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ABBREVIATIONS
AB
ATP
BacMam
Bacmid
BBV
BV
BRET
cAMP
DPBS
DMEM
EC50
FA
FRET
GTP
GPCR
HTS
IC50
IP3
ivp
KD
Ki
koff
kon
MOI
NPY
Sf9
SEM
TFI
TRIS

assay buffer
adenosine triphosphate
a recombinant baculovirus for delivering genes of interest into
mammalian cells
baculovirus shuttle vector
budded baculovirus
baculoviruses
bioluminescence resonance energy transfer
3',5'-cyclic adenosine monophosphate
Dulbeccoʼs Phosphate-Buffered Saline
Dulbeccoʼs Modified Eagleʼs Medium
concentration of the sample that produces 50% of the maximal
possible effect
fluorescence anisotropy
Förster/fluorescence resonance energy transfer
Guanosine triphosphate
G-protein coupled receptors
high throughput screening
molar concentration of ligand that inhibits binding of a labelled
ligand by 50%
inositol 1,4,5-triphosphate
infectious viral particles
equilibrium dissociation constant of a ligand determined directly in
a binding assay using a labelled ligand
inhibition constant refers to an equilibrium dissociation constant of
an unlabelled ligand measured in competition with a labelled
ligand
dissociation rate constant
association rate constant
multiplicity of infection
neuropeptide Y
Spodoptera frugiperda cells
standard error of the mean
total fluorescence intensity
2-Amino-2-(hydroxymethyl)propane-1,3-diol
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INTRODUCTION
For an organism to survive and even thrive in an environment, it needs to
understand and respond to the changes in the environment. Furthermore, to have
cooperation between smaller units like cells, they need to exchange information.
On a larger scale, humans have eyes, nose, ears and skin to receive information,
on a smaller scale, cells have receptors. Being one of the largest receptor classes,
G-protein coupled receptors are also ubiquitously expressed in the human body.
However, abnormalities in the signalling processes lead to diseases, making Gprotein coupled receptors attractive drug targets. The drug discovery process
ranges from identifying the target and synthesising new molecules to evaluating
pharmacological properties and clinical trials. The mode of action of a new drug
is complicated, and therefore many different assays are needed to obtain a
comprehensive profile.
Although G-protein coupled receptors can be found in the whole human body,
the average concentrations are so small that they can not be characterized with
ordinary biochemical methods. Using radioligands with suitable methods has
been a gold standard in this field until the last decade. However, the development
of fluorescence technologies has opened a new era in receptor research. Still,
fluorescence approaches are neither simple nor straightforward. Furthermore, all
new methods need to be validated and compared to a standard. Thus the aim of
this thesis was to find new possibilities to study ligand binding properties for
different GPCRs. In addition, the results from different assays for the same
receptors were compared and pooled to obtain a more comprehensive
understanding of receptor-ligand interactions and modulation.
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1. LITERATURE OVERVIEW
1.1. G-protein coupled receptors
Cells are the building blocks of higher lifeforms. However, for cells to cooperate,
they need to receive, process, and send information. Information in nature takes
many forms, from molecules and ions like the small hydrogen ion to temperature,
pressure, and light. These signals are transduced through the membrane by
proteins called receptors. The signalling molecules which bind to the receptor are
called ligands. Receptors transmit the signal from outside the cell to the inside
the cell via a series of molecular events. Receptors have been broadly classified
into six basic classes: G-protein coupled receptors (GPCRs), receptor tyrosine
kinases, receptor guanylyl cyclases, gated ion channels, adhesion receptors and
intracellular nuclear receptors (Nelson et al. 2008).
GPCRs are the most prominent family of membrane receptors, with 800
different receptors identified in humans (Bjarnadóttir et al. 2006). All of these
have the same structural elements: an extracellular N-terminus, an intracellular
C-terminus and seven transmembrane α-helices connected by three intracellular
and three extracellular loops (Palczewski et al. 2000). The extracellular domain
where the ligand binds is the least conserved. In contrast, GPCRs have
remarkable homology at the cytoplasmic ends of the transmembrane helices,
indicating a conserved activation and signal transduction mechanism. GPCRs
have been classified in many different ways, but based on the phylogenetic
analyses, the “GRAFS” classification scheme divides vertebrate GPCRs into five
classes: Rhodopsin, Secretin, Glutamate, Adhesion and Frizzled/Taste2 (Schiöth
and Fredriksson 2005). (Mirzadegan et al. 2003)
GPCRs got their name after the heterotrimeric G proteins, which couple to the
receptors from the intracellular side and may initiate many different intracellular
signalling pathways. Heterotrimeric G protein complexes contain α, β and γ
subunits. G stands for guanine nucleotide, which binds the α subunit of the
heterotrimer. Humans have evolved a large variety of G proteins, encoding 18
different Gα proteins, 5 Gβ proteins, and 12 Gγ proteins (Syrovatkina et al. 2016).
The conformational change of GPCR initiated by agonist binding causes the
receptor coupled G proteins to activate. The conformational change of GPCRs
catalyses the exchange of guanosine diphosphate (GDP) for guanosine triphosphate (GTP) in the α-subunit. GTP binding causes the G protein to dissociate
from the receptor, yielding a monomeric α-subunit and a βγ dimer. Both of these
can serve as activators of particular signalling pathway effectors. Depending on
the α-subunits structure, it activates (Gαs) or inhibits (Gαi) adenylyl cyclase,
increases the concentration of adenosine triphosphate (ATP) (Gα12/13) or
modulates the levels of diacylglycerol, inositol 1,4,5-triphosphate (IP3) and Ca2+
ions in the cell (Gαq/11). Meanwhile, the Gβγ dimer can recruit GPCR kinases to
the membrane and regulate G-protein coupled, inwardly rectifying potassium
channels, voltage-dependent Ca2+ channels, adenylyl cyclases, phospholipase C,
phosphoinositide 3-kinase and mitogen-activated protein kinases (Hilger et al.
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2018). The understanding of GPCR and G protein coupling profiles remains
incomplete despite extensive studies in this field. Although GPCRs generally
have a preference for specific G protein subtypes, it is common that they can
couple also with G proteins from two or three different families. However,
coupling to all four G protein families is rare (Hauser et al. 2022).
Besides G-protein signalling, GPCRs can also signal via β-arrestins. At first,
β-arrestins were thought just to block the activated GPCRs. However, now it is
known that they also trigger endocytosis and kinase activation leading to specific
signalling pathways that can be localised on endosomes. These signalling
pathways are also found to be independent of G protein activation by GPCRs.
(Jean-Charles et al. 2017)
Information can arrive in many different forms, ranging from photons, tastants
and odorants to ions, neurotransmitters, hormones, and cytokines (Wacker et al.
2017). The ligands that the organism synthesises are called endogenous ligands,
such as acetylcholine and neuropeptide Y. The endogenous ligands have not been
yet discovered for all GPCRs. The receptors for which endogenous ligand is not
yet known are called orphan receptors. In 2005 there were over 140 orphan
receptors (Levoye et al. 2006).
The site that binds the endogenous ligand is called the orthosteric site. The
same endogenous ligand can bind to multiple receptors and receptor subtypes,
thus, the orthosteric binding sites are structurally similar. However, there are also
allosteric sites that are topographically distinct from the orthosteric site. GPCRs
can have multiple allosteric sites but at least one allosteric site where the G
protein binds. (Christopoulos and Kenakin 2002)
Ligands can be classified by origin into synthetic and natural substances or by
biological activity as agonists, inverse agonists and antagonists. Agonists activate
the receptor, which in turn initiates the intracellular signalling cascade leading to
changes inside the cell. Not all agonists are equal, some agonists, called partial
agonists, have smaller maximal biological responses than the endogenous
agonist. Furthermore, a growing number of articles have been published about
the concept of biased agonism – ligand-dependent activation of specific pathways
over others. For example, mediating the G protein signal over the β-arrestin
signal. Evidence shows that a biased agonist could reduce the amount and
severity of drug side effects. This is based on the idea that the therapeutic effect
is mediated by one pathway and the side effects by another. (Kolb et al. 2022)
One of the main categories of ligands are antagonists, which bind to the
receptorʼs orthosteric site blocking the binding of any other orthosteric ligand but
not activating the receptor. Lastly, the inverse agonists reduce the receptorʼs
activity below the basal level (Neubig et al. 2003). This is possible because some
receptors can be activated in an agonist-independent manner – the constitutive
activity. Inverse agonism is a rare property because, in nature, only a few inverse
agonists have been identified (de Ligt et al. 2000).
Because GPCRs are expressed throughout the human body, they have
fundamental roles in virtually all physiological functions (Wacker et al. 2017).
Moreover, problems with GPCR mediated signal transduction can also cause
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various disorders, like allergies, depression, blindness, diabetes and various
cardiovascular defects (Nelson et al. 2008). The estimated number of approved
drugs that target GPCRs in 2017 was between 475 and 704, which makes up
approximately 34% of approved drugs (Sriram and Insel 2018; Hauser et al.
2017). Widely used therapeutics targeting GPCRs include opioid analgesics,
antihistamines, anticholinergics, antipsychotics, antimigraine drugs, and asthma
drugs (Wacker et al. 2017). Furthermore, in 2017 only 134 of the 800 GPCRs
were targets for drugs approved in the United States or European Union (Sriram
and Insel 2018). Therefore, much work is still needed to find suitable drugs for
most GPCRs. The first step in finding these ligands is developing an assay that
can measure the many aspects of the interactions between the ligand and a
specific receptor.

1.2. Ligand binding methods
At the beginning of experimental pharmacology, experiments were carried out on
live animals or animal tissues. For example, muscarine as an active
pharmacological substance was found by O.Schmiedeberg and R.Koppe in 1869
in Tartu. Following the extraction of muscarine, it was tested on dogs (Schmiedeberg 1869). Later, in 1876, Langley studied the effect of other ligands of
muscarinic acetylcholine receptors in a more specific manner on salivary
secretion in dogs. These experiments demonstrated that agonist pilocarpine
stimulated salivary production, and antagonist atropine stopped it (Langley
1876). In this period, similar tissue responses were used as an assay readout to
study the effects of the various chemicals.
The experiments with live animals, whole organs and later with bacteria led
to the idea of a “receptive substance” on reactive cells in the first decade of the
20th century (Lefkowitz 2004). However, the discovery of radioactivity and the
development of ligands labelled with radioactive isotopes changed the landscape
of receptor research. Direct ligand binding assays allowed to obtain more
knowledge about the interaction between a receptor and its ligands. The next step
in direct ligand binding assay evolution was the development of fluorescent
ligands, which are larger than radioligands but safer to use. Fluorescent ligands
are used in many assay types, from high throughput screening (HTS) set-ups with
plate readers to microscopy techniques that can detect single molecules. More
and more creative ways of studying GPCR using fluorescent ligands are still
being developed.
The receptor can be studied at different levels. The most direct method is
monitoring ligand binding (radioligand binding assay, fluorescence anisotropy
(FA)) or conformational changes in receptorsʼ structure upon ligand binding
(Förster resonance energy transfer (FRET)). The next level is studying the G
protein activation by measuring GTPγS binding. One more level further from the
receptor is the measurement of the second messengers like cAMP, IP3 or Ca2+,
which can be easily done in live cells with biosensors. Lastly, the reporter gene
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assays measure changes in gene expression, through the expression of a reporter
gene, like luciferase, after the receptor activation. (Zhang and Xie 2012)
Different parameters can be obtained from ligand binding assays based on the
assay set-up and method used. Kinetic parameters describe how fast the ligand
binds to the receptor (kon) or dissociates from the receptor (koff). The dissociation
constant K is numerically equal to the ratio of dissociation to association rate
constants (koff / kon) and describes the affinity of the ligand to the specific receptor.
However, different types of dissociation constants are derived from the
experimental set-up. Kd refers to the equilibrium dissociation constant of a
labelled ligand determined directly in a binding assay. In comparison, Ki refers
to the equilibrium dissociation constant of an unlabeled ligand determined
indirectly in a competition binding assay. As this is an indirect method, the
affinity of the labelled ligand has to be previously determined. Classically, the
Cheng–Prusoff formula is used to calculate the Ki values. However, this equation
has several assumptions, like the labelled ligand concentration staying constant,
that need to be considered before using it. Another frequently used parameter
describes the about of receptor, usually defined by the maximal specific binding
of a ligand (Bmax, Rstock). The ligand-receptor complex formation can be a
relatively complicated process. Therefore, the one-to-one binding model is not
always valid. (Neubig et al. 2003)
Overall, there are two main categories of methods: one that uses radiolabels
and the other that uses fluorescent labels. Although there are possibilities that
ligand binding can be investigated based on the structure of the receptor protein,
but these have not been widely used.
1.2.1. Radioligand binding assay
One of the most widely used methods in GPCR research has been the radioligand
binding assay first used by Paton and Rang (Paton and Rang 1965). The
radioligand binding assay has been used for a long time and has become a
standard in the GPCR field due to its reliability and simple assay format. The
measured signal comes from the energy released from the radioactive decay process, which can be detected more sensitively than a chemical process. Therefore,
the radioactive isotope can be present in low concentrations, and sensitive
radiation detectors and scintillation counters can still detect its presence.
However, radioactive decay is a random event and follows an exponential decay.
Hence, it releases energy even when it is not being measured, making it
potentially harmful to the environment and human health.
The assay is conducted so that the radioligand is first incubated with the
receptor, and afterwards, the free ligand is separated from the receptor-bound
ligand by centrifugation or filtration. The radioactivity of the bound ligand is
measured, and from that, the binding parameters- like Kd, Ki or Bmax can be
calculated. The kinetic parameters cannot be easily obtained because the classical
assay is designed in an equilibrium end-point format. Scintillation proximity
assay can be used to overcome this problem (Hart and Greenwald 1979). This
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alternative method needs the receptor to be immobilised to the surface of
scintillation beads. In this homogeneous assay, only the radioligand, which is
bound to the receptor and is close to the bead, can excite the scintillation beads
and produce photons detectable by the scintillation counter. (Flanagan 2016)
Various radioisotopes are available for labelling ligands with minimal
chemical structure modifications and therefore do not affect the receptor-ligand
binding affinity. Furthermore, many high-affinity ligands are commercially
available, allowing a relatively quick assay set-up. The main isotopes used are
3
H, 32P, 35S or 125I, which have varying half-lives and different types of radioactive
decay. As hydrogen is always present in organic molecules, labelling ligands by
switching a hydrogen atom for a tritium atom is usually easy. However, it is low
energy and has long half-lives, resulting in relatively low detection efficiency.
On the other hand, 125I has a short half-live (60 days), but it is not a typical atom,
and the experiments need to be conducted in a brief timeframe (⁓6 weeks).
Furthermore, as the energy released is larger, it is also more harmful to people.
(Flanagan 2016)
The receptor source is the other crucial feature to consider for the radioligand
binding assay. Receptor density or concentration must be high enough to give a
measurable, specific binding signal that should be higher than the non-specific
binding signal. On the other hand, too high amount of the receptor depletes the
radioligand, complicating ligand affinity calculation. At first, radioligand binding
assays were performed with tissues or tissue preparations, following cell culture
preparation and whole cells. Using whole cells preserves the cellular membrane
architecture and may save preparation time for chemically or structurally unstable
receptors. Binding assays can also be performed using cells attached to culture
wells or tissue slices attached to slides (Flanagan 2016). One of the newest
possibilities is purified and reconstituted receptors. Usually, a recombinant
receptor is expressed in a cell line and then purified for further experiments. The
difficulty of this approach is the extraction of the receptors from their native
environment in the plasma membrane, as GPCRs are inherently unstable in the
detergents required for their solubilization (Jamshad et al. 2015). After the
complicated purification process, it is necessary to reconstitute the receptors into
a lipid structure, mimicking the plasma membrane.
As the GPCR concentration in tissues and primary cells is relatively low and
multiple different GPCRs are usually expressed in each tissue, sufficient
sensitivity and specificity are difficult to achieve. Thus specific receptors can be
expressed in cells with transfection. Spodoptera frugiperda (Sf9) insect cells are
a convenient option for this application because of their efficient expression. The
drawback of a deficient signal transduction system but G-proteins can also be
added with transfection (Tõntson et al. 2014). However, it should be taken into
account that insect and mammalian cellsʼ plasma membrane lipid composition is
different. The main steroidal component of the mammalian cell membrane is
cholesterol, while insect cells contain ergosterol. (Makela and Oker-Blom 2008).
For a long time, Sf9 insect cell membranes have been used as a good, simple,
and relatively inexpensive preparation for obtaining receptors. Since viruses are
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already used for transfection and receptor production, viruses multiply and finally
bud out from the cells covered with cell membranes containing receptors (Loisel
et al. 1997). Budded baculoviruses (BBV) particles are produced with Sf9 insect
cells using Autographa californica multiple nucleopolyhedrovirus. BBVs are
rod-shaped particles 200-400 nm in length and 40–50 nm in diameter. They can
be easily separated from Sf9 cells by centrifugation and employed as a source of
receptors for ligand binding assays, like radioligand assay (Allikalt and Rinken
2017) and FA (Veiksina et al. 2014). Baculoviruses (BV) infect many insect
species but do not propagate in any vertebrate hosts like humans, so only
Biosafety level 1 is needed. Due to the low biohazard risk and ease of use, the
baculovirus-insect cell expression system has become widespread (Kost et al.
2010). Virus particles start to bud from the Sf9 cell during the BV infection cycle.
The virus particles become enveloped by the hostʼs plasma membrane during
budding. Therefore, the baculovirus-insect cell expression system represents a
versatile tool for displaying recombinant GPCRs on the surface of Sf9 cells and
BBV particles. Furthermore, the GPCRs on the surface of BBV particles have
their native conformation, orientation and environment.
1.2.2. Fluorescence anisotropy assay
Many optical methods have emerged as alternatives to radioactivity-based assays.
The simpler ones are colourimetric, but these are not as sensitive as fluorescence
or chemo- and bioluminescence-based assays. Many different readouts can be
obtained from fluorescence-based assay to investigate ligand binding to GPCRs,
for example, fluorescence intensity (FI), fluorescence anisotropy (FA),
fluorescence correlation spectroscopy (FCS) and (Förster/bioluminescence)
resonance energy transfer (FRET/BRET). (de Jong et al. 2005)
FA method detects the change in rotational diffusion of the fluorescent ligand
when it binds to the receptor. It is based on the phenomenon that upon excitation
with polarised light, fluorophores whose dipole is parallel to the plane of
polarised light will first absorb this light and emit it after a delay depending on
the fluorescence lifetime. The emitted light will be partially polarised, whereas
polarisation depends on the fluorophoreʼs freedom of rotational diffusion during
its fluorescence lifetime (Lakowicz 2006). FA is increased when a low molecular
weight fluorescent ligand with high rotational freedom binds to the larger
receptor with low rotational freedom. The Perrin equation describes FA as
follows:

𝑟 (𝜏) =

(1)

where r is the observed anisotropy, r0 is the intrinsic anisotropy of the molecule,
τ is the fluorescence lifetime, and τc is the rotational correlation time (Perrin
1929). (Jablonski, A 1960; Rinken et al. 2018)
As FA does not require separation of the free ligand from receptor-bound
ligand for measurement, this enables easy kinetic measurements. Therefore, Kd
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can be obtained from both kinetic and equilibrium end-point experiments. Kinetic
data gives more information about the ligand-receptor complexesʼ formation and
dissociation. However, it should be noted that FA experiments are not performed
with an excess of the probe thus, pseudo-first-order reaction conditions are not
met. Therefore, ligand depletion and second-order kinetics have to be considered
in most cases. (Rinken et al. 2018)
Since fluorescent labels are much more complex than radioisotopes, developing a new fluorescent ligand is more complicated compared to a radioligand.
Fluorescent labelling is more difficult because the ligand structure is significantly
altered by adding a large label. Furthermore, to maintain the affinity of the
starting compound, the derivatization should be done by considering the structure
of the receptor-ligand complex. As crystallisation and cryo-EM have been used
to solve more and more GPCR structures, it becomes easier to design new
fluorescent ligands (Shimada et al. 2020). After understanding where the linked
and the dye should be positioned, a suitable dye should be chosen, as many
options have become available. One of the first parameters to consider is
excitation and emission wavelengths. The red-shifted dyes like Cy3B and 5TAMRA are preferred, as the autofluorescence is generally lower in this part of
the spectrum. The other important parameter to be considered for FA assay is
fluorophoreʼs fluorescence lifetime – for low molecular weight ligands, it should
remain between 2 – 5 ns. Furthermore, a fluorescent label should also have a high
extinction coefficient, quantum yield, stability, and low bleaching and nonspecific binding. (Rinken et al. 2018)
At first, membrane preparations were used, and a sound signal output could
be achieved (Veiksina et al. 2010). However, lipoparticles in the membrane
preparations have a variable size and uncontrolled receptorsʼ orientation. Therefore, alternative receptor sources have been used, such as solubilised receptors,
reconstituted into lipid vesicles. These approaches solve the issue of particle size
but are relatively time-consuming, thus unsuitable for HTS applications. The BV
system is an easy way to produce a large number of particles with a uniform size.
Therefore, BBVs are more suitable for FA assay. Furthermore, the small size of
BBV particles prevents their fast sedimentation. Thus, a stable signal can be
obtained for at least 12h (Veiksina et al. 2014; Link et al. 2017; ). (Rinken et al.
2018)
1.2.3. Förster resonance energy transfer sensors
FRET is a non-radiative energy transfer between two chromophores, an energy
donor and an energy acceptor. For FRET to occur, three conditions have to be
met: 1) the distance between the donor and the acceptor should be small
(≤ 10 nm); 2) the donor emission spectrum and the acceptor absorption spectra
must overlap; 3) the correct orientations of the donor emission dipole moment
and the acceptor absorption dipole moment. (King et al. 2012)
FRET-based biosensors have been developed for essentially all steps in
GPCR-mediated signalling. These sensors are based on either conformational
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changes within proteins, such as the agonist-dependent activation of receptors
and cAMP recognition or molecule-molecule interactions, such as the G-protein
coupling to the receptor or ligand binding to the receptor. For the sensors to work,
both the donor and the acceptor must be inserted at suitable sites in the relevant
proteins. However, most of these assays are not suited for HTS, as the signal is
small because of the high background autofluorescence. (Lohse et al. 2012)
1.2.4. Bioluminescence resonance energy transfer assay
Unlike in FRET, autofluorescence is not a factor in BRET. BRET method is based
on the RET occurring in some marine species, for example, in the sea pansy,
Renilla reniformis. This method was initially developed to study the interactions
of circadian clock proteins in bacteria, but the application range has widened
drastically. In BRET, the luciferase enzyme catalyses a specific reaction in which
a substrate is converted into a product in an excited state. Such a product acts as
an energy donor. When used for the ligand-binding assay, the energy acceptor is
a fluorescent ligand, absorbing energy released from the reaction and reemitting
light at a longer wavelength. (Bacart et al. 2008)
The first step for developing a BRET-based ligand-binding assay is labelling
the receptor of interest with a luciferase. This is usually done at the N terminus
to ensure that the luciferase remains on the extracellular side because the
fluorescent ligand binds to the extracellular regions of the receptor. Various
luciferase variants have been utilised as donors, such as firefly luciferase (FLuc),
derived from the North American firefly Photinus pyralis and Renilla luciferase
(RLuc), derived from the sea pansy Renilla reniformis. However, their high
molecular weight (61 and 38 kDa) makes them unfit for labelling the N-terminal
of a receptor. Alternatively, smaller 19 kDa luciferase NanoLuc was engineered
from deep-sea shrimp Oplophorus gracilirostris. NanoLuc is more stable and
produces a significantly brighter and sustained luminescent signal than the
previous variants. Furthermore, the original substrate utilised by Oplophorus
gracilirostris was also improved to get a 30-fold brighter signal. (Stoddart et al.
2018)
1.2.5. Flow cytometry
Flow cytometry was developed in the 1960s to analyse and sort cell populations.
Flow cytometry can measure a single cellʼs or other particleʼs optical and
fluorescence characteristics in a fluid stream when it passes through a light beam.
However, a flow cytometer can assess thousands of particles per second.
Therefore, population statistics can be still measured in a reasonable time. Flow
cytometry enables the cell population analysis and purification based on fluorescent or light scattering characteristics. The parameters obtained from the
experiment are based on the optical set-up. Light scattering is directly related to
the size and morphological properties of the cell. However, fluorescence emission
caused by a fluorescence probe is proportional to the amount of fluorescent probe
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bound to the cell. This makes flow cytometry a diverse method that can also be
used to characterise new ligands. (Waller et al. 2004; Adan et al. 2017)
1.2.6. Microscopy assays
Fluorescence microscopy equipment has become more affordable and, therefore,
more common. Also, the growing number of fluorescent labels and labelling
techniques have made it easy to use. Thus, fluorescence microscopy has been
frequently used in scientific studies, but mainly qualitatively. Compared to most
spectroscopy methods, microscopy images contain a large amount of data,
complicating the quantitative data analysis. Hence, it has rarely been used in
ligand binding assays.
One of the few studies for this kind of microscopy application is used to study
muscarinic acetylcholine receptor subtype M1 using an IsoCyte™ laser scanning
platform (Lee et al. 2008). The experiments were conducted with live cells with
Cy3B-telenzepine in a simple no-wash protocol using the novel optics and
confined detection region of the IsoCyte™ laser scanning platform in an HTScompatible format. However, the image analysis was done in a relatively
straightforward manner. First, from the pixel intensity histogram analysis, the
background for each image was determined. Considering the background
fluorescence, the threshold was set to a constant value above the background
level. Then to calculate the fluorescence intensity, the grey-scale values of all
pixels above the threshold were summed and the background corrected. The flaw
of this kind of analysis is the underrepresentation of low-intensity cells. Furthermore, there is no normalization for the number of cells. Therefore, the number of
cells in the image significantly influences the results.
To improve the microscopy-based assay, a more detailed analysis is needed.
This can be done by manually drawing the region of interest around the plasma
membrane or using another fluorescence marker to identify all cells (Stoddart et
al. 2012). Manual cell detection takes much time or loss in the number of cells
used for analysis. Using a modified receptor to find all the cells is more accessible
because fluorescence images can be used, but adding a modification, like a YFP,
may influence ligand binding and receptor activation. Also, total intensity
methods must consistently seed cells as a high confluency monolayer, but this is
either difficult or practically impossible with some cell lines, like the HEK-D3R
cells (Allikalt et al. 2021). Moreover, dense monolayers can significantly affect
physicochemical environmental parameters such as oxygen concentration,
directly affecting muscarinic receptor signalling (Place et al. 2017; Mou et al.
2006).
Furthermore, these problems were addressed by using brightfield images to
find all the cells or even only the cell membranes (Allikalt et al. 2021). Overall,
brightfield images are more complicated to analyse because there can be more
than just the object of interest and finding the object without a maker is also more
difficult. Identifying individual cells from a dense monolayer is more challenging, so fewer cells are needed for this analysis. The membrane detection
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algorithm developed as a part of the live-cell assay was only used for HEK-D3R
cells and in saturation and competition binding assays, so there is a need for
further improvements.
All things considered, moving to more natural systems for HTS ligand binding
assays will give a more comprehensive understanding of ligand-receptor interactions. Nevertheless, this development should not come with a sacrifice of
kinetic parameters or measurement speed.
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2. AIMS OF THE STUDY
The general aim of the study is to find new possibilities to study ligand binding
properties for different GPCRs. This included:
• Implementation of FA assay for studies of different GPCRs
• Development of TIRF-based assay for study fluorescent ligand binding to
GPCRs in budded baculoviruses
• Development of live-cell microscopy assay for characterisation of fluorescent
ligand binding to GPCRs
• Characterisation of the effects of different modulators on GPCRs by different
fluorescence-based assays.
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3. MATERIALS AND METHODS
3.1. Cell lines and reagents
Spodoptera Frugiperda (Sf9) cells (Invitrogen Life Technologies) were grown as
a suspension culture in antibiotic- and serum-free growth medium EXCELL®
420 (Sigma-Aldrich) at 27 ºC in a non-humidified incubator.
Chinese hamster ovary (CHO-K1) cells (ATCC®, LGC Standards) were
modified to stably express human wild-type melanocortin MC4 receptors
(PAPER III). Both naive and modified CHO-K1 cells were grown as an adherent
monolayer culture in high glucose Dulbeccoʼs Modified Eagleʼs Medium
(DMEM) (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS)
(Sigma-Aldrich), 100 U/mL penicillin, 0.1 mg/mL streptomycin (PAA
Laboratories). For cells with MC4 receptors also, 400 μg/ml of geneticin was
added. CHO-K1 cells expressing muscarinic acetylcholine M4 receptor were
purchased from Missouri S&T cDNA Resource Centre. They were cultured in
HAMʼs F12 medium supplemented with FBS (9%), antibiotic antimycotic
solution (100 U/mL penicillin, 0.1 mg/mL streptomycin, 0.25 μg/mL amphotericin B) (Sigma‐Aldrich) and geneticin (750 µg/mL). MCF-7-Y1 cells were
established by (Keller et al. 2011) and cultivated in EMEM containing 5% FBS
and antibiotic antimycotic solution. To increase the Y1 receptor expression, the
MCF-7-Y1 cells were incubated with 1 nM 17b-estradiol 48-72 h before the
experiment. All mammalian cells were grown at 37 ºC in a humidified incubator
with 5% CO2 until 80-100% confluency and then reseeded.
Cell culture viability and density were determined with an Automated Cell
Counter TC20™ (Bio‐Rad Laboratories) by adding 0.2% trypan blue (Sigma‐
Aldrich).
Assay buffer (AB) consisted of MilliQ water, 135 mM NaCl (AppliChem), 1
mM CaCl2 (AppliChem), 5 mM KCl (AppliChem), 1 mM MgCl2 (AppliChem),
11 mM Na-HEPES (pH = 7.4) (Sigma-Aldrich), protease inhibitor cocktail
(according to the manufacturerʼs description, Roche) and 0.1% Pluronic® F-127
(Sigma-Aldrich). Metal ion effects were studied using ethylenediaminetetraacetic
acid (EDTA, Merck), ZnSO4 (ReaChim), and CuCl2 (Sigma-Aldrich). For
experiments with neuropeptide Y (NPY) Y1 receptors, KCl and MgCl2 were not
added to AB.
All ligand stock solutions were prepared using dimethyl sulfoxide (DMSO)
(AppliChem) cell culture grade and stored at -20 °C. Unlabelled ligands of MC4
receptors were purchased from Tocris Bioscience (NDP-α-MSH, SHU9119,
HS024). Muscarinic acetylcholine receptor ligands acetylcholine, arecoline,
pirenzepine, pilocarpine, atropine, and scopolamine were purchased from SigmaAldrich, carbachol from Tocris Bioscience (Abingdon, United Kingdom). NPY
receptor ligands BIBO 3304 (R&D Systems), PYY (BioNordika), and pNPY
(Synpeptide) were purchased. All the following ligands were all synthesised at
the University of Regensburg and kindly provided by Dr Max Keller:
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• UR-MK342 compound 20 in (Gruber et al. 2020) – 2-(6-(Dimethylamino)3-(dimethyliminio)-3H-xanthen-9-yl)-5-((2-(4-(4-(1-(2-oxo-2-(11-oxo10,11-dihydro-5H dibenzo[b,e][1,4]diazepin-5-yl)ethyl)piperidin-4yl)butyl)piperazin-1-yl)ethyl)carbamoyl)benzoate tris(hydrotrifluoroacetate)
• UR-CG072 compound 15 in (Gruber et al. 2020) – 2-(6-(Dimethylamino)-3(dimethyliminio)-3H-xanthen-9-yl)-5-((2-(3-(1-(4-(1-(2-oxo-2-(11-oxo10,11-dihydro-5H-dibenzo[b,e][1,4]diazepin-5-yl)ethyl)piperidin-4yl)butyl)-1H-imidazol-4-yl)propanamido)ethyl)carbamoyl)benzoate
bis(hydrotrifluoroacetate)
• UR-SK59 compound 64 in (She et al. 2017) – N1-(2-(4-(2-Oxo-2,3-dihydro1H-benzo[d]imidazol-1-yl)-[1,4'-bipiperidin]-1'-yl)ethyl)-N3-(2-(4-(4-(1-(2oxo-2-(11-oxo-10,11-dihydro-5H dibenzo[b,e][1,4]diazepin-5yl)ethyl)piperidin-4-yl)butyl)piperazin-1-yl)ethyl)-5(propionamidomethyl)isophthalamide pentakis(hydrotrifluoroacetate)
• UR-SK75 compound 46 in (She et al. 2017) – 5-(2-(4-(4-(4-(3-((4-(1-Methyl1,2,5,6-tetrahydropyridin-3-yl)-1,2,5-thiadiazol-3-yl)oxy)propyl)piperazin-1yl)butyl)piperidin-1-yl)acetyl)-5,10-dihydro-11H-dibenzo[b,e][1,4]diazepin11-one tetrakis(hydrotrifluoroacetate)
• UNSW-MK259 compound 62 in (Keller et al. 2015a) – 5-((4-(4-(4-(((N-(2Propionamidoethyl))-3-amino-3-oxo)propyl)1H-imidazol-1yl)butyl)piperidin-1-yl)acetyl)-5H-dibenzo[b,e][1,4] diazepin-11(10H)-one
• UR-MC026 compound 40 in PAPER IV – 5-{[4-(4-{(1R,4R,Z)-9-Amino-4[(4-hydroxybenzyl)carbamoyl]2,11,16-trioxo-1-phenyl-3,8,10,12,15pentaazaoctadec-9-en-1-yl}phenoxy)butyl]carbamoyl}-2-[6(dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl]benzoate
Hydrotrifluoroacetate
• CM159 compound 39 in PAPER IV – 5-{[4-(3-{(1S,4R,Z)-9-Amino-4-[(4hydroxybenzyl)carbamoyl]2,11,16-trioxo-1-phenyl-3,8,10,12,15pentaazaoctadec-9-en-1-yl}phenoxy)butyl]carbamoyl}-2-[6(dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl]benzoate
Hydrotrifluoroacetate
• CM139 compound 37 in PAPER IV – 4-(2-{(1E,3E)-5-[(Z)-1-(6-{[4-(3{(1S,4R,Z)-9-Amino-4-[(4hydroxybenzyl)carbamoyl]-2,11,16-trioxo-1phenyl-3,8,10,12,15pentaazaoctadec-9-en-1-yl}phenoxy)butyl]amino}-6oxohexyl)3,3-dimethyl-5-sulfoindolin-2-ylidene]penta-1,3-dien-1-yl}-3,3dimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate Hydrotrifluoroacetate
• CM138 compound 35 in PAPER IV – 4-{(1E,3E)-4-[4-(Dimethylamino)phenyl]buta-1,3-dien-1-yl}-1-[4(3-{(1S,4R)-4-[(4hydroxybenzyl)carbamoyl]-9-imino-2,11,16-trioxo-1-phenyl-3,8,10,12,15pentaazaoctadecyl}phenoxy)butyl]-2,6dimethylpyridin-1-ium Hydrotrifluoroacetate Trifluoroacetate
• UR-MK299 compound 38 in (Keller et al. 2015b) – (R)-Nα-DiphenylacetylNω-[2-([2,3-3H]propionylamino)ethyl]aminocarbonyl-(4hydroxybenzyl)argininamide
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3.2. Budded baculovirus preparation
A detailed guide for making BBV is given in PAPER I, and all BBV were
produced similarly with minor modifications in restriction sites, transfection
reagents and MOI used in amplification. The MC4, M2, M4, and Y1 receptor genes
in pcDNA3.1+ were purchased from the cDNA Resource Center
(www.cdna.org). Then the cDNA of the GPCR of interest was subcloned into the
appropriate restriction site of the pFastBac1 vector under the control of the
polyhedrin promoter and transformed into DH10Bac-competent cells. Next,
recombinant bacmid DNA was purified with a commercial kit and used to
generate recombinant baculovirus via transfection of Sf9 cells with commercial
transfection reagents. After the viruses were generated and collected, the amount
of infectious viral particles per mL (ivp/mL) for all the baculoviruses was
determined with the Image-based Cell Size Estimation (ICSE) assay (Laasfeld et
al. 2017). The viruses were amplified to get a high ivp/mL virus used to make
BBV particles for FA and TIRF experiments. To produce the BBV particles, Sf9
cells were infected with MOI = 3-5 and incubated for 3-5 days (end viability of
Sf9 cells was below 55%). The supernatant containing BBV particles was
gathered by centrifugation for 15 min at 1600 g. Next, the BBV particles were
concentrated 40-50-fold by high-speed centrifugation (48000 g at 4 °C) for 40
min, followed by washing with the AB and homogenisation with a syringe and a
30G needle. The suspension was divided into aliquots and stored at -90 °C until
the experiments.

3.3. Fluorescence anisotropy assay
A detailed description of the FA assay is given in PAPER I. The FA experiments
were performed on black flat bottom half-area 96 well plates (Corning, Glendale,
USA) with a final volume of 100 μL/well or 110 μL/well in the case of NPY Y1
TIRF assay (PAPER V).
Briefly, in saturation binding experiments, two concentrations of fluorescent
ligands were used with a 2-fold dilution of BBV particles and a non-labelled
competitive ligand with a 1000-times higher concentration was used to determine
non-specific binding. For competition binding experiments, the concentrations of
fluorescent ligand and the volume of BBV particles was also kept constant. All
the specifics can be found in the respective papers.
FA measurements were performed with a multi-mode plate reader Synergy
NEO (BioTek Instruments, Winooski, USA), which is equipped with a polarising
530(25) nm excitation filter and 590(35) nm emission filter allowing simultaneous parallelly and perpendicularly polarised fluorescence detection.
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3.4. cAMP assay
For measuring the biological response of ligand binding to MC4 receptors, a
fourth-generation genetically encoded FRET-based biosensor EpacH187 was used.
Dr Kees Jalink kindly provided this sensor, and the cloning into the BacMam
system is described in PAPER II.
For measuring the cAMP, change was measured in CHO-K1-MC4R cells. To
express the EpacH187 biosensor cells were treated with the BacMam viral stock
(MOI: 9–25) in a growth medium containing 12 mM sodium butyrate (SigmaAldrich) and seeded on a black clear-bottom 96-well cell culture plate (Corning
Life Sciences) at the density of 1 × 105 cells/well in a 100 μL volume. The cells
were incubated for 30 h at 30°C in a humidified CO2 incubator (5%) for
recombinant protein production. The growth medium with BacMam virus and
sodium butyrate was replaced with an AB without CaCl2. The palate was
measured once before the ligands or ions were added to obtain the baseline. The
assays were performed on a Synergy™ NEO microplate reader (BioTek), with
excitation at 420/50 nm and simultaneous dual emission at 485/20 nm and 540/25
nm. The change in FRET values was calculated as follows (Mazina et al. 2012) :

∆FRET =

𝐼
𝐼

−

𝐼
𝐼

𝐼
𝐼

(2)

The IAt=0, IDt=0, and IA, ID refer to the fluorescence emission intensities of the
acceptor and donor fluorophores before and after cell stimulation, respectively.

3.5. TIRF microscopy and assay set up with BBVs
The TRIF microscope is custom made with details described in PAPER IV and
V. Briefly, the imaging was done with Olympus 60× APON NA 1.49TIRF
objective and ET 605/70 m emitter filter (Chroma) by Dr Sergei Kopantšuk.
Also, the same microscope was used by Dr Sergei Kopantšuk for measurements of MCF-7-Y1 cells in PAPER IV. MCF-7-Y1 cells were seeded at a
density of 20000 cells per well into eight-well CG imaging chambers (Zell Kontakt GmbH, Germany). After incubation for 24 h in EMEM (Sigma) supplemented with 1 nM estradiol, FCS (Sigma), and a solution containing penicillin
(100 units/mL), streptomycin (0.1 mg/mL), amphotericin B (0.25 μg/ mL)
(Sigma), and nuclear stains [5 μg/mL Hoechst 34580 (Chemodex Ltd., St. Gallen,
Switzerland) or 1 μM SiR-DNA (Spirochrome AG, Stein am Rhein, Switzerland)] was added, and incubation was continued for 1 h. The culture medium was
replaced with LiveLight MEMO imaging medium (Cell Guidance Systems,
Cambridge, U.K.) (200 μL, supplemented with supplement A according to the
manufacturer’s protocol). After incubation for 2 h at 37 °C in a humidified
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atmosphere containing 5% CO2, compounds fluorescent ligands CM159, CM138,
CM139 with 1 nM final concentrations were added, and cells were imaged for
≤60 min (37 °C, atmosphere with 5% CO2).
All samples for the TIRF assay with NPY Y1 BBV were prepared in the 96
well half-area, flat-bottom polystyrene NBS microtiter plates as previously
described in the FA assay part with a final volume of 110 μL because 50 nM
neutravidin and cholesterol-PEG-biotin were also added (PAPER V). After
measuring FA for 20 μL of the solution from the 96 well plate was transferred to
the corresponding wells of the 48 multiwell-system developed by Robin
Benjamin Ehrminger. Coverslips with the dimensions 22 mm × 22 mm × 170 ±
5 μm (thickness no. 1.5H) were bought from Marienfeld Precision (LaudaKönigshofen, Germany) and treated and attached as described in PAPER V by Tõnis
Laasfeld.

3.6. Live-cell fluorescence microscopy assay
CHO-K1-hM4R cells were seeded into µ-Plate 96 well Black plate (Ibidi) at
densities of 25 000 – 55 000 cells/well in DMEM/F-12 medium and incubated
for 5-7 h. Immediately before the measurement, the cell culture media was
exchanged for the same cell culture media containing ligands. At all times, the
well liquid volume was kept at 200 µL.
For determining UR-CG072 affinity to the M4 receptor, saturation binding
experiments were carried out using two-fold dilutions of UR-CG072 starting
from 8 nM. Non-specific binding was measured in the presence of 3.7 μM
scopolamine. The cells were incubated with ligands in Cytation 5 at 5% CO2 and
37 °C for 2 h before imaging.
For measuring UR-CG072 binding kinetics to the M4 receptor, 2 nM URCG072 was added to the cells, and imaging was immediately initiated. To achieve
sufficient temporal resolution, only two wells were imaged in parallel. After
approximately 3 h of association, 10 µL of 100 µM scopolamine (Cfinal =
5 µM) was added to start dissociation.
The competition binding assay was performed using 2 nM UR-CG072. It was
determined that 2 h was sufficient to reach equilibrium for IC50 value measurement as the IC50 values for scopolamine and carbachol at 2 h and 5 h remained
constant within uncertainty limits.
The cells were imaged with Cytation 5 cell imaging multi-mode plate reader
equipped with 20X LUCPLFLN objective (Olympus) from Bright-field and RFP
channels (LED light source with excitation filter 531(40) nm and emission filter
593(40) nm for RFP channel (BioTek Instruments). Specifications of parameters
are in PAPER VII. The cells were imaged in the montage mode (4 locations/
well) with Z-stack (10 planes, 4 planes below focal plane, 1 in focus and 5 planes
above focal plane).
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3.7. Data analysis
Aparecium 2.0 software was developed in our laboratory by Tõnis Laasfeld and
is available at www.gpcr.ut.ee/software.html. It was used to blank the raw parallel
and perpendicular intensity values and calculate the FA values using the formula:
FA(t) =

()
()

()
∙()

(3)

where I(t)II is the parallel fluorescence intensity, and I(t)⟂ is the perpendicular
fluorescence intensity at time point t.
The TIRF microscopy images were analysed with Apareciums SPOT Normalized Intensity Calculator (SPOTNIC) toolbox. For cell detection from
brightfield images, Aparecium toolbox MembraneTools was used.
Graphpad Prism 5.04 (GraphPad Software, San Diego, USA) was applied to
fit and obtain the logIC50 values with a built-in model “log(agonist) vs response”.
To obtain kon and koff form kinetic data “Association then dissociation” model was
used. Kd calculation from microscopy saturation data was done with the model
“One site – Total and non-specific binding”. To calculate Kd from FA data, a
global model form (Veiksina et al. 2014) was used to take ligand depletion into
account
For LoD and LoQ determination, the highest concentration among all experiments of either Y1 receptor or UR-MC026 concentration variation surpassed the
3 SD and 10 SD difference between respective total, and non-specific measurement points were set as the LoD and LoQ values, respectively.
All the data are presented as the mean ± standard error of the mean of at least
three independent experiments if not stated otherwise. However, all the results
from PAPER VII are weighted averages, and all the uncertainties given are
weighted standard error of the mean of at least 3 independent experiments if not
stated otherwise.
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4. RESULTS AND DISCUSSION
4.1. Fluorescence anisotropy assay development
The general aim of the thesis was to find new possibilities to study ligand binding
properties for different GPCRs. During the last decade, we have worked on the
implementation of FA assays to study fluorescence ligand binding to dopamine
(Allikalt et al. 2018), melanocortin (Veiksina et al. 2014; Link et al. 2017) and
serotonin 1A (Tõntson et al. 2014) receptors. In this thesis, the application range
has been extended with the addition of NPY Y1 (PAPERS IV and V) and two
muscarinic acetylcholine receptor subtypes: M2 (PAPER VI) and M4 (PAPER
VII).
Our workgroup first used BBVs as the receptor source for FA assay in 2014
(Veiksina et al. 2014), and a year later first detailed protocol of this method was
published (Veiksina et al. 2015). Later in 2018, a detailed theory behind FA assay
and what kind of information cloud be obtained was described (Rinken et al.
2018). However, as time passed and new knowledge was gained, an updated
version of the protocol was needed. Therefore, an up-to-date protocol with a stepby-step guide for setting up and conducting FA assay with BBV as the receptor
source was published (PAPER I). Including a guide for data analysis and tips on
how to get the most information from this data. This publication is an excellent
tool for disseminate the knowledge our lab has gained over more than 10 years
of developmental work on FA assay.
Figure 1 gives an overview of how this assay is conducted. The assay set-up
starts with making BBVs, which requires multiple cloning steps. The cloning
starts with cutting the cDNA of the receptor of interest out of the vector with
suitable restriction enzymes and then inserting it into the pFastBac vector under
the polyhedrin promoter. Next, this construct is inserted into a shuttle vector
(bacmid) with site-specific transposition. Using a commercial transfection
reagent the bacmid is inserted into Sf9 cells. Now, the cells start producing the
receptor of interest and new baculoviruses. The baculoviruses are released by
budding out of the cell, thus taking part of the membrane with them. BBVs are
concentrated, washed and stored at -90 °C for the experiments.
FA-based ligand binding assays were carried out on microplates where BBV
and fluorescence ligand are mixed. FA of the fluorescence ligand-receptor
complex is higher than the free ligand FA. As fluorimeter can measure FA values
of all wells of the plate, we get information about ligand binding level, and its
kinetics for all samples studied. Data management was performed with the
software Aparecium, developed in our laboratory for multiple assay types and is
compatible with several fluorescence plate readers. Aparecium has a graphical
user interface that enables easy data transformations and exports it to other
programs like GraphPad Prism or SBToolbox2.
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Figure 1 General set-up of fluorescence anisotropy (FA) based ligand binding assay,
using budded baculoviruses as a receptor source. BBVs were obtained from Sf9
(Spodoptera frugiperda) cells and carry the recombinant receptors expressed by the host
cell. FA-based ligand binding assays were carried out on microplates where BBV and
fluorescence ligand were added. Fluorescence ligand binding to the receptors can be
characterised by the change in FA values, which were calculated from the experimentally
measured fluorescence intensities that are parallel (I‖) and perpendicular (IꞱ) to the
polarization plane of excitation light. FA values are low when fluorescence ligands
molecules are free in the solution and high when fluorescent ligands are bound to the
receptor. Data analysis was conducted with Aparecium.
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4.2. cAMP assay development
The signal transduction is an essential part of normal GPCR functioning. One of
the most well-known pathways is the cAMP pathway, in which cAMP concentration is increased by Gs activation and decreased by Gi activation. There are
many ways to measure this change, and we are using genetically encoded FRETbased biosensors developed by Dr Kees Jalink from the Netherlands Cancer
Institute. However, the first generation of these kinds of sensors was developed
based on exchange protein directly activated by cAMP (Epac) and cAMPdependent protein kinase (PKA) in Dr Martin Lohseʼs workgroup (Nikolaev et
al. 2004). In our workgroup, this Epac2-camps biosensor was also successfully
applied for studies of Melanocortin MC1 receptor activation (Mazina et al. 2012).
In the next generation of biosensors, the fluorescent proteins were switched out,
but the cAMP binding domain stayed the same (Klarenbeek et al. 2011). This
new sensor Epac-SH74 was used in our lab to generate a detailed protocol to
standardise the cAMP assay (Mazina et al. 2015). However, fourth-generation
Epac-SH188 and Epac-SH187 biosensors with somewhat higher affinity were
developed (Klarenbeek et al. 2015). Therefore an updated protocol was also
needed.
In PAPER II a standardised protocol was put together for using fourthgeneration genetically encoded FRET-based biosensors in live cells to obtain
comparable results. It starts with inserting the biosensor DNA into cells. We have
chosen BacMam technology over the more common transfection reagents
because this yielded more consistent expression levels between independent
experiments. However, implementing a new sensor requires several cloning steps
to insert the biosensor DNA into a baculovirus DNA. After that step, the baculoviruses are generated in Sf9 cells and the optimisation of the assay with live
mammalian cells. All the details are given in an easy-to-follow step-by-step guide
in PAPER II. Figure 2 summarises the experiment set-up with CHO-MC4R cells
after the generation of baculoviruses. The most common parameters to optimise
are the amount of virus, the incubation time and temperature. For example, CHOK1 expressing MC4 receptors need over 30 h incubation at 30 °C for optimal
biosensor expression rather than the usual 24 h at 37 °C.
This assay set-up with the new generation sensor was used to determine the
biological response of the human chorionic gonadotropin (hCG) (PAPER II). As
ligand binding assays for receptors with large endogenous ligands are hard to
develop, this biological response assay provides information about the receptorligand complex. Furthermore, this assay was used to determine the biological
response of novel MC4 receptor fluorescent ligands UTBC102 and UTBC101
developed in our laboratory and previously used in the FA assay (PAPERS I and
III). UTBC102 and UTBC101 were partial agonists achieving a 68 ± 5% and 22
± 2% activation level compared to a full agonist NDP-α-MSH. However, adding
the TAMRA label to NDP-α-MSH did not change the biological responseʼs size
or the ligandʼs efficacy. Additionally, in our assay, HS024, which is known to be
an antagonist, showed a minimal agonistic effect.
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Figure 2 General set-up of cAMP biosensor assay system using BacMam expression
system. Cells are seeded to the 96 well plates with BacMam viruses and sodium butyrate
and then incubated at 30 °C for 30 h so that the cells can produce the biosensor. Then the
cell culture medium is replaced by the buffer, and ligands are added. The genetically
encoded consists of mTurquoise donor fluorophore and two cpVenus acceptor fluorophores connected by the Epac domain, which binds cAMP. When the cAMP concentration in cells is low, donor fluorophores can transfer the energy to acceptor
fluorophores because they are close together. If the cAMP concentration rises, the Epac
domain binds cAMP and donor and acceptor fluorophore to move further apart, and
energy transfer does not occur anymore. Using the fluorescent intensity ratio of donor
and acceptor
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4.3. Modulation of melanocortin 4 receptors
by divalent ions
The development of these two standardised assay protocols led to a systematic
study in PAPER III of MC4 receptor modulation by metal ions. Ligand binding
to MC4 receptor is known to be a complex system, with known oligomerisation
of receptors or a need for Ca2+ ions for high-affinity ligand binding. Fluorescence
ligand UTBC101 developed in our laboratory (Link et al. 2017) was used to study
the effect of metal ions on ligand binding. Studying ligand binding in FA assay
revealed that Zn2+ and Cu2+ in the presence of Ca2+ inhibit fluorescence ligand
binding to the receptor. With a more precise kinetic analysis, it was determined
that both Zn2+ and Cu2+ act as negative allosteric modulators of MC4 receptors.
Next, the effects of these ions on signal transduction were measured using the
biosensor assay for monitoring cAMP concentration change in live cells. From
biosensor experiments, it was shown that at low micromolar concentrations, Zn2+
caused MC4 receptor-dependent activation of the cAMP pathway, whereas Cu2+
reduced the activity of MC4 receptors even below the basal level. These findings
indicate that at physiologically relevant concentrations, Zn2+ and Cu2+ can
function as MC4 receptors agonists or inverse agonists, respectively. This
complex mechanism could only be discovered by integrating the results of ligand
binding and biological response assays based on PAPER I and II (figure 3).

Figure 3 Modulation of Melanocortin 4 receptor by metal ions. Monitoring ligand
binding with FA assay showed the dissociation of fluorescent ligand UTBC101 after
adding Cu2+ and Zn2+. However, monitoring biological response by cAMP concentration
change with a FRET-based biosensor showed a different behaviour for Cu2+ and Zn2+
ions. Zn2+ acted as a partial agonist, whereas Cu2+ acted as an inverse agonist.

32

4.4. Characterisation of high-affinity NPY Y1 receptor
ligands
One limitation of FA assays is the small amount of available fluorescent ligands.
However, Dr Max Keller and his workgroup have done much work in this field.
One of the most critical septs in the development of new ligands is the
identification of low molecular weight scaffolds, especially for peptide receptors
like NPY receptors. By altering the structure of one of the few known NPY
receptor ligands, BIBP3226, they could synthesise several novel high-affinity
ligands (Keller et al. 2015b; Keller et al. 2011; Keller et al. 2008) and label one
of them with different fluorescent dyes (TAMRA, PY5, CY5) (PAPER IV).
Different dyes are suitable for different types of biochemical assays. All three
ligands showed nanomolar affinities in radioligand binding assay and flow
cytometry. In FA assay, mostly red-shifted dyes like TAMRA or Cy3B have been
used because of their brightness and suitable fluorescence lifetime. Thus, the
TAMRA labelled CM159 was chosen for the characterisation in the FA assay.
The obtained Kd value of 9.5 pM was in good agreement with affinity determined
with flow cytometry (Kd_kin = 4 pM).
Furthermore, CM159 was also used to determine the affinity values for nonlabelled NPY Y1 receptor ligands. Most of the results were in good agreement
with the literature, but the Ki could not be accurately determined for endogenous
ligand pNPY because the apparent affinity was too low. Also, in flow cytometry
assay with CM159 pNPY showed considerably lower affinity than previously
reported in the literature. This indicates that these discrepancies cannot be
attributed to the used methods but instead to peculiarities of ligand−receptor
interactions.
Next, the new fluorescent ligands were used in fluorescence microscopy with
live MCF-7 cells expressing the Y1 receptor. As microscopy does not have the
same limitations on fluorophores, ligands with other labels were also tested.
However, red-shifted fluorophores are still preferred for tissues because of the
lower autofluorescence. Figure 4 demonstrates that all ligands bound the Y1
receptors in a specific manner, but Py5 labelled ligand has more non-specific
binding inside cells than other ligands. In addition to usual widefield microscopy,
these ligands were also imaged with total internal fluorescence (TIRF) microscopy, which only excites fluorophores that are very close to the coverslip
surface, thus reducing background signal and increasing sensitivity. From TIRF
studies, the ligand labelled with TAMRA (CM159) is preferred over gadoliniumcyanine (CM139) or Py5 (CM138) due to higher stability and low non-specific
binding. However, based on preliminary experiments with brain slices, TAMRA
labelled CM159 could not be used in tissues because of the high autofluorescence. In contrast, more red-shifted gadolinium-cyanine labelled CM139
showed promising results.
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Figure 4 Visualisation of fluorescent ligand binding to MCF-7 breast cancer cells
expressing Y1 receptors using widefield fluorescence and TIRF microscopy. Shown
are representative images acquired after incubation of the cells with 1 nM CM159 (A, B),
CM139 (E, F), or CM138 (I, J) at 37 °C for (E-H) 30 min or (A-D and I-J) 60 min. Nonspecific binding was determined in the presence of 10 μM BIBO3304. The imaging was
done as described in PAPER IV. The scale bar is 10 μm.

4.5. Implementation of TIRF-based assay for characterization of
ligand binding to receptors in BBV
TIRF microscopy also enables ultrasensitive detection of ligand binding to
receptors, but in this case, a special assay set-up is required. Therefore in PAPER
V TIRF microscopy-based assay was developed to measure ligand binding to
NPY Y1 receptors. Because TIRF microscopy only excites the fluorophores close
to the coverslip, there is a need to immobilise BBVs to the coverslip. For this
application, coverslips were specifically treated to minimise the nonspecific
binding. Moreover, specific anchoring molecules were added to specifically
immobilise BBV to these coverslips, as depicted in figure 5. Also, a multiwell
system was developed to enable HTS. Finally, the amount of bound fluorescent
ligand can be assessed by counting spots on TIRF microscopy images, which can
be done with the SPOTNIC software. This software was developed and integrated
into Aparecium by Tõnis Laasfeld.
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This proof of principle study utilised compound 40 (UR-MC026) from
PAPER V, which is a structural isomer of CM159. The Kd obtained from TIRF
microscopy assay system were 100 ± 30 pM and 41 ± 12 pM, depending on
whether the fluorescent ligand or receptor concentration was varied. Moreover,
the FA assay was used to validate the results obtained from the TIRF microscopy
assay, and both Kd values are in good agreement with each other (Kd_FA = 120 ±
30 pM). Furthermore, the results from competition binding assays for three
unlabeled ligands were also in good agreement for the two assays.

Figure 5 Measurement system set-up for BBVs immobilisation detection and
pharmacological characterisation of ligand-receptor interactions with TIRF microscopy. For measurements, the functionalised coverslips were attached to the developed
multiwell-system. BBVs as a receptor source are bound to the biotin groups on the
coverslip surface with neutravidin and cholesterol-PEG-biotin as an anchor. The ligand
binding to receptors was detected with TIRF microscopy as spots in the field of view,
quantified with Aparecium toolbox SPOTNIC as a ratio of total spot intensity to the
background, and used for pharmacological analysis.

To demonstrate the sensitivity of this assay system, the LoD and LoQ were
calculated. Depending on the experiment set-up, if the fluorescent ligand of the
receptor concentrations were varied, the LoD was 20 pM or 13 pM, and LoQ was
20 pM or 41 pM. These values for detecting receptor-ligand complex formation
were conservative. They can be significantly improved by increasing the number
of images from a well and combining measurements from multiple non-specific
wells to reduce uncertainty or improve the image analysis algorithm. With these
improvements, the measurement system itself may offer sub-picomolar LoD and
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LoQ values. Moreover, the LoD and LoQ values are highly dependent on the
measured interactionʼs Kd value, and a higher binding affinity enables lower LoD
and LoQ values accordingly. Finally, it must be noted that these LoD and LoQ
values do not allow estimating what the LoD and LoQ would be for determining
Kd values for other receptor-ligand interactions.
Overall, the TIRF microscopy method is considerably more cumbersome than
those discussed above but is of great value for developing test systems for cases
where FA is not readily usable. For example, the binding of large protein ligands
or ligands with fluorophores that are not applicable to other methods.

4.6. Fluorescent ligand binding detection with FA and
Nano-BRET
In addition to NPY fluorescent ligands, Dr Max Kellerʼs workgroup has synthesised fluorescent ligands for Muscarinic acetylcholine receptors. In PAPER VI,
FA assay and nano-BRET assays were used to characterise two fluorescently
labelled ligands, UR-CG072 and UR-MK342, binding to M2 muscarinic
acetylcholine receptors. The big difference between assays is the receptor source.
Nano-BRET is conducted with live mammalian cells with modified receptors. In
contrast, FA uses BBV with wild-type receptors in insect cell membranes. It is
known that the membrane composition of Sf9 cells is different from mammalian
cells. Also, the BBV obtained from Sf9 cells lack the components for signal transduction components like G-proteins. However, the nano-BRET assay requires
genetic modification of the receptor where the NanoLuc® is generally fused to
the N-terminus of the receptor, which may alter the receptorʼs behaviour. Also,
to gather a signal from nano-BRET, the addition of substrate is needed for the
assay to function. This limits the measurement length, which can hinder measuring ligands with a slow association or dissociation kinetics.
Both FA and nano-BRET methods were used with two fluorescent ligands to
determine ligand binding parameters in PAPER VI. Both assays show that URCG072 has faster dissociation than UR-MK342. Furthermore, figure 6 shows that
UR-MK342 also has a more complicated two-phase dissociation, which complicates the calculation of koff. As this effect is present in both live cells and BBVs,
it is connected to the receptor instead of the environment around it. As FA does
not have a limit on measurement length like BRET, it was confirmed that URMK342 will fully dissociate within 20 h. Overall, the affinities of UR-MK342
obtained from equilibrium binding experiments with both assays are very similar
(pKd_FA = 9.30 ± 0.11 pKd_BRET = 9.32 ± 0.16). This confirms that measuring at
equilibrium gives still accurate results even if the ligand binding kinetics are more
complicated.
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Figure 6 Association and dissociation kinetics of UR-GC072 (blue) and UR-MK342
(green) at the M2 receptor determined in BRET-based (A) and FA-based (B)
binding assays. (A) BRET experiments were performed at HEK293T cells, stably
expressing the NLuc-M2R. Association was started by adding UR-GC072 and URMK342 at a final concentration of 2 nM. Dissociation was initiated after 60 min (1) or 90
min (2) by the addition of an excess of atropine (cfinal = 2 μM). (B) FA experiments were
performed at BBVs displaying the M2 receptors on the viral envelope. Association was
started by the addition of 40 μL baculovirus stock to wells containing UR-GC072 (cfinal =
2.5 nM) or UR-MK342 (cfinal = 8 nM). Dissociation was initiated after 95 min (URCG072) or 180 min (UR-MK342) by the addition of an excess of atropine (for URCG072) or scopolamine (for UR-MK342) (c = 8 μM). The results of individual representative experiments performed in triplicate (BRET) or duplicate (FA) are shown.

UR-CG072 did not have any complicated kinetic patterns, and the determined
affinities were also in good agreement (pKd_FA = 9.36 ± 0.02 pKd_BRET= 8.97 ±
0.03). Thus UR-CG072 was a better probe for measuring affinities of unlabelled
ligands. The selected unlabelled ligands cover a broad range in affinity values as
well as agonists (carbachol, oxotremorine and iperoxo), antagonists (atropine,
NMS) and even an allosteric modulator (W84). Generally, affinities of these
ligands correlated very well between the FA and nano-BRET assays (R2 = 0.94)
as well as between the FA assay and radioligand binding data (R2 = 0.94). These
results further confirm the relevance of FA assay with BBV as a good method to
study ligand binding.

4.7. FA and optical microscopy of live-cells to detect
fluorescent ligand binding
Next, in PAPER VII, the same ligands were studied with a different muscarinic
acetylcholine receptor subtype – the M4 receptor. The affinities obtained from the
radioligand binding assay were in the low nanomolar range (Ki(UR-CG072) =
3.7 ± 0.6 nM; Ki(UR-MK342) = 0.97 ± 0.07 nM (Gruber et al. 2020)), which
makes them good candidates for probes used FA assay. As expected, the affinities
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determined with FA assay for both ligands were in a similar range (Kd(URCG072) = 3.6 ± 1.1 nM; Kd(UR-MK342) = 1.2 ± 0.5 nM; table 1). Similarly to
the results with M2 receptors, the dissociation speed of UR-MK342 from M4
receptors was also slower than UR-CG072. Therefore, UR-CG072 was a better
candidate for the live cell assay. Furthermore, regardless of which receptor
subtype, M2 or M4, is measured, the FA value of the receptor-ligand complex
remains the same. This similarity is evident for both fluorescent ligands. In
contrast, the receptor-ligand complex FA value depends on the used fluorescent
ligand. Also, the FA value is consistently lower for UR-CG072 with both receptor
subtypes. These results may indicate that the binding poses and the rotational
freedom of the fluorophore moiety are similar between the two subtypes but
different for fluorescent ligands. Even if the structure of the ligands is similar, the
only variation is in the linker structure that connects the dibenzodiazepinone
derivate with the TAMRA fluorophore.
However, both ligands were used in the FA assay to determine the affinities
of unlabelled ligands – agonists (acetylcholine, arecoline, pilocarpine,
carbachol), antagonists (pirenzepine, atropine, scopolamine, UNSW-MK259,
UR-SK59, UR-SK75). Overall, the correlation between affinity values determined with different fluorescent ligands was very high (R2 = 0.96, Figure 8A).
Table 1. Overview of binding parameters of UR-CG072 and UR-MK342 to M4 receptor
Method

UR-CG072

FA equilibrium
FA kinetic SB
toolbox
Microscopy
Saturation

kon (nM-1 min-1) ±
S.E.M

koff (min-1) ±
S.E.M

8.5 ± 0.8

0.0017 ± 0.0002

0.015 ± 0.002

0.017 ± 0.007

0.046 ± 0.004

0.0028 ± 0.0010

0.0037 ± 0.0012

2.85 ± 0.10

Microscopy
Kinetic

2.6 ± 0.7

Radioligand
displacement (Ki)

3.7 ± 0.6
(Gruber et al.
2020)
1.2 ± 0.5

FA equilibrium
UR-MK342

Kd (nM) ±
S.E.M
3.6 ± 1.1

FA kinetic SB
toolbox
Radioligand
displacement (Ki)

1.3 ± 0.4
0.97 ± 0.07
(Gruber et al.
2020)
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Nano-BRET is closer to the natural system than BBV, but it still needs modified
receptors. Thus, in PAPER VII, an assay that uses live cells with wild type
muscarinic acetylcholine M4 receptors and the fluorescent ligand UR-GC072
with automated microscopy was developed. A similar assay has been published
previously for the dopamine D3 receptors (Allikalt et al. 2021). However, several
improvements were made, such as the addition of kinetic measurements of the
fluorescent ligand and the usage of convolutional neural networks for image
analysis. Also, all the measurements were conducted in the usual cell culture
medium with all the additives so that the cells would have as normal an
environment as possible. For the new assay, random forest and deep learningbased pipelines for cell segmentation for quantitative image analysis were
developed by Tõnis Laasfeld in cooperation with the Department of Computer
Science, University of Tartu. The pipelines were integrated into the user-friendly
open-source Aparecium software, used throughout the thesis for different data
analysis and transformation types. Both image analysis methods were suitable for
measuring fluorescence ligand saturation binding and kinetics and screening
binding affinities of unlabeled ligands, but the deep learning approach needs
fewer images.
The developed live-cell automated microscopy assay can be performed in the
saturation binding mode, association, and dissociation kinetic modes and
displacement experiments to measure the affinity of unlabelled ligands. The
kinetic measurements displayed in Figure 7A show that the fluorescence signal
stays relatively stable after the association phase. Moreover, scopolamine induces
total displacement of UR-CG072 from the M4 receptor as the signal reaches the
starting value. However, the signal does not reach zero after dissociation, which
is caused by autofluorescence, not by incomplete dissociation. UR-CG072 also
has sufficiently fast kinetics for performing association and dissociation kinetics.
The morphology of CHO-K1-hM4R cells remains normal, and the cells remain
attached to the plate for the entire experiment. Furthermore, Table 1 shows that
results obtained with different assays and experimental set-ups are in good
agreement.
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Figure 7 Association and dissociation of UR-CG072 binding to M4 receptors
measured with live-cell microscopy (A) or FA with BBV (B). The arrow indicates the
addition of a competitive ligand to start dissociation with 5 µM (A) or 3 μM (B)
scopolamine. (A) For live-cell microscopy, the reaction was started by adding 2 nM URCG027 to live CHO-K1-hM4R cells. Duplicate values are shown on the graph as separate
points to account for the measurement time difference between the replicates. Imaging
and image analysis was done as described in PAPER VII. (B) FA assay the reaction was
initiated by the addition of 20 μL M4 receptor displaying BBV particles to 5 nM URCG072 in the absence (◼, □) or presence (○) of 3 μM (B) scopolamine. ΔFA is calculated
by subtracting the FA value of non-specific binding from the measured FA value of the
corresponding measurement. Representative experiments of at least three independent
experiments are shown. The GraphPad Prism model “Association then dissociation” was
used for analysis.

Figure 8B shows that pKi values of M4 receptor ligands determined with the URCG072 using either FA or live-cell microscopy assay were also in good agreement (R2 = 0.91). The live-cell method systematically estimates higher affinities
for low-affinity ligands. However, the estimated values are more similar between
the assays for high-affinity ligands (Figure 8B). It should be noted that most lowaffinity ligands are agonists, while high-affinity ligands are antagonists. Therefore, it is difficult to determine whether there is a systematic difference between
assays for low-affinity ligands or simply agonists. Agonism causing the systematic difference is theoretically well-founded, as the high-affinity receptor state
is usually stabilised by G-proteins, which are not present in the BBV particles.
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Figure 8 Correlations of binding affinities (pKi values) of ligands to M4 receptor,
measured with different probes (A) and assays (B). (A) FA assays with UR-CG072
and UR-MK342 were measured after 9 h of incubation. Investigated agonists are
presented as orange symbols (■), antagonists as blue symbols (■). Black lines represent
linear regression between the datasets, and the dashed black line represents 95%,
confidence bands. Data shown for FA and microscopy is the mean of at least three
independent experiments, and the error bars represent SEM.

Overall, a similarly good correlation was also found between nanoBRET assay
and FA assay using the same probe with M2 receptor (R2 = 0.94) with the same
systematic differences between the pKi values measured in BBV particles and
live cells. This further supports that the systematic difference between the determined agonist pKi values is caused by differences between BBV particle and livecell systems.
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5. CONCLUSIONS
GPCRs are involved in various vital processes in living organisms, making them
an attractive drug target. However, developing better drugs requires better assay
systems, enabling to obtain more and higher quality information. This thesis
describes the development and application of multiple novel ligand binding
assays for GPCRs.
First, to study different receptors from different perspectives, we developed
protocols to perform ligand binding experiments to receptors in budded baculoviruses by measuring changes in fluorescence anisotropy. For measurement of
activation of receptors, we provided a protocol for determination of intracellular
cAMP level using a FRET-based Epac biosensor. Here, we proposed using
BacMam gene transfection technology for biosensor expression, which provides
higher and more uniform sensor levels in the cells.
Using these methods together, the modulation of the MC4 receptor by metal
ions was demonstrated. FA assay revealed that Cu2+ and Zn2+ ions inhibit ligand
binding to the receptor. In contrast, the response to signal transduction was not as
simple. While Zn2+ caused MC4 receptor-dependent activation of the cAMP
pathway, Cu2+ reduced the activity of MC4 receptors even below the basal level.
Using these two methods together gives a better understanding of the complex
modulation of MC4 receptors.
Using novel NPY Y1 receptor fluorescent ligands, we showed that they are
suitable for characterizing ligand binding to receptors in both BBV and cells.
Additionally, we developed TIRF microscopy-based assay system, which allows
monitoring ligand binding to individual nanoparticles. This novel assay system
gave similar results to the FA assay.
Two novel muscarinic fluorescent ligands were used to determine ligand
binding to different receptor subtypes M2 and M4 receptors. We compared the FA
assay systems to live-cell assay systems. In the case of M2 receptors, the
NanoBRET system is based on the overall fluorescence intensity and can be
applied to various cells where expression is high enough. However, NanoBRET
uses genetically modified receptors. Therefore, an automated microscopy assay
used a machine learning approach for image analysis to measure ligand binding
with wild-type M4 receptors.
In conclusion, the work performed in this thesis is another step in the search
for new possibilities for studying G protein-coupled receptors, where the main
focus was on the development and validation of the method. These developed
assays can now be used in biomedical research to identify the biochemical causes
of various diseases and find new selective drugs for a specific target.
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SUMMARY IN ESTONIAN
Uued fluorestsentsil põhinevad meetodid G-valguga seotud
retseptorite transmembraanse signaaliülekande uurimiseks
Rakud võtavad väliskeskkonnas olevat informatsiooni vastu ja annavad edasi
membraanis olevate retseptorite kaudu. Lähtudes nende struktuurist ja funktsioneerimise mehhanismidest on retseptorid jagatud kuude erinevasse klassi, millest
suurim on G-valk seotud retseptorite klass. Inimese genoomist on tuvastatud ligi
800 erinevat G-valk seotud retseptorit, mis reageerivad väga erinevatele signaalidele, alustades valgusest kuni suurte valkudeni. Samuti on need retseptorid
seotud väga erinevate eluks vajalike protsessidega, mistõttu vead retseptorite
talitluses on seotud väga erinevate haigustega. Aastal 2017 hinnati, et ligikaudu
35% kõigis Euroopas Liidus ja Ameerika Ühendriikides müügil olevatest
retseptiravimitest on sihitud G-valk seotud retseptoritele.
Retseptorite funktsioneerimise mõistmiseks ja uute ravimikandidaatide leidmiseks on oluline teada, kuidas molekulid seostuvad retseptoritega. Algselt
teostati katseid loomade, organite või kudedega, kus mõõdeti otsest füsioloogilist
vastust lisatud ainele. Radioligandide avastamine muutis võimalikus ligandi ja
retseptori interaktsioonide otsese biokeemilise uurimise. Järgmine edasiminek
retseptorite uurimises on olnud erinevate fluorestsentsil põhinevate meetodite
kasutuselevõtt, mis on loonud palju uusi võimalusi. Käesoleva doktoritöö eesmärk oligi uudsete fluorestsentsil põhinevate katsesüsteemide arendamine ning
rakendamine ligandide seostumise uurimiseks erinevatele G-valk seotud retseptoritele.
Kõigepealt koostati ajakohane protokoll ligandi sidumise uurimiseks fluorestsentsanisotroopia meetodiga. Seejuures kasutati retseptorpreparaadina rakkudest pungunud bakuloviiruse. Need on nanoosakesed, mida saadakse putukarakkudest, mida on eelnevalt nakatatud retseptori valku kodeerivate bakuloviirustega. Nakatustsükli käigus transporditakse ekspresseeritud retseptor raku
membraanidesse ja järgmise põlvkonna viirus, võtab need rakust pungudes kaasa.
Just need pungunud viirused on ka retseptoreid sisaldavad lipiidsed nanoosakesed. Kuna nendes nanoosakestes puuduvad rakusiseseks signaaliülekandeks
vajalikud valgud, nagu G-valgud, siis retseptori aktivatsiooni uurimiseks koostati
selleks sobiva katsesüsteemi detailne protokoll. See annab detailse juhise, kuidas
mõõta elusas rakus sekundaarse virgatsaine cAMP kontsentratsiooni. Selleks kasutatakse geneetiliselt kodeeritud Försteri resonantsenergia ülekandel põhinevat
biosensorit, mis sünteesitakse uuritavas rakus, aga mille geneetilise informatsiooni
rakkudesse viimiseks kasutatakse viirustel põhinevat BacMam süsteem.
Kombineerides neid kahte meetodit, õnnestus meil näidata Cu2+ ja Zn2+
ioonide kompleksne mõju melanokortiin 4 retseptori funktsioneerimisele. Mõlemad ioonid takistasid ligandide seostumist retseptorile juba madalal mikromolaarsel kontsentratsioonil. Kuid nad ei toiminud tavaliste inhibiitoritena. Zn2+
ioon toimis hoopis aktivaatorina, põhjustades rakusisese cAMP kontsentratsiooni
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kasvu, kuid Cu2+ oli selgelt inhibiitor, viies cAMP kontsentratsiooni isegi
baastasemest madalamale.
Meie koostööpartnerid Regensburgi Ülikoolist (Saksamaa) on sünteesinud
mitmeid uudseid fluorestsentsligande, mida me kasutasime neuropeptiid Y ja
muskariinsete retseptorite uurimiseks. Uudsed madalmolekulaarsed neuropeptiid
Y Y1 retseptori fluorestsentsligandid omasid pikomolaarset afiinsust ning sobisid
hästi bakuloviirustes olevate retseptorite iseloomustamiseks, kuid olid ka efektiivsed elusate rakkude retseptorite märgistamisel. Neid kasutati ka uudse,
täielikul sisepeegelduse fluorestsentsmikroskoopial põhineva katsesüsteemi
arendamisel, mis võimaldab jälgida ligandide sidumist üksikutele nanoosakestele, mis on immobiliseeritud klaasi pinnale.
Uudseid muskariinsete retseptorite fluorestsentsligande rakendati erinevate
muskariinse retseptori alatüüpide iseloomustamiseks. Selle käigus võrreldi
fluorestsentsanisotroopia katsesüsteeme elusate rakkudega rakendatavate katsesüsteemidega. M2 alatüübi puhul kasutati elusates rakkudes NanoBRET süsteemi,
mille toimimiseks on vaja fluorestsentsligandi sidumist geneetiliselt muundatud
retseptoritele. M4 alatüübi uurimise käigus, aga arendati välja uus automatiseeritud mikroskoopia katsesüsteem, mis võimaldab määrata ligandi seostumist
modifitseerimata retseptoritele elusates rakkudes. Siinjuures rakendati mikroskoopiapiltide analüüsiks erinevaid masinõppe lähenemisi, mis võimaldab
kvantifitseerida ligandi seostumist, selle kineetikat ja automatiseerida katsete
läbiviimist. Uute katsesüsteemiga saadud tulemused olid heas kooskõlas fluorestsentsanisotroopia tulemustega.
Antud dissertatsioonis saadud tulemused on oluline samm G-valk seotud
retseporite uuringutestes, kuna arendatud meetodeid on võimalik rakendada nii
retseptorite biokeemiliste mehhanismide uurimisel, kui ka biomeditsiinilistes
uuringutes, et leida erinevate haiguste biokeemilisi põhjuseid ning uusi selektiivseid ja konkreetsele märklauale sihitud ravimeid.
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