Germany)). The crude mixture was transferred talXéaction vessels
and incubated on ice for 20 min. During this period, the vessels wigorously vortexed
several times. The cell debris was removed by centrifugation (13000 xngn)5 The
supernatant was mixed with 10% (v/v) glycerol, and aliquots were frandrstored at80°C.
The protein content of the samples was determined using the DC protedty &g#s(BieRad

Laboratories, Munich, Germany) according to manufacturer’s instructions.

The protein samples were analyzed by $IA&E on a 12% acrylamide gel according to the
general procedure established hgemmli et al[76]. For gel electrophoresis, 20 ug of protein
per sample were loaded onto each lane. The samples for the detection of ttegyéd
receptor fusion constructs were mixed with 1 volume of 2x sample buffer aontg8 M urea

and incubated for 30 min at room tgmarature. The samples for the detection of thengc
tagged arrestin fusion constructs were mixed with 1 volume of 2x sample b&igmé,
Steinheim, Germany) and incubated for 10 min at 98 °C. The precision @lusalir and
biotinylated protein ladde(Bio-Rad Laboratories, Munich, Germany) were used as molecular

weight markers. Electrophoresis was performed at 150 V for approx. 2 h.

For western blotting, the gels were placed on top of a nitrocellulose bnane between filter
papers soaked in blotting buffer (25 mM Tris/HCI pH 8.3, 0.2 M glyd#e (2/v) methanol).
Blotting was performed for 45 min at 250 mA. Afterwards, the membraneg Wweubated
for at least 1 h in blocking solution (20 mM Tris/HCI pH 7.6, 0.14 M 0la@d,(v/v) Tween 20,
5% (w/\) fat free milk powder). After blocking, the membranes were cut closelyeatiw/ 50
kDa band of the prestained protein marker. The lower part of the blots were deselosing
the anti t-actin antibody, the upper part using the Pierce antingc antibodyThermo Fisher,
Darmstadt, Germany) for detecting the arrestin constructs or the anti V5 antibodyn(ithe

Fisher, Darmstadt, Germany) for the receptor constructs, respectiveybations with the
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primary antibodies were performed using a 1:1000 dilution of the respedB in blocking
solution at 4 °C overnight. After 3 washing steps in TBSTINRUris/HCI pH 7.6, 0.14 M NacCl,
0.1% (v/v) Tween 20) for 10 min each, the membranes were incubated witrettoadary
HRPcoupled antibodies, at a 1:1000 diloti in blocking solution for h at RT. After 3
additional washing steps, the immunoreactive bands were detected using E€termv
blotting substrate (Thermo Fisher, Darmstadt, Germany) and the ChemiDoendjng
system (BieRad Laboratories, Munich, Germg. The scans of the blots were analyzed using

the Image Lab 5.0 software (Biad Laboratories, Munich, Germany).

Fig SiSchematic illustration of the fusion constructs used for tkearestin recruitment assay and the
verification of their expressioin HEK293T cells via western bldt. The splitluciferase « 4
arrestin recruitment assay consists of two fusion proteins containing luciféragments of a green
light-emitting luciferase from the cliekeetle Pyrophorus plagiophthalamus (ELuthe HR was fused
Cierminallytothe €8 GEu]v o (& Pu v8 }( >n ~ >p « v t-38&6tias (ARRB)( §Z
was fused Nerminally to the Nterminal fragment of ELuc (ELucN). The receptor construct possesses
Cterminally aV53 PU AZ (E -awestih cdnstructs feature mytags.BW-V6 antibody detection

of HiR fusion proteins in lysate of HEK293T cells transfected wiREEHUCC and either ELUAIRRB1

or ELUICMARRB2C:r-uC v38] } € § &liestih(fusion proteins in same HEK293atlyss

in B.
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4.5 Appendix

4.5.2Radioligand saturation binding on HEK293T cells, expressing
the HHRELucC and ELUeANRRB constructs

The radioligand saturation binding assays to determine the receptor expressas
performed using whole cells. The HEK293T cells, exprdbsimyhRELUC andELUCNARRB
constructs, were cultivated in DMEM +10% FCS ina#%ell culture flask to a confluence
of about 70-90%. The cells were detached by treatment with 0.05% trypsin, 0.02% iBDT
PBS. After addition of 1/10 volume FCSsaeéire harvested by centrifugation (409,56 min),
subsequently resuspended in Leibovitt3. medium + 1% FCS and adjusted to a cell density
of 2 million cells/mL. The binding assay was performed in flat bottom, polyjaop@ewell
microtiter plates. Tie reaction mixture contained 10 uL of up to @ mepyramine, 55 pl of
Leibovitz + 1% FCS and 25 pL of cell suspension, giving a conceontr&000 cells/well. In
order to save radioligand, 1 part of mepyramine was diluted with 1 part of urddbel
mepyramine. The wells for the determination of the total binding containeditohal 10 pL
of Leibovitz, while, for the unspecific binding, 10 yL diphenhydramine at a contentcd
10 uM dissolved in Leibovitz were added. The mixture was incubated fay 80 min at RT
under shaking at 300 rpm. Afterwards, the cells were harvested by filtraioough GF/C
filters using a Brandel 96 sample harvester (Brandel, Gaithersburg, M&)3A#ashing steps
with ice cold PBS, the filter bound radioactivity wasasured by liquid scintillation counting

using theMicro Bet& 1450scintillation counter (Perkin Elmer, Rodgau, Germany).

Data analysis was performed usiBgaphPad Prism &oftware (GraphPad Software, La Jolla,
CA). Specific binding values were calculdig subtraction of the unspecific binding from the
respective total binding values. Data was plotted against the correspgnadioligand
concentration and fitted by nonlinear regression using the one site saturationngmdodel.
From the extrapolated®naxVvalues, the binding sites per cell were calculated using the specific

activity of the radioligand.
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4 Labelfree versus conventional cellular assays: Functional ifgagins on the human histamine H1 receptor

Fig S2Radioligand saturation binding conducted withilfmepyramine on HEK293T cells expressing
HiRELucC and either ELUARRB1 (A) or ELUARRRBZB). Nonrspecific binding was determined in
the presence of 1M diphenhydramine and was subtracted from total bindingsiing specific
binding was best fitted to a orgite saturation binding equationpoiKalues are as follows: 4tV (HR-
ELucC + ELU¢NRRB1) and 4.AM (HHRELucC + ELUeNRRB2) and are in good agreement with
reference data[57]. Both cell lines show comparable receptor amounts per cell with*51%P

E %S}E-<l oeareptBl &l line and 4.7 10° E %S} E-| o earrgptB2 £l lirte.
Datax SEM from one experiment performed in triplicate.

4.5.3Cytotoxicity of selected H1R agonists in the crystal violet

chemosensitivity assay

The assay was performed peeviously describei77]. AccordinglyHEK293TRH.uchH1R
cellsin DMEM were seeded into 96 well plates (Greiner, Frickenhausen, Germardgredity
of 15 cells per microscopic field (magnification: 3@ld). The cells were allowed to attach
overnight, and the test compounds were added at the desired concentratéss control,
cells were treated with medium containing only the respective solvéiter various
incubation periods the cells were fixed with 1 % glutardialdehyde solution anelds&ir4 °C.
At the end of the assay, cells were stained with crystal violet. Prior tsarement, excess
dye was removed by washing the cells with water, aalfbound dye was extracted with 70
% EtOH. Absorbance was measured at 580 nm using a GENios Pro microplate reader (Tec
Salzburg, Austria). Drug effects were expressed as correctedval@s, according to
following equation:

6 F®K

6
T ? KNW) = omr &

: 1
% 00

where T=mean absorbance of treated cells=@hean absorbance of controls and=Onean
absorbance of the cells when the test compounds wereeadd = 0).
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When the absorbance was less than that at t = 0, the cytocidal effectal@adated according

to following equation:

% Kk 6

?UPK?E BBA)P- %K

x 100

Fig. S3Cytotoxicity assays performed on HEK283RH_uchH1R cells for the compounds HHRIM530
(A), URBS280 (B) and WUBS365 (C). Cytotoxicity of each compound arelysed over a timperiod
of at least four days. (DataSEM from 16 experiments).
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4 Labelfree versus conventional cellular assays: Functional ifgagins on the human histamine H1 receptor

4.5.4H;R agonism of histaprodifederived hH Z o] P v - ]Jv Sz

arrestin recruitment assay

Table S1pEGy and EaxVvalues for histaprodiferderived hHR ligands in thet-arrestin recruitment
assay flEK293'ARRBH:R and HEK293ARRBHR cells) and reference data frofdH]GTPase assay
using membranes of hH1R expressing Sfo.tells

t-arrestinl recruitment

t-arrestin2recruitment

GTPaséref. [57])

PEGo Emax PEGo Emax PEGoor (pKe)  Eiax
URBS280 5.77+£0.06 0.50%+0.02 6.01+0.11 0.58+0.10 6.67 0.52
URBS354 na. 0.03+0.00 4.99+0.19 0.22+0.04 (6.00) -
URBS355 5.85+0.07 0.26+0.02 6.16+0.14 0.48 £0.05 6.65 0.47
URBS358 5.30+0.25 0.09+0.02 5.48+0.08 0.43+0.03 (6.56) -
URBS364 n.a. 0.04+0.01 5.49+0.13 0.37+£0.08 (6.61) -
URBS365 6.19+0.10 0.33+x0.01 6.56+0.18 0.54+0.05 6.18 0.65

aData represent mean valugsSEM of three independent experiments performed in triplicate. =
not applicable due to lack of intrinsic activity.
® For hHR binding data determined on membranes of Sf9 cel[§¢f.
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5 Functional nvestigations & human NPY Xand Y,
receptors Comparison oflabelfree and calcium-

basedmethods

5.1 Introduction

The neuropeptide Y famijomprisesneuropeptide Y (NPY), peptide YY (PYY) and pancreatic
polypeptide (PP)1-3]. The peptidesare composedof 36 amino acids and are structurally
closely related4,5]. In humansNPY, PYY and Biierentially preferfour functional subtypes

of the NPY receptor famil{zPCR referred to asiR, ¥R, ¥R and ¥R [3] This multireceptor
system influences several important physiological key functions andssociated with
multiple diseasebke epilepsy or depressidb-8]. Afifth receptor (y) was cloned frormouse
genomic DNA9], but up to now, no physiologicabrrelateof the cloned yreceptor has been
described3,10]. After agonistinduced NPY recept@ctivation, the receptor is coupling &-
proteins of the pertug J» 3} A& ]v « vinJfaqiy[3,11]. Receptor activation results in the
inhibition of adenylyl cyclases andherefore, in a decrease incyclic adenosine
monophosphate (cCAMPjormation [3]. Depending onthe cell type, additionalsignaling
pathways are reported, includingthe modulation of calcium angotassium channels
[3,12,13]. The inhibition of the cAMIResponsehas beena standard assay for thiinctional
characterization of ligand on all NPY receptasubtypes[14-18]. Another method forthe
functionalinvestigationof NPY ¥and Y receptor ligandss based orthe use the chimeric G
protein Gjis, redirecting the cellular response to a calcium signal, which can be measiihed
classicafluorescence dyes (e. qurb-2) or by bioluminescence as, for example, described for

mitochondrially targeted apoaequor[i9,20].

This chapter is dealing with thexplorationof two labetlree assays (ECIS and DM
respect tothe functional characterization of the NPYaYid ¥ receptor, respectively-or this
purpose, slected receptor ligands were analysed ahé data werecompared withthose
from conventional calcium assaysurthermore, theinfluence of the Gi inhibitor pertussis
toxin and the Gq inhibitor FR900359 (UBDIC) on the response in tHabelfree and tre

calcium assawas investigated.
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5.2 Materials and Methods

All chemicals were from commercial suppliers, unless otherwise indicated, as spatified

chapters 3 and 4.

5.2.1Human neuropeptide Yand Y, receptor ligands

The wrcine NPYand [K]hPPwas kindly provided by Prof. Dr. Chiara Cab(eleiversity of
Salzburg).Stock solutions (1 mM) were prepared in 10 mM H@GH stored at-20 °C
Compoundsl-4 [21] and (URMEK38d22] (5 mM stock solution in 100 % DMB43 well as
BIIE 024410 mM stocksolution in 10 % DM3SQ23] were synthesized in our laf23]. For
labeHree measurements, stock solutions were thawed and diluted with Leibovitzl9.
medium supplemented with 1 % bovine serum albumin (BSA, Serva Electrophoresis,
Hedelberg, Germany) and 0.1 mg/nBacitracin (Sigmaldrich, Taufkirchen, GermanyN
receptor ligands were diluted in *“siliconized” Eppendodaction vesselsto prevent
adsorption.For fura2 and aequorin calcium assagtock solutionsaliquotswere diluted in
loading buffer(pH 7.4; 25 mM HEPEI20 mM NacCl, 1.5 mM Ca@gCj, 5 mM KCI, 10 mM
D-glucoselupplemented with 1 % BSA and 0.1 mg/mL bacitrasipreviously describd@0].

88



5 Functional investigations of human NPY Y2 and Y4 recepmongatison of labefree and calciuntbased methods

hY,R agonist

YPSKPDNPGEDAPAEDLARYYSALRHYINLITRQRY-NH, pNPY

hY ;R antagonist
HaN_NH

(\N“\Q)‘ L/'\g’\'\/\N/‘( ) BuE 0246
o Q O
hY 4R agonists
APLKPVYPGDNATPEQMAQYAADLRRYINMLTRPRY-NH, [KA]hPP
CI3Hz-CO-Tyr-Arg-Leu-Arg-Tyr-NHz CI3Hz-CO-Tyr-Arg-Leu-Arg-Tyr-NHz HzNNCIZH-CO-Tyr-Arg-Leu-Arg-Tyr-NHz
(CH2)a (CH2)a ($H2)4
d:H2-CO-Tyr-Arg-Leu-Arg-Tyr-NH2 (]3H2-CO-Tyr-Arg-Leu-Arg-Tyr-NHz HoNw-CH-CO-Tyr-Arg-Leu-Arg-Tyr-NH2

1 2 (2R,7R)-3
NHO (2S,79)-3
HZN)\\NJLH/\/\/ NH,
@)
A HNCIZH-CO-Tyr-Arg-Leu-Arg-Tyr-NH2
(CH2)a
HN NCIIH-CO-Tyr-Arg-Leu-Arg-Tyr-NH2
(2R,7R)-4
(2S,79)-4

hY,R antagonist

NH, O
N

0] O

H O
FoS Mg Ao¥: SEEg Rt
RYN H H N_Y.g © OH  _
R~ NH Y T(CH2-O-CHy),

UR-MEK?388

Fig. 5.1 Chemical structures of selectedtahd hY¥ receptor agonists and antagonists.

5.2.2Cell culture

CHOK1 [19], CHOhY-mtAEQ[19], CHO-Y:-Gys-mtAEQ[19] and CHEYs-Gyis-mtAEQ[20]

cells were cultured as described elsewhere.

5.2.3Aequorin calciumassay

The assay was performed as described previdd$i0].
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5.2.4Fura2 calciumassay

The fura2 calciumassay was perfmed asdescribed in chapter.4

5.2.5Impedimetric assay

For the investigation dfiY2Ragonists PTX andR900359UBCQIQ on CHCOcells the assay
was performed as describad chaptes 3 and 4 The frequency scans were performed with
an ECIS} A] §4vél electrode arrays (type 8W18From Applied BioPhysics (Troy,
NY, USA A volume of 400 uL of cell suspension, prepared in HAM’s F12 nutrient mixture
(Sigma Aldrich) containing 10% FCS from an almost confluent cell layer trypSiomexdcell
cultureflask was dispensed at a density of 1.2&6lls per well Approximately 60 min before
the assay the culture medium was replaced by 200 pL of sémeen l-15 medium
supplemented with 1% BSA and 0.1 mg/fmcitracin The impedan@-basedexperiments
were performed withan ECIZ device for 9&vell electrode arrays (type 96W1E+) from
Applied BioPhysicA volume of 300 uL of cell suspension, preparetiAM’s F1hutrient
mixture containingl0% FC®as dispensed at a density 456-10* cells per wellAbout 60min
before the assayhe culture medium was replaced by 150 pL of seffvee L-15 medium
supplemented with 1% BSA and 0.1 mb/bacitracin Data were recorded with the ECIS
deviceplacedin an incubator (Galaxy 48S, New Brunswick, U&@yjtaininga humidified
atmosphere at 37 °C at an AC frequencyt@kHz For data processing ¢R4]. Antagonists

and the agonistvere appliedsimultaneously

5.2.6Dynamic mass redistribution assay

The assay was performed as descrilieathaptes 3 and 4 usingCHOcellsexpressing the
receptor of interestA volume of 40 pL of cell suspensipneparedby trypsinizationfrom 80

% conflent cell layersin HAM’s F12 nutrient mixtureupplemented with10% FC3vas
dispensed at a densitof 2-10*cells per well into uncoated 384ell EnSpire microplateShe
cells were washed four times wigerumfree L-15 mediumsupplanented with 1% BSand

0.1 mg/mLbacitracinand allowed to equilibrate in a volume of 30 uL of the same medium per
well in the multimode reader at 37C for about60 min. For data processing di24].

Antagonists and the agonist were applied simultaneously.
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5.3 Results and discussion

5.3.1Determination of the optimal cell density for CHOV>-Gis-
MtAEQcells in labelfree assays

To characterizéhe DMR andmpedance response of the h¥eceptor, the cell densityas
optimizedfor both assays(Fig.5.2). The addition 08300 nM (DMR) o0 nM (ECIS) pNPY
caused a positive mass redistribution and an increase of the recorded impegdieY was
chosen insteadf human NPY, because hNPY contains a methionine residue in position 17
that is susceptible to oxidatio.he maximactelular responsevas observed at a density of

2.0-10 cells/well for DMR and.5-1¢ cells/well for impedance experiments.

A
500 B 2000+
400y | 1500;
g_ 3004 ..
3 = 1000
O 200{ N
1001 10* cellsiwell 500;
15 "10* ® 45 "10%cells/well
0- 1.0 "10* 2.3 "10*
* 05 "10* 01 * 15 "10*
-10 0 10 20 30 40 -10 0 10 20 30 40
t/ min t/ min

Fig. 52: Dependence of the pNPY induced response on the deaBiBHGY, cells recorded by
DMR (A) and ECIS (B). (A) DMR respoanssedoy 300 nM pNPY at various Chgell densities in
384-well plates. (BLell density dependersignal intensity in the ECIS asafgr addition of 10 nM
pNPY. Cells were plated in a range from 1.5td@.5 - 10 cells per well.

91



5.3Results and discussion

5.3.2Effective range of measurement dependiig the frequency of

the alternating current (AC)

Frequency scans were performed to compare the impedance measured witfreeell
electrodes and electrodes covered with monolayers GHONY2G;s-mtAEQ cells. The
impedance as a function of frequency for electrodewith anarea of 0.49 crh(8W10E 8
wells a 10 electrodes) is shown in BE@A. Theeffective range of measurememtasrecorded
between 10° and 10° Hz. The maximum ofthe normalized impedance as a function of
frequencybecomes obvious fronkig.5.3B As the maximum of this curve is supposed to
reflect highest sensitivity25] for this type of cellsECIS experiments were performatia

frequencyof 10 kHz

Fig. 53: (A) Frequencylependent impedance traces of electrodes covered with aflaent

monolayer of CH@Y: cells in L15 + 1 % BSA + 0.1 mghacitracinand celHree electrodes in the
sameculture medium. (B) Normalized impedancarresponding tahe ratio of impedance of the
cellcovered electrodeand the impedance of the ceffee electrode measuredat the same
frequency.
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5.3.3FRunctional characterization ohY, receptor ligands

Porcine neuropeptide Y and the selective heteptor antagonist BIIE 0246 westudied in

with ECIS and DMR usi@glOGhY- cells The resultsvere compared with thosebtained from
conventional functionbassays, namely mobilization of intracellular calcium in the-2uaad

in an aequorirbased assay 3$]A $]}v }(usScdupled h¥receptorinduced an increase

in cellular impedancen ECI$Fig.5.4A) anda shift towards longer wavelengths in DNg.
5.4C).Control experiments performed with CHO cells devoid efrbdeptors did not respond

to agonist additionThe shapeof the curves (Fig. 5.4yassimilarin both labelfree assays.
pNPY inducedn immediate sharp rise after compound addition. The signal peaked in a first
maximum at approximately 5 min. The transient minimum was reached in both assays within
minute 5 to 10.Subsequentlyan increase was observeudthin 10 to 20minutes, beforethe

signal decayed slowly. The signalling fingerprin }( SZ u i}E 'r % E&}S J]v 0 ¢ ¢
reportedfor both labeHree techniqueg26-28] (cf. Figue 1.3, chapter 1)According tahese

3u ] U 8Z }A & 00 E *%}Ve v i protetr],Regardlggs &fZminar

differences, which may arise from the chimerip®Gtein Gjs. TZ 'r

Fig. 5.4 pNPY¥inducedresponseof CHGhY2G;ss-mtAEQcells recorded by ECIS 8} and DMR (C
D). (A) Representative time courses (performed in triplicate) of thecermmationdependent
change of impedancérecorded at 10 kHzor resonance wavelength (C). (B,D) Concentration
response curves derived from aseanderthe curve (AUC) of baselioerrected data integrated
from 0—40 min for at least four independent experiments, each performed in triplicate.
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5.3Results and discussion

protein mainly conttbutes to the impedimaic readout, because the characteristia q
protein associated dip immediately after agonist additi@®] (cf. Fig.1.3, chapter 1)is
missing.Moreover, a second maximurtypicalfor a ' ri mediatedsignal was recordedThe
pPEGovalues determined fopNPYdepended on the type dabekree and calcium ass#yable
5.1). ECISevealedthe highest potency of pNPY with an p&e&@ 9.37, whereas the DMR and
the fura-2 assay gave comparable results (@B@lues: 8.58 and 8.47), and the aequorin

calcium assay gave the lowest pi@lue.Interestingly, the differences between

Tab. 5.1:Potencies(pEGo £+ SEM)of pNPY determined in the optical and impedimetric ldbeé assay
compared to calcium assays

Cells DMR2 ECIS fura-22 Aequorir?
CHOhYz-Gys-mtAEQ ~ 8.58 + 0.08 9.37 £ 0.12 8.47 + 0.09 7.84 +0.19
CHOhY>mtAEQ 8.29 £ 0.13 n.d. n.d. n.d.

#Assays on CHRY%-Gis-mtAEQ cells. Data were analyzed by nonlinear regression and were tesbtdit
four-parameter sigmoidal concentratiaresponse curves. Data shown are the means + SEM of at least two
independent experimentdnvestigations in labdree and aequorin assay were performed in triplicate. Faira
calcium assayone experiment performedh triplicate

binding (k=0.7+0.2 nM[19]) and functional data wagss pronounceth the impedimetric.

It may be speculated that cellular signalling mechanisms other than the calciumneespo
contribute to the holistic readoutMoreover, the pNPYgiency obtained in the fur& calcium
assaywashigher than thevalug generated in the aequorin assay. A similar result was already
reported before[19], although the discrepancy between the assawss much higher in the
recent experimentsApparent discreparies betweerthe data from thecalciumassag could
result fromthe different assay procedures. Especidlig shear stress caused by thrgection

of the cellinto the pNPYcontainingwells in the aequorin assay could &eritical issue

To investigate the effect of the chimericpBotein Gs, the CHGhY>-Gyis-mtAEQ cellsvere
compared with theCHGhY>-mtAEQ cells in the optical labeee assayFig.5.5). Surprisingly,
concentrationdependent signals of similar curve shapes were recorded with both pelsty
The determinedootency ofpNPY was slightly lower in the cells without chim&iprotein
(PEGo: 8.29) compared with the cells expressthg Gys construct(pEGo: 8.58).Theefficacy

of pNPYin the cellswithout Gys was about 80 % of the maximal agonist signahsuredwith

the cells expressing the chimefiprotein. In contrast to thefact that mobilisation of
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Fig. 5.5(A, B) pNP¥duced DMR response of CH®& cells devoid of (A, CHO.-mtAEQ cells) ol
expressing the @&s protein (B, CHOY>-G;is-mtAEQ cells). Peptide solutions contained 1% BSA to
reduce adsorption to the surface of plated 0.1 mghL bacitracirin order to prevent protease
mediated degradation of pNPY. (C) Comparison of the concentraggponse curves of pNPY. The
response was normalized to a solvent control and referred to the maximal effect of jpNR&
CHONY>-Gyiss-mtAEQ cedl, expressing the chimericotein. Data are means £ SEM of at least 3
independent experiments, each performed in triplicate.

intracellular calcium by pNPY in tliera-2 assaywas weak in CHG% cell devoid ofthe
chimeric Gprotein[19], the DMR assarevealed nearly full intrinsic activityn cells without

Gyis. Obviously, the roteins endogenously expressed in CHO cells suffice to give apply DMR
as a functional readout, making genetic engineering with regard-thireetion of the cellular
signal unnecessaryl.o explore whether the measured DMR signaliseceptormediated,

the selective high affinity NPY réceptorantagonist BIIE 0246 was investigated in the optical
labeHree assaygFig. 56). It was reported irprevious studies thaBIIE 024@ehaves asn
insurmountable antagonisafter pre-incubation[19,30]. Therefore BIIE 024Gt different

concentrationswas ceadministeredwith a constantsubmaximal agonigic(pNPY) = 30 nM)

concentration.The
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Fig. 5.61nhibition of the NPY induced signal by BIIE 0246 oncelOstably cexpressing the hY
receptor, Gis and mtAEQ in the DMR assay. (A) Inhibition of the pNPY (3tdied response by
co-applied BIIE 0246. (B) Concentratiesponse curve of BIIE 0246 ¢pK.98 + 0.13). Data are
means = SEM of 2 indepaegnt experiments, each performed in triplicate.

determined Kg value of BIIE 0246 kK 10.47 nM) was in good agreement wigiieviously
reporteddatafor the fura2 assayke= 28.9nM) [19]. The antagonist could suppress the pNPY
induced signain the impedinetric assay as well (data not showrecause of technical

problems with the ECIS apparatuise xpetiment could not be repeated

5.3.4Investigation of Gprotein coupling of the human NPY %

receptor

To analyse the contribution of @1} v 'rclii % E}S JveU -fegponse@urids of

pNPYwere constructed in the presence of pertussis to¥iE SZ ‘'r<lii JvZ] ]S}E &Z0Oiii
(UBOQIC) [31,32], respectively. Pertussis toxin catalyzes thDRribosylation of

the r ]Jsubunitof the heterotrimericG protein preventing the interaction wittsPCRsue to

the Gi subunits remaining locked in the Gldind state[33-35] . Pertussis toxin influences

cellular response by different mechanisms. The inhibition is resulting in auplig of the

‘r]l} % E}S Jv (Elu §Z & %S}E v SZZ ([wOE-*UBOWE E-]} VP
transduction. The depsipeptideR900359 is staturally very similar to YA54890 and shows

similar pharmacological activi{6]. The reason for the Yi254890 mediated inhibition of

§Z 'r«lii *]Pv 0 SE& ve pegdtion]of tkeGDRP'dW A& Z vP \37k«lii
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Fig.5.7: Effect of the Gg-inhibitor FR900359 on the pNituced response ithe DMR assay
Experiments were performed using (A) ChiY2G;ss-mtAEQ and (B) CHOL-mtAEQ cells. Data
were normalized to a solvent control and the maximal activakipithe agonist pNPah the cells of
interest Data represent means + SEM of at least 2 independent experiments perfortnigdi¢ate.

As becomes obvious from Fig78l $Z % EWz E *%}ve A < gk inpibitor C 3Z 'r
FR900359 in bothCHOhY>-Gys-mtAEQ and CHOY>-mtAEQ cellsin case of the cells
expressing the chimeric-@otein the concentrationresponse curve of pNR¥asnot shifted

but depressed by approximately 20% to 30 % in the presence of FR900ORE®easing
concentrations. The cepression of the pNPY signal in the presence of 10 uM FR900259 was
almost on the same levehs §Z ¢]PVv 0 *Hu% % E **]}Vv ke inhi@itoi. RD  'r
Interestingly,0.1 uM ofFR900259 reduced the pNPY signal in cells without chiGgmiotein

by roughly 20 %s well and he concentratioAresponse curve was leftward shiftdtlseems

that in DMRthe chimericGyroteinis less involved in the neuropeptide réceptor signalling

than expectedThs isin contrast to the fura2 (data not shownjnd aequorincalcium(Fig.

5.8) assayg. Both, the aequorin and the furd assay, revealed a complete lack of response to

% EWZ ]Jv ]Jv 8Z % E v }( &Z0O11TAD BX R JwESEE 3FW | HBXZ R E
of 5 and 50 ng/mL pertussis toxin, only epdession and a slight rightward shift became

obvious. These results suggest that the pNPY induced DMR signal is in part ariditine ca

*]Pv o ]J* }u%o $ oC u ] 8§ C Vv }P g} 1and/@ theEChirGeriesc 'r
protein, respectively. The capabjlof the ¥ E %S} & S} } U %geL poleis was'r
described for rabbit smooth muscle cl&S].
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andthe hy E %3} E ]+ IVIAvV 8} % E ( E Vik]|poeid [3]} thésetfecBdf 3Z
pertussis toxin (PTXyas investigated In the presence of pertussis toxin at concenioas
from 1 to 100 ng/mL, theDMR signalof the pNPY¥stimulated cells was reduceth a
concentrationdependent manner resulting in an almost completely blockesponse(Fig.

5.9).
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Compared to the DMR method the pNPY induced effect was just partly inhibitbe ifiura-2
(data not shownpand aequorin calcium assay (Fig)5Due to the expression of the chimeric
Grotein in CHGhY>-Gyis-mtAEQ cells an almost complete reduction of the pNPY signal
PTXvas not expectedThese findingsuggeshot only a specific fs inhibition but also gartly
blockadeof the chimericGjrotein in the presence of PTX. It could be possible that the PTX
mechanism of action is responsible for thessdings. Pertussis toxin ABBosylates the

ulJv} ] Ce+S ]Jv ]Jv §Z E }/A£Co S Euj¥pvploteid and inpibjts/ ]S }(
the signal transductiof39]. Thiscysteineresidue belongs tthosefive Gterminal amino acids
of the Grip protein, which werepe 8§} vP]v & §Z Z]u (g} by replddngs v 'r
the Gterminus ] v 'gi11 to improve te coupling efficiency to the hYeceptor[40]. Whereas
the DMR response/asstrongly pertussis toxin sensitiviie resultsfrom the calcium assays

suggestd a predominantly ' r ¢11 mediated response.

5.3.5Functional characterization of hyfeceptor ligands in the DMR

and aequorin calcium assay

A selection of structurally different agonists and antagonists (cf. sebtdd) were studiel

in the DMR and aequorin calcium assagspectivelyCells expressing the hieceptorwere
seededto perform the DMR assapy analogy with the experiments described fOHO cells
expressing the hfeceptor. Theresultsfor hY; receptor agonits in the DMR assay and the

aequorin calcium assay are summarizedable 5.2 and Fig. 5.10.
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Fg. 5.10 [K]hPP induced DMR signal on CHO cells expressing tiedeYtor. (A) Representative
agonist induced traces. (B) Concentration response curve from the adea the curve (6-40 min).
Data represent means + SEM of at least 2 independent experiments performeuioate.
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5.3Results and discussion

[KYhPP induced an immediate sharp increase after addition. The signal peakedrsh a f
maximum at approximatelywo minutes. A transient relative minimum was reahed after
approximately fiveminutes. Subsequently a secondoositive wavelength shifivas recorded.
The DMR signaksulted in a constant level fromminute 15 on. The shape of the curves
suggest a' riprotein mediated responsg26,27]. The pE6& values of the analysed agonists
were comparable talata fromother assay$21]. As reported, the configuration of the stereo
centers in the 2,-liaminosuberic acid linkeof Y4R agonists derived from the-t€minal
pentapeptide of hPRas an impact on4R potency{21]. In the labelfree assay R 7R)-3 was
3.5 times more potent than &79-3 (stereochemical discriminators refer to the chiral centers
in the linker). A similadifferencewas determined in the calcium assay (pR@lues: 8.17
(2R7R)-3vs. 7.76 (379-3). Similarly, a stereochemical discriminatasdeterminedfor the
propionylated analogues R7R-4 and (579-4. As demonstratedrecently [21], the
replacement of one of the ‘inner arginines’ Irby the N®>-carbamoylated argine results in
an increased 4R agonist potencyn the DMR assay was about 25 times more potent than
1. Both compounds showetthe same or slightly lowegfficacy than [hPP.Most agonists

showed a higher potency in the labieée assay compared to ¢haequorin calcium assay.

Tab.5.2 NPY YR agonist potencies (pkjCof “dimeric” pentapeptides and reference compountjH{RP

DMR2 Aequorin assay®

Compound PEGo+ SEM Emax PEGo+ SEM Emax
[KhPP 8.97+ 0.17 1.00 807+ 00320 1.00
1 8.04 + 0.15 0.99 7.35+ 0.16Y 0.75

2 9.44 + 0.23 0.85 8.25 + 0.117 0.80
(2R7R-3 8.29 + 0.13 n.d. 8.17 + 0.08Y 0.80
(2S79-3 7.75+0.18 n.d. 7.76 + 0.08Y n.d.
(2R7R-4 8.12 + 0.08 n.d. 7.87 + 0.08Y n.d.
(2S79-4 7.67 +0.17 n.d. 7.24 + 0.08Y n.d.

2Assays on CHOY-Giiss-mtAEQ cells. Data were analyzed by nonlinear regression and were tesbtdit
four-parameter sigmoidal concentratier@sponse curvednax maximal response relative to|KPP (Fax=
1.00).pEGo: -logEGo. Data shown are the means + SEM of at least two indeperalg@riments’Data were
taken from Kuhn et al. (2016), r¢21]
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The [K]hPP induced signal wasippressed by the hR antagonist IHREK388n the DMR

(pKs: 6.67 = 0.1Pand inaequorin calcium assay

5.4 Conclusion

The applicability ofdbelree techniques (DMR and EGMas explored in comparison tao
calcium assag/(fura-2 and aequorin) for theharacteriation ofhY> and h¥ receptor ligands
on cells expressintpe receptor of interestthe chimeric Gprotein Gjs and mitochondrially
targetedaequorin Moreover,the effectofthe 'rq11 v '#o proteinsinhibitors FR900359

(UBQQIC) and pertuss toxin (PTXyas investigated.

hY-> receptor. The stimulation of the hYreceptor by pNPY resulted in concentration
dependentsignalsinECISy DZX dZ ]vZ] ]S$]Jn pFdteindvith FR90035@aused

a partialreduction of the DMR signalvhereas n the presence} ( $Z io'inhibitor PTX, the
DMR signal was almost completely inhibited. Similar findings were recorded in cellsdwhich
not express a chimeric-@otein. Obviously, the endogenously expresseghrGieins are
sufficient to give aellular responseln the presence oFR900359the calcium signal was
completelysuppressed, whereas P®Mly slightly reducethe signalDepending on the assay,
stimulation of the hY; receptor preferentially activates different signalling patterns

characteristic of eitherSZ gfiior SZ g pathway.

hYs receptor. The stimulation of the hreceptor by [KhPP and other agonists caused a
concentrationdependent effect in the DMR assay. Most of the investigated agonists were

more potent in he opticd labelree assayhan inthe aequorin calcium assay.

It may be speculated that, in addition to Camobilization, other cellular sigraig
mechanisms contribute to the holistic readoud Z }vS&] us]}v }( {HorBesSZ 'r
"Tio pathway could not be unambiguously elucidatdde discrepancieBetween the effects
of the applied Gorotein inhibitors on the different cells in the conventional and laioeé

assaysnaybe attributed tothe chimeric Gorotein.
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Labelfree celtbased assays have been attracting growing attention in drug researchsin thi
context, optical approaches based on evanescent electric fields (esgnast waveguide
grating, RWG; dynamic mass redistribution, DMR) and electrochemical impedaigsa(e.

g. electric cetsubstrate impedance sensing, ECIS) are the most widespread techriitpees.
aim of this doctoral thesis was to optimize and to explore the potential of twolfabe
methods, DMR and ECIS, to functionally characteriaadsg of prototypical aminergic and
peptidergic Gorotein coupled receptors (GPCRs). For this purpose, histaminandi

neuropeptide Y (NPY) &nd Y receptors were selected as examples.

With respect to the optimization of the conditions for the investigation of the human
histamine H receptor (HR), native tkB73 MG glioblastoma and genetically engineered HEK
293T cells, either expressing theRalone or in combination with the adhesion proteMSR.
were used. Reducecelt adhesion to the surface of theensing devices affest both, the
optical and the impedancéased readout, but became much more obvious in case of the
DMRassay. The eexpression of hHR andhMSR. in HEK 293T cells strongly enhanced the
signal compared to iR expression al@ As thesensitivity of the optical readout onfined

to a distance of 10Q@00 nm from the surface, depending on the wavelength of the incident
light, thisobservationis inaccordancewith tighter adhesion of the caransfectantsjnducing

a shorterdistance betveen thecell membrane and the substrat€ell adhesion was found to
have a critical impact on the results of lalfiede cell monitoring, in particular when techniques

based on evanescent electric fields are applied.

To explore the applicability and the potential of |alele assays, aet of HR agonists and
antagonists was characterizdyy DMR, ECIS arile data were compared with those from
various signaling pathway specific readouts (FRurand aequorin calcium assays, arrestin
recruitment (luciferase fragment complementation) assay, luciferase gepertey assay),
gained from genetically engineered HEK293T cells. Additionally, reéedata from GTPase
assays and radioligand bindingere considered. Histamine and other:R4 agonists
(betahistine, URKUM530)gave different assaselated pEép values, however, the order of
potency wagetained In the luciferase fragment complementation assay, thR Hreferred
Earrestin2 over Earrestinl. The calcium and the impedimetric assay depended on G

couplingof the HR, as demonstrated by complete inhibition of the histaramguced signals
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in the presence of the @ inhibitor FR900359 (UBQIC). Whereas partial inhibition by
FR900359 was observed in DMR and the gene reporter assay, pertussis(ROXn
subsantially decreased the response in DMR, but increased the luciferase, sigfhedting

the contribution of both, Gqand G, to signalling in these assay&r antagonists, the results
from DMR were essentially compatible with those from conventional vaets] whereas the
impedancebased data revealed a trend towards highep plues. ECIS and calcium assays
apparently only reflect & signaling, whereas DMR and gene reporter assays appear to
integrate both, Gq and Gri mediated signalingRegardless ofhiat, the results confirm the

value of the labefree methods, DMR and ECIS, for the characterization®fligands.

As a model for peptidergic GPCRs, €6MtAEQ cells cexpressing the human NPX(Y2R)

or Ys receptor (¥R), the chimeric Gprotein Gyis and mitochondrially tagged aequorin were
selected. The applicability of DMR and ECIS was explored in comparison &ddwma@ssays
(Fura2 and aequorin). The stimulation of theRY by pNPY resulted in concentration
dependent signals in ECIS an®@ZX dZ ]vZ] ]&%hk}byHRR900359 caused a partial
E u 8]}v }( 8Z DZ «]Pv oU AZ & -« ]viodnhibiths &%, the DMR § Z
signal was almost completely inhibited. In CHO cells which do not exprdsmearic G
protein, pNPY gavesirong DMR signal, suggesting that endogenously expresgedténs

are sufficient to give a cellular response. This effect was only slightly rethydeR900359. In
both calcium assays with CHG%2-G;s-mtAEQ cells, PTX only slightly reduced the signal,
whereas FR900359 completely suppressed the response. Depending osdlgesignulation

of the ¥R preferentially resulted in different signalling patterns characteristicitbee the

"rgur } & S Zjo pathway.

The stimulation of the hireceptor by KlhPP and other agonists caused a concentration
dependent effect in the DMR assay. Most of the investigated agonists were magatpot
the optical labelfree assay than in the aequorin calcium assagndy be speculated that, in
addition to C&" mobilization, other cellular signlidg mechanisms contribute to the holistic
readoutX dZ }WWSE] usSltv }( gl8Z}E&E S Z Pathway rcould not be
unambiguously demonstrated. The discrepancies between the effects of thedgtirotein
inhibitors m the different cells in the conventional and lalbete assays may be attributed to

the chimeric Gorotein.

106



6 Summary

In summary, bth noninvasive techniques are complementary to each other, but canngt ful

replace reductionist signaling pathway focused assays.
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