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Abstract

Cyclic adenosine monophosphate (cAMP), the ubiquitous second messenger produced upon
stimulation of GPCRs which couple to the stimulatory Gs protein, orchestrates an array of physiological
processes including cardiac function, neuronal plasticity, immune responses, cellular proliferation and
apoptosis. By interacting with various effector proteins, among others protein kinase A (PKA) and
exchange proteins directly activated by cAMP (Epac), it triggers signaling cascades for the cellular
response. Although the functional outcomes of GsPCR-activation are very diverse depending on the
extracellular stimulus, they are all mediated exclusively by this single second messenger. Thus, the
guestion arises how specificity in such responses may be attained. A hypothesis to explain signaling
specificity is that cellular signaling architecture, and thus precise operation of cAMP in space and time
would appear to be essential to achieve signaling specificity. Compartments with elevated cAMP levels
would allow specific signal relay from receptors to effectors within a micro- or nanometer range, setting
the molecular basis for signaling specificity. Although the paradigm of signaling compartmentation gains
continuous recognition and is thoroughly being investigated, the molecular composition of such
compartments and how they are maintained remains to be elucidated. In addition, such compartments
would require very restricted diffusion of cAMP, but all direct measurements have indicated that it can
diffuse in cells almost freely.

In this work, we present the identification and characterize of a cAMP signaling compartment at
a GsPCR. We created a Forster resonance energy transfer (FRET)-based receptor-sensor conjugate,
allowing us to study cAMP dynamics in direct vicinity of the human glucagone-like peptide 1 receptor
(hGLP1R). Additional targeting of analogous sensors to the plasma membrane and the cytosol enables
assessment of cCAMP dynamics in different subcellular regions. We compare both basal and stimulated
cAMP levels and study cAMP crosstalk of different receptors. With the design of novel receptor
nanorulers up to 60nm in length, which allow mapping cAMP levels in nanometer distance from the
hGLP1R, we identify a cAMP nanodomain surrounding it. Further, we show that phosphodiesterases
(PDEs), the only enzymes known to degrade cAMP, are decisive in constraining cAMP diffusion into the
cytosol thereby maintaining a cAMP gradient. Following the discovery of this nanodomain, we sought to
investigate whether downstream effectors such as PKA are present and active within the domain,
additionally studying the role of A-kinase anchoring proteins (AKAPs) in targeting PKA to the receptor
compartment. We demonstrate that GLP1-produced cAMP signals translate into local nanodomain-
restricted PKA phosphorylation and determine that AKAP-tethering is essential for nanodomain PKA.

Taken together, our results provide evidence for the existence of a dynamic, receptor associated
cAMP nanodomain and give prospect for which key proteins are likely to be involved in its formation.
These conditions would allow cAMP to exert its function in a spatially and temporally restricted manner,
setting the basis for a cell to achieve signaling specificity. Understanding the molecular mechanism of
cAMP signaling would allow modulation and thus regulation of GPCR signaling, taking advantage of it for
pharmacological treatment.
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1 Introduction

1.1 G protein coupled receptors

The ability of individuals to communicate, respond and adapt to the ever-changing environment is
the basis for being and staying alive. In order to maintain this ability, the whole organism down to the
smallest compartments of its cells needs to perceive external information and translate it into a suitable
response. Biological processes are initiated and eventually result in the necessary adaptation to these
external environmental influences.

The phospholipid bilayer of cellular membranes constitutes the interface between intra- and
extracellular space, forming a barrier for direct interaction. Receptors of various kinds, present within
the membrane, are the key to transfer an extracellular signal inside and with this enable the
communication between neighboring cells. Approaching signals are processed intracellularly and lead to
a specific biological response, which helps the cell maintain its function within its tissue.

Among the various receptor types such as ligand-gated ion channels, enzyme-linked receptors the G
protein-coupled receptors (GPCRs) constitute one of the largest families of integral membrane proteins.
With over 800 genes responsible for the expression of GPCRs, they are present in almost every human
tissue including the cardiovascular system, central nervous system, respiratory system, immune system
and digestive system. They take part in the regulation of diverse physiological functions as cell
proliferation, differentiation and migration. Malfunction and malregulation of this receptor class is
accountable for a plethora of human diseases such as diabetes, coronary heart syndrome, Alzheimer’
disease and neurological disorders of various sorts. Therefore, modern medicine is investing a lot of
effort in the investigation of GPCRs as drug targets to restore a physiological function. Already almost
30% of marketed drugs act at GPCRs with the tendency rising [1].

Over 800 members of these transmembrane receptors are expressed throughout the human body.
About 400 of these are olfactory GPCRs, which can be mainly found in the sensory neurons of the
olfactory system, where they facilitate the perception of odors and pheromones. The latter non-
olfactory GPCRs have a diverse set of ligands to activate them ranging from ions, over small molecular
chemical entities like hormones and peptides to proteins [2]. However, there is still a subset of 140
GPCRs with yet unidentified endogenous ligands, hence these orphan receptors could not yet be linked
to a physiological function or pathophysiological process.

1.2 Architecture of GPCRs

All known GPCRs share the common architecture of seven membrane-spanning domains (TM1-7)
connected with each other through three extracellular loops (ECL 1-3) and three intracellular loops (ICL
1-3). A disulphide bridge between ECL2 and TM3, and a cytoplasmatic a-helix (Hx8) parallel to the
plasma membrane are further common properties. The extracellular N-terminal region (N-terminus) can
vary in length among different GPCRs and constitutes a characteristic feature within specific GPCR
families (see section about GPCR classification). GPCRs end after Hx8 at their intracellular C-terminal tail
(C-terminus), which plays a role in receptor trafficking and is further involved in the interplay with
signaling partners. The structure of the intracellular part is highly conserved among different GPCRs,
whereas there is only a low degree of sequence conservation at the extracellular domains.
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Figure 1.1 Two-dimensional scheme of a GPCR

GPCRs are embedded in the lipid bilayer of cellular membranes and constitute of an
extracellular amino-terminus, seven transmembrane spanning helices (TM1-7), an
intracellular helix 8 and a carboxy terminus. TM1-7 are connected via three extracellular
(ECL1-3) and three intracellular (ICL1-3) loops.

The binding-site crevice is formed through the unique folding of the seven TM domains. This water-
filled crevice, which is responsible for recognition and selective binding of the receptor’s ligands,
extends from the extracellular surface of the receptor into the membrane core. This orthosteric pocket
is a dynamic cleft, which allows the engagement of diverse chemical molecules. Interactions such as salt-
bridges, hydrogen bonds, dipole-dipole interactions between the ligand and the receptor lead to the
conformational change necessary for the activation of the receptor. The interaction might additionally
involve the extracellular N-terminus or extracellular membrane connecting loops [3].

1.3 GPCR activation

The essential task of GPCRs lies in receiving an extracellular stimulus, conferring it to the
intracellular site and with this initiating a signaling cascade, which results in a distinct physiological
outcome. The first step in GPCR-mediated signal transduction is the binding of a ligand, present in the
extracellular fluid, to its binding site within the GPCR, thereby initiating the activation process.
Recent structural studies of GPCRs deliver information about the different conformations a receptor can
adopt. To this date, solved crystal structures largely fall into two classes: active or active-like states and
inactive states. The active state shows a conformation in which the receptor is capable to interact with
the G protein or other effectors, while the inactive state represents a conformation with an occluded G
protein-binding surface [4].

Ligand binding to the extracellular-facing binding pocket facilitates the interaction with key
amino acids of the receptor domains. The interactions of the ligand with the receptor trigger a global
reorganization of the receptor structure, which is required for G protein binding. Ligand binding by itself,
however, is insufficient to fully stabilize the active conformation of the entire receptor. Certain GPCRs
exhibit unique mechanisms of interaction with their cognate ligands. The “light-receptor” rhodopsin for
instance is special, since the inactive ligand is covalently bound to TM7 inside of the binding pocket.
Retinal, one of the vitamin A compounds derived from carotenoids, is the photoactive moiety of
rhodopsin, which captures light and converts the photons into chemical signals. Vision starts with the
absorption of photons, which trigger the isomerization of the inactive 11-cis retinal to the all-trans state.
Rhodopsin undergoes conformational changes resulting in the active-state metarhodopsin Il [5].
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Comparison of intracellular changes between active and inactive receptors reveals a high degree
of structural conservation among all GPCRs, which suggests a common activation mechanism. Crystal
structures of GPCRs provide valuable insights into movements of individual transmembrane helices. To
this day, 62 unique receptors have been resolved in about 250 crystal structures [6] (annex Table 7.1).
One limitation of crystal structures is that they reflect only a snapshot of a state the receptor is in and
do not provide information about possible intermediate states the receptor undergoes in the course of
activation. However, it is possible to compare the structures of the same receptor bound to different
ligands or stabilized under different experimental conditions and subsequently conclude which
structural rearrangements occur during the activation process [7]. The active state (agonist bound) and
inactive state (antagonist bound) crystal structures of four different receptors (beta 1 adrenergic
receptor B,-AR, muscarinic acetylcholine receptor 2 mAChR2, p-opioid receptor MOR, adenosine Aza
receptor) provide insight into the general activation mechanism of GPCRs [7-9]. Without exception,
activation of GPCRs involves a rotation and outward movement of TM6 (typically between 8 and 17 A),
TM5 and 7 additionally rotate away from the receptor, all together breaking the so called ionic lock [10].
A highly conserved DRY/ERY motif is found at the intracellular end of TM3. Through intra- and
interhelical interactions with TM®, it serves to constrain the receptor in an inactive state- the feature
termed as ionic lock [4, 11]. The rearrangement of the helices affects the position of the connecting
loops, all together leading to the opening of a cavity on the intracellular site to accommodate the G
protein.

active B,AR inactive B,AR ‘ active M2R O inactive M2R @ active OR O inactive yOR
® (3SN6) O (2RH1) (4mQs) (3UON) (5C1M) (4DKL)

Figure 1.2 Conformational changes in GPCRs upon activation

Crystal structures of three class A GPCRs depicted in the inactive and active conformation
reveal a similar pronounced outward movement of TM6 (highlighted) involved in the
activation process. B2AR- B2-adrenergic receptor, M2R- muscarinic acetylcholine receptor,
HMOR- p-opioid receptor (image taken from [12] with permission from the American Chemical
Society (ACS); further permission related to the material excerpted should be directed to the
ACS https://pubs.acs.org/doi/full/10.1021/acs.chemrev.6b00177#showFigures)
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Opposed to former views which described GPCRs as simple bimodal switches, transitioning from
the inactive directly to the active state, there is a growing body of evidence showing that the receptors
exist in different conformations with energetics that can be influenced by ligands, cytosolic proteins, pH,
ions and possibly transmembrane voltage gradients [13]. Application of biophysical methods to study
protein structure and dynamics such as crystallography, NMR spectroscopy, fluorescence- and EPR
spectroscopy have helped to exemplify that receptors can adopt multiple, functionally distinct
conformations [12, 14].

The kinetics behind receptor activation are another important aspect of GPCR signaling being
thoroughly studied by the scientific community. Rhodopsin is the prime example to understand the
mechanism and kinetics of receptor activation. It has been studied extensively due to its easy
accessibility and synchronous activation by a pulse of light. Various biophysical techniques made it easy
to optically analyze rhodopsin activation. A time constant of 1.9 milliseconds (ms) has been measured
for the movement of TM6 throughout the activation process of rhodopsin [15]. However,
conformational rearrangements in other class A GPCRs occur in the range of 30-50 ms [16], and even
longer time frames were reported for some class B receptors [17, 18]. This discrepancy compared to
rhodopsin can either be attributed to rhodopsin’s exemplary function as a sensor for fast light stimuli, or
be due to technical limitations in the speed of ligand delivery when studying non-rhodopsin GPCRs.
While rhodopsin activation is triggered by a short light pulse, cells expressing other GPCRs need to be
superfused with ligand-containing media, where the diffusion speed limits its availability directly at the
binding pocket. New approaches such as ligand caging, photoswitching or tethering of ligands to GPCRs
are emerging in order to overcome such technical obstacles and be able to study pure activation
kinetics.

1.4  GPCR classification

There are two common systems used to classify GPCRs into different groups. The more commonly
used system is based on the amino-acid sequence and functional similarities and divides all GPCRs from
vertebrates and invertebrates into 7 groups A-F [19, 20] (See Table 1.1).

Class Attribution
A Rhodopsin-like family
B Secretin receptor family
C Metabotropic glutamate family, GABA receptors,

calcium-sensing receptors, taste receptors
Fungal mating pheromone receptors

E Cyclic AMP receptors

F Frizzled/smoothened receptors

Table 1.1 Classification of GPCRs based on sequence homology and functionality

The second, less common classification system set up by Fredriksson et al. [21], is based on the
phylogenetic study of the entire mammalian GPCR-encoding genome. Referred to as the GRAFS
classification, the members within each group share a common evolutionary origin (See Table 1.2). In
the further course of this work, the classification system based on homology and functionality will be
employed.
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Class Attribution
G Glutamate family
R Rhodopsin family
A Adhesion family
F Frizzled/Taste2 family
S Secretin family

Table 1.2 Classification of GPCRs based on phylogenetic studies

The following paragraphs will describe class-specific features of the different GPCR families.

1.4.1 Class A GPCRs

This is by far the largest group with over 700 individual proteins, including rhodopsin, the
adrenergic receptors and the olfactory subgroup. Although the olfactory receptors constitute most of
the group, there are almost 200 non-olfactory GPCRs with their 80 known ligands which have already
been functionally characterized [22]. Rhodopsin, after which the group has been named, is the most
extensively studied GPCR since its discovery. Its amino-acid sequence was disclosed in the 1980ies, and
its crystal structure was the first to be solved [23]. Ever since, various groups embarked on structural
studies of different GPCRs, giving us insight into activation mechanisms and deepening our
understanding of this class of proteins. The first high-resolution crystal structures soon followed [24, 25],
and new structures of active, inactive, G protein- or Nanobody (Nb)-bound GPCRs are being disclosed
ever since.
1.4.2 Class B GPCRs

Class B, also known as the secretin family, comprises 15 members, encoded by 15 genes. Their
ligands are polypeptide hormones. Structurally, class B GPCRs consist of a large N-terminal domain,
which seems to be essential for ligand recognition and binding [26]. In contrast to class A GPCRs, which
bind their ligand within the transmembrane region [27], a two-step binding mechanism is proposed for
class B GPCRs. The ligand is recognized by the long extracellular N-terminus together with the
extracellular loops and additionally interacts with residues deep in the helical bundle [28].
1.4.3 Class C GPCRs

This class, referred to as the glutamate receptor family, is encoded by 22 genes of the human
genome and contains receptors for the two main neurotransmitters glutamate and y-aminobutyric acid
(GABA), as well as for Ca?*. Similar to the secretin family, class C GPCRs possess a large extracellular
domain, which is responsible for ligand recognition. These receptors have a unique activation mode by
which they occur as constitutive homo- or heterodimers (i.e. a complex of two identical or different
GPCRs) [29].
1.4.4 Class F GPCRs

Also termed Frizzled/Taste2, this family consists of 10 Frizzled proteins (FZD1-10) and
smoothened (SMO). The FZDs are activated by 19 unique type of ligands, the secreted lipoglycoprotein
growth factors of the WNT family, whereas SMO is indirectly activated by the Hedgehog proteins (HH).
FZD receptors are able to signal via the transcription regulator B-catenin (canonical FZD/WNT signaling),
in addition to a B-catenin independent, G protein-dependent pathway [30, 31].
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1.4.5 Adhesion GPCRs

This family comprises 33 members in humans, which are phylogenetically linked to the secretin
like family. A large extracellular N-terminus is not unique to this class but is present in all members.
Special in this family is a GPCR proteolysis site (GPS) in close proximity of the membrane, within the
highly conserved GPCR autoproteolysis-inducing (GAIN) domain. This domain facilitates an autocatalytic
process resulting in the extracellular N-terminal fragment being noncovalently associated with the
7TM/cytoplasmatic C-terminal fragment. The family owes its name to its function as it facilitates cell
adhesion, orientation and migration [32].
Despite being widely expressed and remarkable phenotypes are associated with receptor dysfunction,
adhesion GPCRs remained “functional orphans” for a long time. Yet, over the past years, several
interacting partners have been described. This leads to the notion that these receptors mainly interact
with cellular and matricellular ligands, in contrast to other GPCR classes that interact with small
molecules or peptides as ligands [33].

1.5 GPCRssignaling

Major conformational rearrangements occur within the 7TM helices of a GPCR when its ligand
binds, and it transitions from an inactive to an active state. This rearrangement also translates to the
cytoplasmatic site, opening up a space for the engagement of interaction partners such as G proteins, G
protein-coupled receptor kinases (GRKs) and B-arrestins which can all couple to the receptor and
translate the extracellular stimulus to a distinct cellular signal [22].

1.5.1 G protein mediated GPCR signaling

The heterotrimeric guanine nucleotide-binding proteins (G proteins) act as a switch which
connect the cell surface receptors to a variety of effectors and by this regulate the processing of
information [34, 35]. 35 human genes encode the heterotrimeric G protein which consists of an a-, B-
and a y-subunit. The separate a-subunit is responsible for GTP and GDP binding and for GTP hydrolysis,
whereas the B- and y-subunits are tightly associated and exert different functions. G proteins are
referred to by their a-subunit. According to their specific effector proteins, four major Ga families are

recognized: Gas, Gaifo, Gag/11, Ga1z/13 (See Table 1.3) [22, 36].

Ga class Effector proteins Signaling effect
Gs Adenylyl cyclases (ACs) Activation of ACs; increase of
intracellular cAMP production
Gi/o Adenylyl cyclases, G protein- Inhibition of ACs; decrease of
coupled inwardly rectifying intracellular cAMP production.
potassium (GIRK) channels Opening of GIRK channels.
Gg/11 Phospholipase CB Activation of PLCB, production
of DAG and IP3, release of Ca?*
from intracellular stores
G12/13 Rho guanine-nucleotide Regulation of intracellular
exchange factors (GEFs) kinase activity

Table 1.3 Ga protein classification, effector proteins and intracellular effects
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Both Gas and Gai regulate membrane embedded ACs. While Gas activates, Gai inhibits the AC to
convert ATP into the second messenger cyclic adenosine monophosphate (cAMP) [37]. The result is

either an increase or a decrease of intracellular cAMP production. The Gag/11-family activates the -
isoforms of phospholipase C (PLC-B1-4), which cleave phosphatidylinositol-4,5-bisphosphate (PIP;) into
inositol trisphosphate (IPs) and membrane-bound diacylglycerol (DAG). IP; opens a calcium-channel in
the membrane of the endoplasmatic reticulum, and DAG activates protein kinase C (PKC) [38].

Ga2/13 is known to regulate the GTPase RhoA which controls a variety of processes such as cell shape,
morphology and proliferation [39].

The counterpart Gy is also capable of activating downstream effectors. Acting as one functional entity,
it regulates ACs, PLCB, inwardly rectifying potassium channels (GIRKs) as well as voltage-gated Ca*-
channels and mitogen activated protein (MAP)-kinases [40].

G-Proteins function in a GTPase cycle (Figure 1.3). In the inactive, GDP-bound state the Ga-
subunit is tightly bound to the By-subunit. Upon agonist binding to a GPCR, the G protein is recruited
and activated. GPCRs act as guanine nucleotide exchange factors (GEFs) whereby they open an exit
pathway and promote the release of GDP from Ga. GTP engages the nucleotide binding site which leads
to the dissociation of GPy. Both GTP-bound Ga and Gy can initiate a signal by interacting with
downstream effector proteins. The guanine-nucleotide binding site within the Ga subunit is
encompassed by two domains: a Ras-like GTPase domain and an a-helical domain. Termination of the
Ga-subunit signaling occurs due to the intrinsic GTPase activity of Ga, which hydrolyzes the bound GTP
to GDP. GBy-signaling is terminated by the re-association with Ga-GDP. Regulators of G protein signaling
(RGS) proteins can dramatically enhance the rate of GTP hydrolysis, since they serve as GTPase
accelerating proteins (GAPs) for Ga. This whole process represents one G-protein cycle [41-43].
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a Agonist G protein coupling Activated G protein subunits GTP hydrolysis and
binding and nucleotide exchange regulate effector proteins inactivation of Ga protein

Reassembly of heterotrimeric G protein

Figure 1.3 G protein-cycle for a GPCR-G protein complex

Agonist binding leads to the recruitment of the heterotrimeric G protein. GDP is released from
the a-subunit upon formation of receptor-G protein complex. GTP binding results in
dissociation of the a- and By-subunits from the receptor, upon which they can regulate their
respective effector proteins (Gs protein activates ACs through the a-subunit and Ca?*-channels
through the By-subunits). The Gs heterotrimer reassembles following hydrolysis of GTP to GDP
within the a-subunit (extracted and modified from [8] with permission from Springer Nature;
license number: 4564730845716).

It is assumed that an active GPCR can bind only one heterotrimeric G protein at a time.
However, the agonist-mediated signal can be amplified through rapid dissociation of the activated
bound G protein to make space for subsequent coupling of GDP-bound G proteins to the active
receptor, starting a new cycle. This demonstrates that after occupation of a small fraction of receptors
with agonist, this fraction of activated receptors is able to interact with a much greater number of G
proteins [44].

The dynamics of GPCR-G protein interaction and the role GPCR agonists play is a matter of
strong discussion, with controversial models being postulated to describe the underlying mechanisms.
The classical model postulated by Tolkovsky and Levitzki [45] implies that GPCRs, the G protein and ACs
are freely mobile molecules which can interact randomly by “collision coupling”. Hein et al. [44], which
support the collision coupling model, find that ligand-free GPCRs and their cognate G proteins localize in
distinct spots on the plasma membrane but are not pre-coupled. Ligand binding to the receptors and
their activation can trigger the association of GPCRs and G proteins. They draw evidence from the fact
that the interaction kinetics between both partners depend on the amount of Ga in the cell. If receptors
and G proteins were pre-coupled, the kinetics should be independent of G protein levels.

The contradicting model of pre-coupled GPCRs with G proteins postulates the existence of
preassembled complexes between receptors and G proteins in the absence of agonist stimulation, which
undergo a conformational rearrangement upon ligand binding and receptor activation [46].

Both models agree that receptor ligand binding is crucial for G protein-activation and triggering the
intracellular signaling cascade.

Sungkaworn et al. have studied the interaction between G proteins and GPCRs by
simultaneously recording the single molecule trajectories of fluorescently tagged G proteins and GPCRs.
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Their findings complement both models, as they describe both short- (lifetime 1-2s) and long-lived
(lifetime > 4s) complexes in so called hot-spots where both receptors and G proteins are concentrated,
however with no agonist being present. They hypothesize that this complex organization increases the
speed and efficiency of receptor-G protein-coupling since it can occur in a restricted area [47].
Recently emerged cryo-EM and crystal structures of receptors in complex with their cognate G
proteins, such as the B,-AR [8], adenosine Aa-receptor [7] both class A GPCRs, as well as 2
representatives of class B GPCRs- the human glucagon-like peptide 1 (hGLP1R) [48] and the calitonin
gene-related peptide receptor [49] have helped to understand which conformational changes occur
when the G proteins binds to the GPCR and which residues interact to facilitate signaling. The active

state of the receptor is stabilized by extensive interactions with Gas. The C-terminal a-5 helix of Gas is
one of the best studied regions in G proteins. The interface of interaction is formed by ICL2 and 3, TM3,
TM5 and TM6 of the receptor and the a5-helix of Gas. There are no direct interactions with GBy. The
receptor-mediated conformational changes within the a5-helix transmitted to the nucleotide binding
site promote GDP dissociation. This highlights a conserved interaction mechanism among class A and B
GPCRs [50].

Although it is known that different receptors can couple to the same Ga protein it is not entirely
clear how coupling selectivity is achieved. The analysis of the Ga-bound crystal structure of the B,-AR
and the AR resulted in the identification of 25 GCN positions (common Ga numbering) within Ga which
contact the receptor. In contrast, there are subtype specific Ga-residues, which surround the conserved
residues at the receptor-G protein, interface. The conserved positions would indicate that the binding
orientation of the receptor with Ga is similar among different receptor-Ga complexes, while the subtype
specific residues could constitute a “selectivity barcode” that ensure selective binding of the receptor to
a certain Ga protein. This way, a unique combination of residues around a conserved interface is
presented by each of the 16 different Ga paralogs, which determines the selectivity. Additionally, helix 5
of different Ga subtypes might rotate differently at the receptor-G protein interface. Additional residues
may be exposed which could contribute to the selectivity barcode. In other words, the same selectivity
barcode presented by Ga is read differently by receptors belonging to different subtypes [51].

1.5.2  Arrestin-mediated signaling & internalization

Cellular signaling is a complex process to coordinate which has necessitated the evolution of
scaffold proteins whose role is to control the activity of cellular processes driven by receptors, enzymes
or channels. GPCRs are able to signal in a G protein independent manner, interacting with a second
family of effector proteins that act at the same time as scaffolding proteins- the arrestins [52]. Robert
Lefkowitz and Brian Kobilka were awarded with the Noble Prize in Chemistry for their work on GPCRs
and the two main families of proteins which regulate them- namely GRKs and B-arrestins. Four members
of the arrestin family exist: visual arrestin (arrestinl) [53] and cone arrestin (arrestin4) [54] expressed
almost exclusively in the retina, and two non-visual arrestins, B-arrestinl (arrestin2) and B-arrestin2
(arrestin3). They all belong to a superfamily of structurally and functionally related scaffolding proteins.
B-Arrestins are able to interact and modulate the function of several hundreds of activated heptahelical
receptors. Depending on the cell type, arrestins are distributed in the cytosol, are bound to the
cytoskeleton, localize at endosomes or inside the nucleus. They are integral to the control of cell
metabolism, division, motility and crosstalk where they provide highly specific signal integration.

Common to all arrestins is their structural organization into two B-strand sandwich structures,
termed the N- and C-domains. These form two baskets connected by a short hinge domain. This gives
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rise to the central crest, composed of the finger loop, the middle loop and the C-loop all being key
receptor binding motifs [55-57]. The interface of the N- and C-domains is stabilized by hydrophobic
interactions and a network of hydrogen bonds which includes the polar core, a network of buried
charged residues [58].
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Figure 1.4 General structure of arrestins

The N-domain is depicted in black, the C-domain in grey. Loops are indicated in different
colours, the residue numbers refer to bovine arrestin-1. The parts which are not resolved in
the crystal structure are shown as dashed lines. The structure model is based on the crystal
structure published by Hirsch et al. [58] (image taken from Scheerer and Sommer [57] with

permission according to the creative commons license
http://dx.doi.org/10.1016/].sbi.2017.05.001)

For arrestins to interact with activated GPCRs, the receptors need to be phosphorylated first. G
protein-coupled receptor kinases (GRKs) promote this phosphorylation on serine or threonine residues
within the C-terminus or ICL3, creating high-affinity arrestin binding sites [59]. There are seven known
GRK isoforms, each capable of imprinting a unique phosphorylation pattern onto the receptor, which in
turn enhances B-arrestin affinity to the GPCR and favours a certain arrangement [60, 61]. B-arrestin-
binding stabilizes a high agonist affinity state of the receptor, similar to the complex existing between
agonist, receptor and heterotrimeric G protein in the absence of GTP [62, 63].

Characteristic conformational changes within the arrestin structure commence upon
recruitment to the receptor and interaction with phosphates as a critical first step. Key features of the
arrestin activation include breaking of the polar core, accompanied by a movement of the gate loop. The
following 21° rotation of the N- and C-domain relative to one another opens up a crevice at the base of
the finger loop. These structural modifications increase the flexibility of the finger-loop motif, key region
for receptor interaction, resulting in the engagement with the cytoplasmatic phosphorylated receptor
interface [57, 64, 65].
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Receptor-arrestin interaction is often discussed as a two-step interaction process, upon which
two different GPCR-arrestin complexes can be formed. This is of high interest, since these complexes are
associated with a differential signaling outcome. An initial low-affinity pre-complex is formed when the
phosphorylated receptor C-terminus repels the arrestin C-tail to gain access to basic residues in the N-
domain resulting in the “tail”-complex. This displacement induces conformational changes and afore
mentioned domain movements within arrestin, which expose the polar core and allow the second
binding step to form a high affinity complex, also termed as the “core”-complex [66, 67]. Various lines of
evidence suggest that the core complex blocks G protein recruitment and is therefore crucial for
mediating receptor desensitization within a timeframe of seconds to minutes [68-71]. On the other
hand, the more loose tail-interaction leads to receptor internalization but not desensitization [68].
Receptor desensitization i.e. the reduced responsiveness of a GPCR to an agonist with time, is a
physiological feedback mechanism important to protect against receptor overstimulation [72].

In comparison to the relatively fast receptor desensitization, internalization triggered by
arrestin-recruitment occurs on the timescale of minutes upon GPCR stimulation [65]. B-Arrestins act as
adaptors that link the receptors to clathrin-coated pits. B-Arrestins interact with clathrin itself and the
B2-adaptin subunit of the AP-2 complex [73]. Soon afterwards, the receptor alone or together with -
arrestin internalizes to endosomes in a dynamin-dependent manner [74, 75]. From these intracellular
compartments, receptors are either dephosphorylated and recycled back to the surface, initiate
signaling or are degraded [76-78].

In addition to their role in receptor desensitization, B-arrestins have additional functions as
adaptor proteins which facilitate the activation of the mitogen-activated protein (MAP) cascades,
receptor de-/ubiquitination, NFkB signaling and targeting of effectors to certain subcellular locations
[52, 79-82].

Ligand binding Phosphorylation
— GRK recruitment B-arrestin recruitment

Recycling
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ubiquitination etc.

Degradation

Figure 1.5 GPCR regulation by B-arrestins

After ligand binding, GRKs can phosphorylate specific receptor residues leading to B-arrestin
recruitment. The GPCR-B-arrestin complex is internalized via clathrin-coated pits into
intracellular compartments from where the receptor can signal, be degraded or get trafficked
back to the membrane.
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1.5.3 GPCRsignaling from endosomal compartments

The paradigm that GPCR activation and signaling is restricted to the plasma membrane has been
challenged by several groups in recent years. Several lines of evidence show that generation of second
messengers and signaling cascades can persist when the receptor is internalized. It has been shown for
different GPCRs such as the thyroid stimulating hormone (TSH) receptor [78], the parathyroid hormone
(PTH) receptor [83] as well as the sphingosine-1-phosphate (S1P) receptor 1 [84]. These findings
triggered deeper investigations questioning the classical model of receptor signaling [85, 86].
Taking it one step further, Thomsen et al. [87] set out to test the hypothesis of “megaplexes” by using a
variety of cellular, biochemical and biophysical approaches. They were able to show that both Gs and B-
arrestin can simultaneously interact with the receptor, providing the molecular basis for sustained G
protein-signaling by GPCRs from endosomes.
Moreover, the biological relevance of endosomal GPCR signaling has been proven for two different
receptors, which regulate hormone function and gene transcription. The internalized hGLP1R stimulates
insulin secretion from pancreatic B-cells [88], and a second wave of cAMP production from internalized
LH-receptors is responsible for mediating the biological effects of the luteinizing hormone [89].
Keeping this in mind, these observations suggest that there are many aspects of GPCRs yet to be
unraveled, and traditional, well-accepted ideas should be thoroughly scrutinized.

1.5.4 Receptor desensitization

Proper signaling of GPCRs is essential for cells to function. However, continued signaling or
overstimulation of receptors can be detrimental to the survival of cells or may lead to uncontrolled
proliferation as in cancer. Therefore, healthy cells are able to blunt or desensitize GPCR signaling either
transiently or over a longer period of time in order to maintain normal physiology [90]. The response of
a GPCR to its ligand peaks within milliseconds to a few minutes, plateaus and then declines even if the
agonist-receptor complex persists [91]. Furthermore, a decreased response is observed upon repeated
stimulation of a GPCR in comparison to the initial response. This phenomenon of desensitization limits
the repeated activation of GPCRs. A desensitized receptor can persist at the membrane surface, while it
becomes refractory to repeated stimuli, or it is internalized and degraded. The response of GPCRs,
exposed to their ligands over a period of many minutes, hours or days, is reduced due to the decreased
receptor expression at the membrane. The downregulation of receptors is a longer term process (over
tens of minutes to hours) associated with receptor internalization into vesicles and trafficking or
degradation in lysosomes [92]. This regulation of GPCRs on the short term with transducer uncoupling or
on the long term by receptor downregulation is a process which involves G proteins, GRKs, B-arrestins
and downstream effectors [90].

There are two parallel mechanisms which drive receptor desensitization as reported in studies
investigating the desensitization of the B,-AR [93]. Homologous desensitization occurs following direct
stimulation of the receptor with an agonist, by controlling the number of receptors on the plasma
membrane or by regulating the efficacy of the receptors at the cell surface. The consequence is a loss of
response to subsequent agonist stimulation. Heterologous desensitization in contrast, is a regulatory
mechanism independent of receptor activation which can depend on effects further downstream [72].
The most rapid mechanism by which GPCRs are desensitized, is through phosphorylation by GRKs or
second messenger kinases which leads to uncoupling from the G protein and B-arrestin recruitment
[94]. But also the internalization to intramembranous compartments and trafficking or degradation play
a considerable role [74].
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1.6 GPCRs as drug targets

Since GPCRs regulate very diverse physiological processes, they have been of long-standing
interest as pharmacological targets. The wide utility of GPCRs as drug targets is due to their interaction
with a variety of chemical molecules as ligands and their expression at the plasma membrane making
them well accessible for various pharmaceuticals. GPCRs regulate a wide array of intracellular signaling
pathways, giving them a central role in the regulation of physiological processes. Mal-regulation and
mal-function is prone to lead to various diseases, making GPCRs a useful target for intervention and
restoration. By 2018, 134 GPCRs were identified as targets for approved drugs. Estimations based on
data from different databases (ChEMBL, Guide to Pharmacology, Drugbank) state that approximately
700 approved drugs target GPCRs, constituting 35% of globally marketed drugs [95, 96]. With this,
GPCRs are the family of protein most frequently targeted by approved drugs.

Hauser et al. report about 321 agents in clinical trials of which 60 (19%) target GPCRs for which no
clinical treatment was available by 2017 [1].
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Figure 1.6 Drug approvals in four major target families

Most novel drugs approved between 2011 and 2015 target GPCRs (24 new chemical entities)
stating the importance of GPCRs in drug discovery and development (extracted from [96] with
permission from Springer Nature; license number 4578631425812).
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1.7 Glucagon-like peptide 1 receptor (GLP1R)
The GLP1R belongs to class B of GPCRs. It mediates the action of the peptide hormone GLP1. The
following section will deal with all important aspects of GLP1R-signaling [97].

1.7.1  Structural characteristics
The first cDNA for human GLP1R (hGLP1R) from pancreatic B-cells was cloned in 1993 [98] and

showed a sequence of 463 residues. Its sequence resembled that of secretin, parathyroid hormone and
calcitonin receptor and was therefore classified together with them within the class B GPCR family [99].

GLP1R is widely expressed in the pancreas, lung, brain, stomach, kidney and heart where it is
described to confer cardio-protective effects, however it is not found in tissues involved in glucose
metabolisms such as the liver, skeletal muscle and fat [100].

The GLP1R is a glycoprotein with an N-terminal signal peptide, containing various glycosylation
sites, which are essential for the correct trafficking of the receptor [98, 101]. Similar to all other class B
GPCRs, the GLP1R exhibits a long N-terminal domain of 143 residues, which was first separately
crystallized and analyzed using X-ray diffraction. It has a critical role in ligand recognition and binding
and contains two regions of antiparallel B-sheets, three disulfide bonds and an N-terminal a-helix [102].
The full-length rabbit GLP1R (sharing 92% identity with hGLP1R) has only recently been solved in an
activated form in complex with the Gs protein using cryo-electron microscopy (EM) with a global
resolution of 4.1 A [48] (See Figure 1.7). The agonist GLP1 is stably anchored in its position by interacting
with TM1, 2, 5, 7 ECL 1, 2 and the NTD. As mentioned above, the C-terminal domain of the peptidic
agonist interacts with the receptor’s long N-terminus. It is suggested that in the absence of ligand the
receptor NTD is mobile to increase the probability of the initial recruiting interactions with the C
terminus of GLP1. After the primary high-affinity binding of the C-terminus to the receptor NTD, the N-
terminus of GLP1 penetrates into the receptor core, to a depth comparable to agonist BI-167107 in the
structure of activated B2-AR [8].

Peptide binding
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Figure 1.7 Cryo-EM structure of hGLP1-rabbit GLP1R-Gs complex
(a) Schematic of the two-domain binding mechanism typical for class B GPCRs. AH; a-helical
domain. (b) Views of the GLP1R-Gs complex cryo-EM density map (transmembrane domains are

light green, NTD in dark green, GLP1 in orange, Gas Ras-like in gold, GB in light blue, Gy in dark
blue, Nb35 in grey). (c) Structure of the activated GLP1R-Gs complex in the same view and colour
asin (b).

(extracted from [48] with permission from Springer Nature; license number: 4578780586672)
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When the active GLP1R structure is compared to the inactive class B glucagon receptor (GCGR)
(see Figure 1.8) as a reference to study the structural changes occurring during class B GPCR activation,
the results show that in the extracellular half of the receptor, TM7 bends towards TM6. In the active
GLP1R complex, TM6 moves outwards to allow interaction between the peptide N-terminus and the
transmembrane domain binding pocket. The most profound change in the intracellular site is observed
at TM6 which moves outwards by approximately 18 A. This movement in association with the more
limited shift of TM5 opens a cavity together with TM2, 3, 7 to which the Ras-like domain of Gas can
bind. In addition, GB interacts with ICL1 and a-helix 8 which is tilted towards the G-protein.

a b T™4
Extracellular :

Extracellular view

Active GLP-1R
Inactive GCGR

ICL3 TMm6

Figure 1.8 Comparison of active GLP1R with inactive GCGR

(a) Side, (b) extracellular and (c) cytoplasmatic views of the activated GLP1R (light green)
superimposed to the inactive GCGR (blue) bound to an allosteric antagonist (not shown). Major
conformational changes are observed within TM5 and TM6 on the cytoplasmatic site. On the
extracellular site, TM2 of the GLP1R is extended by three helical turns, stabilized by the peptide
ligand binding (extracted and modified from [48] with permission from Springer Nature; license
number: 4601850358591)

The comparison of the active GLP1R structure with class A B,-AR crystal structure (Figure 1.9)
reveals that the G protein conformation is almost identical in both cases. Further, the global
conformation of the 7TM helices is similar, with the difference of the longer a-helical extension of TM2
in GLP1R leading to the elevation of ECL1 that engages the bound peptide. Yet, even though the
structural landscape is very comparable between active GLP1R and B,-AR, the molecular details of the
recognition pattern on the receptor are very diverse. The configurational flexibility of the a5-helix of Gs
enables the formation of diverse interactions through the same C-terminal amino acids.
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Figure 1.9 Comparison between active class A and B receptor crystal structures

(a) Side, (b) extracellular and (c) cytoplasmatic views of the activated GLP1R (light green, GLP1 in
orange) superposed with the active B2-AR (grey) bound to orthosteric agonist BI-167107
(extracted from [48] with permission from Springer Nature; license number: 4601850358591)

1.7.2  Physiological role

Glucose homeostasis is maintained by the insulinotropic activity of GLP1 which is strictly
glucose-dependent and is mediated through the GLP1R expressed in pancreatic B-cells [103]. Glucose
entering the B-cell through glucose transporter type 2 (GLUT-2) is converted (pyruvate as intermediate)
to ATP. The increased ATP closes Kare channels, leading to depolarization of the membrane and
increasing calcium influx. Thereupon calcium is released from intracellular stores through calcium-
induced calcium release (CICR) [104], stimulating the exocytosis of the insulin secretory granules. GLP1R-
signaling enhances glucose-dependent insulin secretion. Binding of GLP1 to its receptor leads to the
recruitment of the Gs-protein, which in turns activates ACs to produce cAMP. The increased cAMP level
leads to the activation of PKA and Epac2. PKA phosphorylates the sulfonylurea (SUR1) subunit of the Karp
channels, which close and depolarize the membrane further. Epac2 additionally inhibits Kare by
increasing their sensitivity to ATP [105]. Increased intracellular Ca%* together with cAMP facilitates the
exocytosis of insulin carrying vesicles [106, 107]. GLP1 additionally lowers blood glucose levels by
suppressing the secretion of the hyperglycemic hormone glucagon from pancreatic a-cells [108]. Since
the insulinotropic effect of GLP1 is highly glucose dependent, excessive GLP1 secretion or sensitivity will
not lead to hypoglycemia [97].
Further physiological functions of GLP1 include the inhibition of gut motility and gastric emptying [109]
together with the suppression of appetite and food intake. GLP1 is already marketed as an antidiabetic
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drug, yet it is under investigation as it may additionally have therapeutic value for body weight
reduction [110].

1.7.3  Endogenous agonist- glucagone-like peptide 1

GLP1 is a peptidic incretin hormone secreted from three tissues in humans: enteroendocrine L-
cells in the intestine, pancreatic a-cells and the central nervous system (CNS) [111], exerting its function
via the GLP1R. Incretin hormones are secreted upon oral glucose administration and potentiate insulin
secretion in the presence of high plasma glucose levels. Endogenous GLP1, derived from preproglucagon
by differential posttranslational processing, exists in two forms: GLP1-(7-36)-NH2 and non-amidated
GLP1-(7-37) [112]. Both exhibit similar biological activities, although the amide form has a slightly
improved stability [113]. GLP1 is rapidly inactivated in the circulation by the ubiquitous proteolytic
enzyme dipeptidyl peptidase-4 (DPP-4), giving it a very short half-life of less than 2 minutes [114]

Pharmacological studies trying to solve the crystal structure of the ligand-bound ECD of hGLP1R,
or the whole 7TM receptor proposed a two-domain binding mechanism of the peptide hormone ligand
to secretin class B GPCRs [28, 115]. According to this mechanism, the a-helical C-terminus of the ligand
forms an initial complex with the long N-terminal ECD of the receptor which then allows the peptide N-
terminus to interact with the 7TM domain of the receptor to activate it. N-terminal truncation of the
peptide leads to a decrease in affinity for the hGLP1R, suggesting that the interaction with both ECD and
7TM domains are important for GLP1 binding. The marketed GLP1 mimetic exendin-4 [116] and the
antagonist exendin 9-39 derived from it have similar affinities for h\GLP1R [115, 117].

1.7.4  GLP1 mimetics & other agonists

Due to the important role of GLP1 and GLP1R in maintaining glucose homeostasis, several
peptidic- and small molecule agonists have been developed lately. All for the potential application in the
treatment of diabetes, obesity and associated metabolic or cardiovascular diseases. The drawback of
peptides as clinical drugs is their parenteral administration, due to the instability in the digestive track.
Technological advancement has led to the development of subcutaneously (s.c.) administrable drugs,
which improves the compliance of patients already [118]. However, small molecule agonists are always
favoured in clinical therapy, due to their simple oral application. There are small nonpeptidic GLP1R-
agonists available, although it is still challenging to make them adequately potent and bioavailable [119].

1.7.4.1  Peptidic GLP1-analogs

Several peptidic analogs are by now marketed drugs, exhibiting an improved half-life and/or
protected from DPP-4 degradation. The first approved GLP1R agonist by the FDA was Exenatide
(exendin-4) in 2005 [120]. Exendin-4 was isolated from the salivary glands of the gila monster
(Heloderma suspectum). It is a 39-amino acid peptide, which shares 50% sequence identity with hGLP1
and was found to be highly active on hGLP1R. Other GLP1R agonists are listed in Table 1.4.
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Analog Description Dosing regimen | Administration

Liraglutide GLP1 analog linked to a fatty acid Once daily s.C.
Albiglutide GLP1 analog fused to albumin Once weekly s.C.
Dulaglutide GLP1 analog fused to Fc Once weekly s.C.
Semaglutide GLP1 analog linked to a fatty acid Once weekly s.C.
Semaglutide NN9924 (not GLP1 analog linked to a fatty di-acid - oral
marketed yet)

Exenatide once weekly Exendin-4 Once weekly s.C.
Lixisenatide Exendin-4 analog Once daily s.C.

Table 1.4 Peptidic GLP1R agonists that have been launched or are in late stage clinical trial
(adapted from Graaf et al. [97])

1.7.4.2  Nonpeptidic modulators

There are only a few published nonpeptidyl-based GLP1R agonists, presumably because it is
difficult to mimic the multiple peptide-receptor interaction interfaces with a small molecule. To date,
there is only one nonpeptidic GLP1R agonist, TTP273, in clinical trials [121].
Boc5 is the only nonpeptidic GLP1R agonist to compete with the endogenous agonist in binding assays,
suggesting that it acts like the natural peptide [122]. Other compounds such as Compound 1, 2,
Compound B (BETP) were shown to potentiate glucose-dependent insulin secretion, but there are no in
vivo studies to this day [123].
Further studies are examining the potential application of GLP1R agonists in neurological diseases. Since
the GLP1R is expressed in the CNS and GLP1 was shown to improve learning in rats and exert
neuroprotective effect, its therapeutic value for treatment of Alzheimer’s disease or Parkinson is
currently under investigation [124].

1.7.5 Signaling

The hGLP1R is pleiotropically coupled and can signal through G-protein dependent and
independent pathways. The common pathway involves Gs-recruitment and cAMP elevation when
overexpressed in recombinant cell lines [125, 126]. Although the mechanism is not yet uncovered,
increased Ca** mobilization has been observed in CHO, HEK and COS cells. Gagq or PLC activation are
considered to be responsible for this pathway [127]. The G protein independent pathways include
recruitment of B-arrestin 1 or 2.

Diverse ligands can evoke different patterns of response while interacting with the GLP1R and
thus lead to ligand-directed signal bias. This type of biased signaling presumably arises through the
stabilization of distinct receptor conformations, which occur through the variable chemical contacts
between the ligand and the receptor [128]. Signaling can be biased towards different pathways,
however the best studied are cAMP accumulation, ERK phosphorylation, intracellular calcium
mobilization (iCa?*) and B-arrestin recruitment upon stimulation with different peptide agonists
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(Oxyntomodulin, GLP1-(7-36)-NH2, GLP1-(1-36)-NH2 and the nonamidated forms) [126, 129]. The
metabolites of the endogenous peptides exhibit biased signaling, different from the native peptide.

The few non-peptidic ligands which were developed for the hGLP1R, since an improved
bioavailability is expected [130], also evoke biased signaling. The most extensively studied are BETP (4-
(3-benzyloxyphenyl)-2-ethylsulfinyl-6-(trifluoromethyl)pyrimidine), Compound 2, Boc5 and TT15 [126].
While Boc5 and TT15 signal similarly at the hGLP1R through canonical pathways (cAMP, ERK, iCa%*), BETP
and compound 2 are described to preferably recruit B-arrestins [127, 131]. Since these compounds are
chemically very diverse, it is not surprising they exhibit distinct profiles of signaling. The interaction
patterns with the receptor are very different from peptidic ligands, in some cases involving
topographically unique allosteric sites. Some of these small molecule ligands can bind simultaneously
with peptidic ligands in a cooperative manner, altering the efficacy of peptide signaling. They are thus
described as allosteric modulators [127, 130, 132, 133].

1.7.6  Regulation

1.7.6.1 Desensitization

Like all GPCRs, the activity of the hGLP1R is regulated by finely balancing receptor signaling,
desensitization and resensitization. Acute GLP1 exposure of islet cells leads to rapid homologous
desensitization of the receptor. Since sustained elevation of hGLP1R agonists is of clinical interest in
regard of the therapeutic benefit for diabetes treatment, receptor desensitization has direct therapeutic
relevance. There are only a few studies that addressed the relevance of GLP1R desensitization in vivo,
one stating that chronic or intermittent GLP1 administration inhibited food intake and reduced weight
gain in rats [134]. Since GLP1-mimetics exhibit a prolonged activity and stability compared to the native
GLP1 [135], islet cells and extra-pancreatic GLP1-receptors will most likely be exposed for a greater
period of time to these ligands. Exendin-4 is more potent than GLP1 in facilitating receptor
desensitization, however the chronic exposure of transgenic mice to exendin-4 did not lead to a
significant downregulation of GLP1R-dependent glucose homeostasis [136]. This was confirmed in
patients treated twice daily with exendin-4 or once weekly with liraglutide [137]. Concluding, although
hGLP1R clearly desensitizes in in-vitro experiments, there is little evidence that the degree of
desensitization in-vivo is clinically meaningful in terms of glucose regulation.

1.7.6.2 Internalization

The hGLP1R rapidly internalizes in association with the bound ligand, when stimulated with
GLP1, exendin-4, liraglutide and compound 2 [138, 139]. The mechanism for internalization may be
tissue dependent, since internalization by both dynamin and clathrin-coated pits were described [138].
Although B-arrestin recruitment traditionally induces clathrin-mediated internalization, the literature
indicates that they play only a partial role for the hGLP1R. It was shown that B-arrestinl knockdown in
INS-1 cells had no effect on internalization or desensitization [140]. On the other hand, enhancing B-
arrestin2 action increases hGLP1R-endocytosis [141]. In any case, internalization seems to be crucial for
full functionality of the hGLP1R, since the inhibition of its internalization reduced receptor signaling
[139].

Although internalization contributes to desensitization of receptors, both events (internalization
and desensitization) are two distinct phenomena. Internalization might terminate some hGLP1R
signaling events; however, it does not terminate all signaling components. This suggests that
internalized hGLP1Rs continue to signal [142], and that internalization does not necessarily mean the
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desensitization of the receptor. This mechanism to spatiotemporally control signaling through
compartmentation by internalization may be vital to fine-tune responses from the active hGLP1R.
Hence, it might have physiological and therapeutical implications for targeting this receptor in disease
management [97].

1.7.6.3 Trafficking

There is evidence suggesting the hGLP1R re-sensitizes after internalization, since it co-localizes
with a marker for recycling endosomes [143]. Yet, the data about re-sensitization is scarce and requires
further investigation.

Fundamental mechanisms controlling the signaling capacity of GPCRs is endocytosis and
postendocytotic trafficking between recycling and endosomal degradation [144]. A very recent study,
investigates the effect of internalization and trafficking on the physiological role of hGLP1R in insulin
release [145]. Jones et al. find that different clinically marketed drugs and various ligands induce
differential endosomal hGLP1R-sorting and trafficking, and with this influence surface expression. They
additionally confirm the formerly doubted involvement of B-arrestins in receptor internalization and
trafficking, and relate the effect of receptor internalization to physiological pathways as insulin secretion
and blood glucose levels of treated mice. Ligands seem to play a big role in bias between B-arrestin and
G protein signaling, showing that there must be further intracellular pathways linked to GLP1R-mediated
insulin release.

1.8 Second messengers

The signals which reach the GPCRs at the cell surface are relayed throughout the cell by small
molecules referred to as second messengers. Second messengers either diffuse rapidly, or simply
transduce their message to protein targets within the cell, altering their activities as a response to the
new information received by the receptor. A single second messenger molecule can activate multiple
target proteins or enzymes and by this amplify the signal.
Chemically, second messengers can be divided into four different classes: cyclic nucleotides such as
cAMP which signal within the cytosol. Lipid messengers which signal within cell membranes. lons as Ca?*
that are responsible for signal transmission within or between cellular compartments and gases or free
radicals which signal throughout the cell and even to neighboring cells [146].
Depending on the G protein recruited by the GPCR, the production of a specific second messenger is
triggered and with it, a certain pathway starts. The three classical pathways are depicted in Figure 1.10:

l. Recruitment of Gs leads to the activation of ACs to catalyze the cyclization of ATP to 3’-5’'-cyclic
adenosine monophosphate (cAMP) [147].
Il.  The Gq protein activates PLC to generate IP3 and DAG out of PIP,. IP3 subsequently leads to the
release of calcium ions from intracellular stores and DAG activates protein kinase C (PKC) [148].
Ill.  Stimulation of growth factor receptors activates phosphoinositide 3-kinase (P13K) to generate
the lipid second messenger phosphatidylinositol 3,4,5-triphosphate (PIPs)
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Figure 1.10 Three main pathways of second messenger generation

GPCRs (receptor) can either stimulate ACs (the effector) to produce cAMP (the second
messenger) which activates PKA (the target), or stimulate PLC (the effector) to generate two
second messengers DAG and IPs. DAG activates PKC (the target), while IP3 leads to the release
of calcium from intracellular stores. On the left, binding of growth factors to a receptor
tyrosine kinase (RTK), leads to the activation of PI3K, which generates PIP3 (adapted from
[146)).

lons as second messengers control cellular activity by spreading electrical signals as action
potentials in the heart and neurons for instance. They can additionally interact with specific protein
targets and by this regulate cellular responses. lons as second messengers are advantageous due to
their fast response. The cells maintain a gradient of ions across their membranes, where they pass by
activated channels or transporters to generate a rapid intracellular signal. They can additionally be
mobilized from cellular stores (especially Ca%*) as a response to a shift in the electrochemical potential of
the cell [149]. Cells are able to generate spatiotemporal ionic patterns such as waves or oscillations,
which dictate cellular signaling. Ca* as a second messenger is very versatile and controls a wide range of
physiological processes. The effects of calcium occur either through direct binding of the ion to a target
proteins, or the stimulation of calcium sensors which detect a change in its concentration and thus
regulate different downstream effectors [150]. Calcium is especially important for muscle contraction by
binding to proteins such as calmodulin and troponin C [151] and the fast release of neurotransmitters at
nerve terminals [146, 152].

The levels of second messengers are exquisitely controlled by various homeostatic mechanisms to
ensure precise cellular signaling, since a dysregulation in the output of second messengers can results in
cellular dysfunction or disease. For example, continuous exposure of the heart tissue to cAMP, results in
an uncontrolled und asynchronous growth of cardiomyocytes, leading to a pathological hypertrophy.
The key advantage of second messengers being small molecules over proteins as effectors is that their
levels are controlled with rapid kinetics. Unlike proteins, their levels change within microseconds,
making them very efficient in signal transmission. The following section will deal with the properties the
most prominent second messenger cAMP.
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1.9 cAMP signaling
cAMP is a ubiquitous second messenger which mediates the extracellular signals of both Gs- and

Gi-coupling receptors into an intracellular signal. It is produced upon binding of hormones,
neurotransmitters or odorants to their cognate receptor and in turn it activates various intracellular
effector proteins as will be discussed later in this section. cAMP regulates an array of cellular functions
including important homeostatic mechanisms and enzymes, ion channel activity, smooth- and cardiac-
muscle contractility, neuronal plasticity, immune response, cellular proliferation and apoptosis [153-
155]. It is difficult to reconcile how this variety of extracellular receptors, all acting through one unique
second messenger, are able to relay a specific message inside the cell and produce a distinct and
appropriate cellular response. In recent years, the notion that cAMP may be compartmentalized into
restricted domains to control signaling specificity is continuously being recognized.

The following sections will deal with various aspects of cAMP signaling covering its production,
degradation, diffusion and compartmentalization.

1.9.1 cAMP generation

Adenylyl cyclases are the class of enzymes responsible for cAMP generation. They catalyze the
conversion of a Mg?*-ATP-complex to cAMP, by creating a cyclic phosphodiester bond. All eukaryotic ACs
belong to class Il of nucleotidyl cyclases, which are defined by a common sequence homology of their
catalytic domains.
There are 10 distinct isoforms of ACs which can all be directly regulated by G proteins following the
stimulation of GPCRs, whereby 9 are expressed transmembranously (AC 1-9) while AC 10 is soluble and
is localized in the cytosol [156]. This section will focus on membranous AC.
The nine membrane-inserted isoforms of ACs are around 60% conserved in their catalytic domains, yet
the divergent parts account for the significant differences in catalytic activity.

ACs have a molecular weight of 124 kDa [157] and exhibit a double six transmembrane-spanning
architecture (Figure 1.11). A short cytoplasmatic amino terminus is followed by six transmembrane a-
helices termed M1 and a large cytoplasmatic domain C1. This motif is repeated: a second set of six
transmembrane spans M2 is followed by a second cytoplasmatic domain C2. The catalytic activity of ACs
is conferred by the two well-conserved C1 and C2 domains [147, 158, 159]. The catalytic domains C1 and
C2 form a “head-to-tail”, wreath like dimer stating the ventral surface giving space for ATP binding
together with two Mg?* ions. The interfacial contacts are relatively weak which results in high
conformational flexibility facilitating the nucleotide binding, catalysis, regulation and cAMP dissociation.
Gas interacts mainly with the C2 domain, however both Gas- and ATP-binding are necessary to transfer
the inactive open, into the active closed state [159, 160]. Earlier studies have demonstrated that the
interaction between the two transmembrane domains is absolutely required for proper trafficking and
functional assembly of the two parts of the catalytic domain at the plasma membrane, since the sole
expression of either C1 or C2 does not lead to significant enzymatic activity. The same is true for
expression of M1C1 or M2C2 (halves of the molecule) [161].
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Figure 1.11 Structural domains of membrane-bound ACs

mACs comprise two transmembrane clusters (TM1, TM2) each consisting of six membrane-
spanning domains. TM1 and TM2 are connected by an intracellular loop, which contains the
Cla and C1b region. TM2 is followed by an intracellular tail composed of C2a and C2b before
the carboxy-terminus (this figure was originally published by Cooper & Tabbasum in 2017
[162] http://www.biochemj.org/content/462/2/199.long)

ACs are differentially distributed in the plasma membrane. Since the lipid components forming the
plasma membrane are highly diverse with different solubilities and mobilities, the plasma membrane is
a very dynamic, heterogeneous entity. Lipid rafts within the membranes are viewed to be
concentrations of cholesterol, phospholipids with unsaturated side chains and gangliosides. They include
caveolae and are very distinct in lipid and protein composition from non-raft domains [163]. Earlier
studies criticized the static biochemical procedures used to isolate rafts for studying and controverted
the existence of rafts [164]. However, modern super resolution methods applied to observe the diverse
protein and lipid composition of the membrane and their mobility put beyond doubt that the plasma
membrane is dynamic and heterogeneous [165]. ACs are not equally distributed between non- raft and
raft domains. ACs 1, 5, 6 and 8 occur in rafts, whereas the others do not [166, 167]. Yet, not only the
distribution of ACs in different portions of the membrane plays a role in how they fulfill their task. The
common output of all ACs is the production of cAMP, however as experimental observations show, not
all AC isoforms regulate the identical cellular function. To explain this conundrum, the concept of cAMP
signaling compartmentation was evoked [162, 168]. Indeed, it has been shown that some AC isoforms
associate with GPCRs and form distinct complexes with downstream effectors in a certain cellular
compartment [169]. This greater level of organization is achieved by AKAPs, which scaffold PKA with its
substrate and bring together a diverse array of proteins involved in various signaling pathways. Several
AKAPs interact with ACs in an isoform-specific manner and with this regulate cAMP signaling [170] (for
further details see section about cAMP compartmentalization).

All AC isoforms are activated by both forskolin (except for AC9) and the GTP-bound a-subunit of the
stimulatory G protein Gs. All are inhibited by certain adenosine analogs termed P-site inhibitors. ACs can
also be indirectly regulated by distinct signaling pathways, for instance through calcium binding to
calmodulin (CaM) which can stimulate AC1 and ACS8, as well as inhibit AC5 and AC6 [171]. PKA and PKC
are also known to regulate ACs in their activity [162]. Additionally, the phosphorylation state of proteins
within the activation cascade of ACs modulates their activity. Particularly GPCRs which are desensitized
and down-regulated following phosphorylation by cAMP dependent kinases influence the activity rate of
ACs. Another putative mechanism is direct feedback inhibition of AC activity in response to their
phosphorylation by cAMP dependent kinases, however evidence for this mechanism remains sparse to
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this day [172]. Kawabe et al. have demonstrated that the Gg- and PKC-mediated phosphorylation of AC5
leads to a marked increase in enzymatic activity [173].

Since most cells and tissues express multiple AC isoforms, it is difficult to tease apart the
physiological role for a given AC isoform. Therefore, the knowledge about the effect of specific AC
isoforms in human pathophysiology is very limited and calls for more detailed studies regarding the
expression and function of ACs in human disease [174].

Taken together, the cooperation between ACs and PDEs which degrade cAMP (discussed in the
upcoming section) is essential to control the speed and expansion of the cAMP signal, and by this critical
for the activation of downstream cellular responses [156].

1.9.2 cAMP degradation

The superfamily of phosphodiesterases (PDEs), responsible for cyclic nucleotide degradation,
comprises eleven members transcribed from 21 genes, which generate nearly one hundred different
isoforms based on amino acid sequence, regulatory properties and catalytic characteristics. Multiple
promotors for one gene and alternative splicing variants of the mRNA contribute to the molecular
diversity [175]. PDEs are responsible for hydrolyzing cAMP or cGMP and by this finely regulate the
function of these second messengers in cell signaling. Each PDE has a different affinity for the two cyclic
nucleotides and thus the catalytic activity is diverse. PDEs 1, 2, 3, 10, 11 hydrolyze both whereas PDE 4,
7, 8 are cAMP specific and PDE 5A, 6 and 9A are cGMP specific. (Table 7.6 in the annex shows PDEs with
their characteristic features).

Each PDE contains a regulatory (R) and a catalytic (C) region. The C-region within the COOH-
terminal portion of the protein is conserved within the PDE family, while the regulatory N-terminus is
very variable and provides functional and localization differences. Additionally, there are numerous
types of protein domains appended to the PDE C-region, which provide regulatory control. For instance,
PDE1 family exhibits calcium/calmodulin-binding domains [176], PDEs 2, 5, 6, 10 and 11 have GAF
domains [177], and there are UCR (upstream conserved) or autoinhibitory domains in other families
[178]. GAF domains (named for cGMP-binding PDEs, Anabaena adenylyl cyclase and E.coli FhlA) can
control cyclic nucleotide binding, protein-protein interactions within dimerizing PDEs as well as
heterologous protein-protein interactions [179]. Posttranslational modifications (such as
phosphorylation) can affect the PDE activity as well, and influence complexing with other proteins in
signalosomes [180]. Mammalian PDEs are homodimers with the exception of PDE1 and 6 which form
heterotetramers with other proteins. The dimerization contacts of PDEs involve the NH,-terminal region
(PDEs 2, 4, 5, 6, 10) or contacts in the C-domains (PDEs 2, 3, 4, 8, 11). Dimerization provides regulatory
mechanisms such as ligand binding and autoinhibition [181, 182].

Exploiting both biochemical technologies and direct structural analysis of isolated R- and C-
domains of PDEs, gave insight into the interaction of the cyclic nucleotides with the enzymes. It has been
determined that isolated C-domains are catalytically active [183, 184]. They contain 17 invariant amino
acids mostly located in the catalytic pocket and exhibit a globular, highly conserved topology. C-domains
are comprised of 15-17 a-helices. The catalytic pocket has a depth of approximately 10 A and contains
two regions: a histidine-rich region that forms a binuclear metal-ion binding site where the catalysis
occurs and the regions which interacts with the cyclic nucleotide purine termed as the “hydrophobic
clamp” [181]. It is by now widely accepted that zinc within the metal-ion binding site is crucial for the
catalytic function [185]. Magnesium seems to be the second important metal ion required for PDE-
activity, since it has been shown that PKA phosphorylation of PDE4 increases the affinity for magnesium
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[186]. This mechanism of variable affinities for an ion, together with the changing levels of divalent ions
in the cells is likely to affect differentially compartmentalized PDEs and their activities.
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Figure 1.12 Structure of the PDE6ap2y complex

(A) Structure of the PDE6aP homodimer (a in purple, B in green cyan). One cGMP molecule
(red sphere) is bound to each of the GAF-A domains. (B) GAF-A cGMP binding pocket in a
zoomed-in view depicting the orientation of the cGMP molecule within the secondary
structures (figure taken from Gulati et al. [187] with permission according to the creative
commons license 10.1126/sciadv.aav4322)

cAMP specific PDE activity is modulated in coordination with ACs and PKA, through different
feedback pathways. It has been shown for instance, that PKA-mediated phosphorylation of PDE4
activates the enzyme and thus leads to lower cAMP levels and an arrest of the signal. By this, the cell
maintains cAMP levels within optimum ranges for responsiveness to signals [188]. Together with ACs,
PKA and putatively other effector proteins, PDEs generate nanodomain signalosomes by means of
subtype- and isoform-specific localization. This way the influence of a cAMP signal can be limited to
specific targeted proteins in the neighborhood [180].

PDE activities are modulated in response to a panoply of signals including hormones,
neurotransmitters, cytokines or light. Their dysfunction has been associated with diseases such as
asthma, erectile dysfunction, chronic obstructive pulmonary disease, hypertension, heart failure,
schizophrenia, stroke and depression, which is why they state potential targets for new drugs to cure
these diseases [179].

The coordinated action of PDEs together with AC establishes balanced cAMP levels within
microdomains and with this, the second messenger can bind and affect effector molecules and exert its
function in cellular signaling [189].

1.9.3  Effector proteins of cCAMP

After the generation of CAMP by ACs it exerts its function as a second messenger by activating a
subset of effector proteins. Edwin Krebs and Edmund Fischer were awarded with the Nobel Prize for
their work on this second messenger, since they were the first to describe its action. They found that the
principle task of cAMP is to stimulate the phosphorylation of proteins [190], which is achieved through
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the activation of PKA [191, 192]. In addition to PKA, cAMP can activate two isoforms of the protein Epac
[193], several cyclic nucleotide-gated ion channels (CNGCs) [194] and the more recently described
Popeye domain-containing (POPDC) proteins [195]. A sperm-specific novel cyclic nucleotide receptor
(CRIS) has also been described to be modulated by cAMP [196]. Each of these effectors controls a
different specific task, adding to the array of cAMP dependent functions. The following paragraphs will
focus on the two main effectors of cAMP namely PKA and EPAC.

1.9.3.1  Protein kinase A (PKA)

The cAMP-PKA pathway coordinates a multitude of cellular functions and by this physiological
processes ranging from the regulation of cell cycle, microtubule dynamics, intracellular transport
mechanism over the influence on the cardiovascular system through B-adrenergic signaling. Various
metabolic pathways in adipocytes and immune responses are modulated together with several other
effects mediated by hormones, neurotransmitters and ions.

The PKA holoenzyme is a hetero-tetramer, which consists of two catalytic subunits (C) that bind
a dimer of two regulatory subunits (R). While the cAMP sensing R units are bound to the C units, the
enzyme stays in its inactive state. Three genes for C subunits (Ca, CB and Cy) and four R genes have been
identified. R subunits are subdivided into two classes: Rl (Rla, RIB) and RIl (Rlla, RIIB) [197]. The C
subunits have a bi-lobal subdomain, which consists of an N-terminal small lobe and a C-terminal large
lobe (Figure 1.13). The active site of the enzyme together with the binding site for ATP is located in the
cleft between the two lobes [198, 199]. As mentioned above, the R subunits which share 75% sequence
identity, are responsible for cAMP sensing, with which they contribute to PKA specificity. They
simultaneously associate with C subunits and AKAPs and therefore restrict the phosphotransferase-
activity to a certain cellular location. Rla and Rlla are ubiquitously expressed in cells, whereas RIf3 and
RIIB isoforms have a more tissue specific expression pattern [200]. The most significant difference
between Rl and Rll isoforms is the potential for auto-phosphorylation at the inhibitor site (IS) of RII
subunits. This is relevant for the interaction of RIl with the C subunit and signal amplification as a
consequence. A second big difference between PKA type | and Il complexes is the absolute requirement
for 2 Mg* ions and ATP to form the PKA type | holoenzyme, while type Il PKA can form a high affinity
complex without ATP [201]. PKA R subunit domains are relatively conserved in their structure. The
dimerization- and docking- (D/D) domain is located at the N-terminus and is essential for R subunit
dimer assembly as well as AKAP binding at a hydrophobic interface [202, 203]. Adjacent is a flexible
linker which comprises the inhibitor site found in Rlla and RIIf while missing in Rla and RIB [204-206].
There are two cyclic nucleotide binding domains A and B (CNBA, CNBB) located at the C terminus behind
the flexible linker which consist of an eight B-stranded sandwich that forms a basket like structure to
which cAMP can dock. The conformational changes which occur upon cAMP binding, are the reason for
PKA holoenzyme disassembly [204].
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Figure 1.13 Structure of the conserved PKA core

Visible is the characteristic bi-lobal fold of PKA. The N-terminal lobe is coloured in teal and
contains 5 B-strands with a universally conserved aC-helix. The C-lobe, coloured red, is mostly
helical. ATP is bound inside of the cleft between the two lobes. Highlighted in yellow are
catalytically important loops (this figure was originally published by Taylor et al. [198] used
with permission from Copyright Clearance Center; license number 4580681004698)

PKA is targeted to specific intracellular domains, together with signal initiators, effectors and
terminators, through its interaction with AKAPs (See Figure 1.14). The compartmentalization through
AKAPs ensures the transmission of information between supramolecular signaling complexes. PKA
substrates are phosphorylated as a consequence of cAMP mediated activation of PKA C subunits [207].
In addition, cAMP-independent activation mechanisms for PKA exist, which can involve NF-kB [208],
transforming growth factor B (TGF-B) together with the SMAD family member 3 and 4 [209] or the
ubiquitin proteasome system (UPS) [210].

39



kinases
phosphatases ®

channels \ PKA

receptors

Figure 1.14 Domain organization and interaction of PKA with AKAPs

cAMP sensing R subunits mediate the PKA specificity by simultaneously associating with AKAPs
and the PKA C subunits. This links the phosphotransferase activity of PKA to space restricted
substrates in close proximity, facilitating specific downstream effects on various organelles (this
figure was originally published by Torres-Quesada et al. [189]
https://www.sciencedirect.com/science/article/pii/S0898656817301420?via%3Dihub#f0005)

The inactivation of PKA activity relies on different mechanisms. On one hand the receptor-AC-
cAMP-PKA signaling axis is regulated by a negative feedback mechanism, on the other hand cAMP-PKA
activities can be directly inhibited. GPCR desensitization or internalization, Ga protein hydrolysis or
cAMP degradation by PDEs all lead to signal termination of the active PKA [211]. These feedback
mechanisms involve the concerted action of kinases, phosphatases, PDEs and the ubiquitin proteasome
system (UPS) on upstream located signaling nodes of the cAMP-PKA pathway and occur in time frames
of seconds and minutes. As a consequence, cAMP levels are reduced, and the basal kinase state is
reformed to a tetrameric PKA holoenzyme. The PKA inhibitor peptide (PKI) is a competitive inhibitor
peptide, which can directly bind and inhibit the free PKA C subunit, leading to the export of the catalytic
subunit out of the nucleus into the cytoplasm. By this, it inhibits nuclear PKA functions such as synaptic
activity or cell-cycle regulation [212]. Other second messengers such as calcium can also indirectly affect
PKA. Interaction between Ca?* and cAMP signaling occurs at multiple levels to tune the activity of each
other [213, 214]. One last mechanism to mention in this context is the phosphorylation of PKA itself.
Phosphorylation of C and R subunits affects the stability and function of the PKA holoenzyme. The
various enzymes involved in activation and termination of the signal cluster side by side and with this
specify how the signal propagates [198].

The notion of PKA being organized in supramolecular signaling complexes is by now
acknowledged, yet further studies regarding the composition of these signaling complexes are required
to understand the modes of accurate signal transduction.
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1.9.3.2 Exchange protein directly activated by cAMP (Epac)

Epac, an important effector protein of cAMP, exhibits unique signaling properties defined by its
multi-domain architecture. It provides the structural basis in the temporal-dynamic control of
autoinhibition and activation of this effector protein. Epac is also known as cAMP-guanine exchange
factor (cCAMP-GEF), and was identified during the search to unravel the mechanism of cAMP-dependent
activation of the small GTPase Rap1 which is independent of PKA [215]. Rap functions as a molecular
switch, which can alternate between an inactive GDP-bound and an active GTP-bound state. GEFs
modulate the GDP/GTP activity of Rap and activate the switch in contrast to GTPase-activating proteins
(GAPs) which inhibit Rap activity by accelerating its intrinsic GTPase activity [216, 217]. Two isoforms
have been identified: Epacl and Epac2, both being cAMP-regulated GEFs. They control cellular
responses, which are initiated upon Rap activation by cAMP. They additionally serve as a link to other
downstream effectors of the Ras superfamily of small GTPases (to which Rap1 belongs) [218-220]. Epacl
and Epac2 are expressed in different tissues depending on the developmental stage and the
pathophysiological micro-environmental circumstances. Epacl is mostly present in the heart, kidney,
blood vessels and central nervous system (CNS), whereas Epac2 is most abundant in the adrenal gland,
CNS and pancreas [215]. Both isoforms induce the activation of a plethora of effectors including the
phospholipase C and D, extracellular signal regulated kinases (ERK1/2), the suppressor of cytokine
signaling-3 (SOCS-3) and NF-kB [221]. This multiplicity in its signaling properties enables Epac to regulate
the contraction of cardiomyocytes by modulating cellular calcium- and actin-microtubule cytoskeleton
dynamics. In addition, it regulates cell fate, proliferation, differentiation and apoptosis by altered gene
transcription and kinase activity. Dysfunction of the signaling properties of Epac is connected to diseases
including cardiac hypertrophy, heart failure, Alzheimer’s disease and Diabetes among many more [193].

Epacl and 2 exhibit a multi-domain structure (Figure 1.15) with a catalytic site at the C terminus
and an autoinhibitory N-terminal regulatory region [222, 223]. The exchange activity is located at the C-
terminus within the catalytic domain responsible for GDP/GTP-exchange. The N-terminal regulatory
region comprises a high-affinity cAMP binding domain (cAMP-B) and a membrane-anchoring DEP
(disheveled-Egl-10pleckstrin) domain required for the distribution to the plasma membrane of Epacl
[224]. Epac2 has an additional low-affinity cAMP-binding domain (cAMP-A), which determines its
intracellular location. The isolated fragments, which contain the cAMP-B domain, inhibit the regulatory
region. This auto-inhibitory function is relieved when cAMP binds and a conformational change is
induced that opens the catalytic domain to permit GTP-loading of Rap [222, 225]. It has been described
that the activators of Epac act by modulating the protein dynamics, which proved to be the key allosteric
modulator for Epac activation. The highly dynamic equilibrium between autoinhibition and activation in
vitro can be studied by X-ray crystallography and NMR spectroscopy, while Epac based Forster
resonance energy transfer cAMP sensors or GFP/Flag-tagged Epac proteins are applied to monitor the
temporal dynamics of Epac activation in vivo [226, 227].
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Figure 1.15 The multi-domain structure of Epac

(a) The multi-domain structure of Epac consists of a regulatory region with the CNBD (cyclic
nucleotide binding domain) and the DEP-domain involved in membrane localization, and a
catalytic region comprising the REM (Ras exchange motif), the RA motif (Ras-association) and the
CDC25-homology domain. The question mark in Epacl is a region homologous to the RA domain
in Epac2 with unknown function.

(b) cAMP binding to Epac results in opening of the protein to enable interaction with Rap.

(This figure was originally published by Bos et al. [225] with permission from Copyright Clearance
Center; license number 4578710801270)

Epac proteins are able to exert their biological functions either alone or together with PKA [221].
AKAPs might account for the formation of cAMP-sensitive multi-protein complexes, which are of key
importance in such processes. Two distinct multi-protein complexes encompassing Epacl and Epac2
have been identified in the heart and the brain [193]. On the level of metabolic regulation, several
recent studies have shown that Epac2 takes part in the secretion of glucose, glucagon and insulin upon
incretin stimulation from pancreatic B-cells. This occurs through multiple mechanisms including the
inhibition of ATP-sensitive K*-channels, activation of the ryanodine-sensitive Ca?*-channel and
subsequent Ca?*-induced Ca*-release, recruitment of insulin granules to the plasma membrane and
Rapl-regulated activation of PLC [193, 228, 229].

Further studying and understanding the cellular functions, expression patterns, modulating
factors of the Epac proteins and the Epac signhalosome will hopefully facilitate the development of
improved pharmacotherapy in order to address various diseases connected to Epac signaling.

1.9.3.3  Cyclic nucleotide gated channels (CNGCs)

CNG channels are part of a heterogeneous superfamily of ion channels, which share a common
transmembrane topology and pore structure. The binding domain for nucleoside-3’,5’-cyclic
monophosphates (cNMPs) lies within their COOH-terminal region. All CNG channels can be activated by
both cAMP and cGMP to a different extent. They are non-selective cation channels, which only poorly
discriminate between alkali ions and additionally allow the passage of divalent cations, especially Ca?*.
Their main function has been described in rod and cone photoreceptors, in extra-retinal photoreceptors
and in sensory neurons of the olfactory epithelium, however their physiological function in other cells is
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ill defined [194]. Hyperpolarization-activated cyclic nucleotide-gated channels (HCN), a sub class of
CNGCs, are crucial for cardiac function in their role as pacemakers. All four isoforms HCN 1-4 are
expressed in ventricular myocytes where they control cardiac excitability and thus the heart frequency
[230].

1.9.3.4  Popeye domain containing (POPDC) proteins

3 different Popdc genes have been identified to this date, which are highly conserved in their
amino acid sequence (Popdcl, 2, 3) [231]. All are expressed in cardiac and skeletal muscle, Popdcl being
additionally present in smooth muscle cells of multiple organs [232].

Popdc proteins exhibit a three transmembranous structure with an extracellular amino-terminus. They
form homodimers stabilized by disulfide bonds, with their C-terminus located in the cytoplasm
containing the Popeye domain. Adjacent to that lies the cyclic nucleotide binding domain, which has a
very high affinity for cAMP and 40x less affinity for cGMP [233]. Determined by a radioligand binding
assay, the cAMP affinity of Popdc proteins is about 10x higher than that of Epacl and similar to that of
PKA [233].

Popdcl regulates epithelial function by being involved in cell-cell contact formation through
tight junctions [234]. It further plays a role in vesicular transport and cell motility [235]. In general,
Popdc proteins are associated with various types of cancer [236], they are known to interact with ion
channels [233] and modulate the number and size of caveolae [237]. Since they are most abundantly
expressed in striated muscle tissue as the heart, loss of function leads to severe arrhythmia or
atrioventricular block [238]. Although a huge progress has been made in studying Popdc protein
function during the last 19 years since their discovery, further studies are needed to understand the role
of cAMP binding for Popdc protein function and its impact on the structural and functional level. Their
regulation (alternative splicing, phosphorylation, glycosylation) is also not entirely uncovered, which
would help in understanding the various physiological and pathophysiological processes they are
associated with.

1.9.4 cAMP Compartmentalization

It is necessary for all afore mentioned players within the cAMP signaling cascade to be spatially
and temporally coordinated in order to ensure proper signal transmission. The restriction of cAMP
diffusion and its spatial confinement are factors, which could contribute to compartmentalized signaling.
They would further support the notion of signaling happening in defined macromolecular, multi-protein
complexes.

Buxton & Brunton provided the first evidence for compartmentalized cAMP in the early 1980ies.
They treated a perfused rabbit heart with agonists of different GPCRs, either prostaglandin E1 (PGE;) or
isoproterenol, and compared cAMP-mediated PKA activation. They homogenized the heart after
treatment, separated the soluble from the particulate fraction and measured the activity of PKA in each.
The results showed that PGE; increased the activity primarily of soluble PKA, whereas isoproterenol
increased PKA in the particulate fraction. In addition, they could link the increase in particulate, but not
soluble, PKA activity with positive cardiac inotropy [239]. These were the first studies to suggest that
cAMP delivers its message in a compartmentalized way, leading to different biological effects when
signals are spatially segregated within a cell. Evidence for this hypothesis was provided shortly
afterwards in an elegant set of experiments by Jurevicius & Fischmeister. The authors recorded cAMP-
activated Ca?* currents from two physically separated sites on a single cardiomyocyte upon stimulation
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of B-ARs by patching the cell. The hypothesis was, that if CAMP elevation was homogenous throughout
the cell, then locally applied adrenergic stimulation would activate calcium currents at both sites.
Interestingly what they found was that the local stimulation with isoproterenol resulted in a restricted
activation of calcium currents (indication for compartmentalization), while local application of forskolin
activated the calcium currents throughout the whole cell [240].

The activation of PKA (or every other cAMP effector protein) requires the binding of cAMP to the
CNBD. For this cAMP levels need to rise above the K4 of the respective protein (2.9 uM for PKA, 2.8
Epacl [241]), with cAMP distribution in a non-compartmentalized way, effector activation could
theoretically occur throughout the cell by any stimulus which elicits cAMP levels (intracellular cAMP
values reported from 1-10uM [227, 242]). Again, this notion suggests that signaling has to occurin a
compartmentalized way [243].

There are three basic requirements to define cAMP signaling compartments [244]:

l. localized signal generation: provided by differential distribution of ACs

Il. restricted diffusion

Il localized signal response elements
One mechanism by which cAMP signals can be spatially and temporally restricted is in forming multi-
molecular signaling complexes by A-kinase anchoring proteins (AKAPs) [245].
The AKAP family is very diverse, with over 50 known members. Their common feature as scaffolding
proteins is to bind PKA and target it to different subcellular areas [246]. AKAPs additionally contain
targeting sequences for multiple enzymes with which they can consolidate upstream activators with
downstream targets and form multi-protein complexes in a compartmentalized manner. This way, cAMP
sensing signalosomes can precisely integrate and communicate incoming signals [189].

The hallmark of all AKAPs is a unique sequence, which forms the binding site for the PKA R subunit.
This 24-residue chain (termed Ht31) forms an amphipathic helix, which interacts with the RIl dimer of
PKA, binding it with nanomolar affinity [247, 248]. Cellular delivery of the Ht31 peptide, synthetic
variants or stearated forms of it has become a standard technique to disrupt PKA-RIl anchoring and with
this, study the role of AKAPs in the coordination of cAMP mediated PKA activation [246]. Ht-31 is a PKA-
Il selective variant, which was used to demonstrate PKA uncoupling from AMPA-type glutamate
receptors when perfused into cultured hippocampal neurons [249].

Most evidence for the physiological role of AKAPs has been collected in studying cardiac functions.
PKA is responsible for the phosphorylation of various substrates which influence contractility, including
L-Type Ca* channels, the ryanodine receptor or troponin | [250]. AKAPs are pivotal for phosphorylation
of numerous PKA dependent substrates that regulate the cardiac function. Various PKA Il targeting
members such as muscle AKAP (mAKAP) [251], yotaio [252], AKAP18 [253] but also AKAP2 [254] which
binds both type | and Il PKA, are all associated with physiological functions in the heart. The nuclear
envelope associated mAKAP serves as a scaffold for PKA, PDE4D3, Epacl and controls cardiomyocyte
hypertrophy through the regulation of ERK5. This way a highly structured cAMP-sensing multi-protein
complex is assembled, in which signals can be regulated and focused to nearby substrates [251].

Another important role for AKAPs was described in the regulation of GLP1-mediated insulin
secretion. This was identified using the disruptor peptide Ht-31. Lester et al. [255] showed that the
insulinotropic effect of GLP1 was blocked in cells treated with Ht31, whereas the cAMP production and
thus PKA activity was unaffected. The results suggest that the disruption of PKA targeting by AKAPs
attenuates GLP1 dependent insulin secretion. In a second study, they demonstrate that AKAP79-
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targeted PKA phosphorylates B-cell proteins and regulates insulin secretion together with protein
phosphatase 2B (PP2B, calcineurin) [256].

The classical view states that intracellular signal transduction is driven by abundantly available
molecules freely diffusing within the cell, catalyzing various processes, which in turn lead to the signal
transduction. Studying scaffold proteins such as AKAPs however, has updated the paradigm. It has
become clear that by scaffolding and organizing interacting proteins and molecules, intracellular
signaling could occur in defined compartments in which relevant molecules are brought in close
proximity in order to deliver a specific message. Concluding, enzyme specificity is conferred equally by
co-localization and by the intrinsic selectivity of the active site [257].

There is not yet a consent about the size of the putative signaling compartments. Various groups which
have tried to visualize the size of the signaling domains, mainly study PKA-activity domains [258, 259]
and only a very few focus on actual cAMP compartments [260, 261].

1.9.5 cAMP diffusion

As cAMP activates numerous effector proteins and exerts pleiotropic effects within the cell, the
pressing question is how cAMP reaches its effectors from the site of synthesis. Determining how fast
cAMP diffuses inside of the cell is essential to understand its means of signaling specificity.
Older studies determining the diffusion speed of cAMP stated that this small, highly hydrophilic second
messenger shows a very fast distribution in the cytosol with diffusion constants in the range of 270-780
um?/s [262, 263]. This would make it as fast as in an electrolyte solution [264], giving it unrestricted
access to all cellular areas where it could activate its effector proteins non-selectively. Based on these
observations, cAMP has traditionally been regarded as a long-range second messenger, capable of
travelling very fast to relay its information to far distanced sites [265]. However, the concept of freely
diffusing cAMP contrasts with the model of localized, compartmentalized cAMP signalling as means of
achieving cellular signalling specificity. Indeed, more recent studies show that cAMP diffusion is
restricted, setting the molecular basis for spatially confined signaling compartments. Agarwal et al. have
suggested a diffusion coefficient of 9.7 um?/s in cardiomyocytes and 5 um?/s in HEK-293 cells [266]
which is in better agreement with this concept. The concept of a slow diffusion rate is not yet
established and whether there are physical barriers restricting cAMP from flowing and contributing to a
or PDEs stating an enzymatic barrier by degrading local cAMP before it diffuses away from the
compartment is currently still a matter of speculation.

1.10 Resonance energy transfer-based techniques

1.10.1 Principle of fluorescence resonance energy transfer

Theodor Forster was the first to describe the principle of fluorescence resonance energy
transfer (FRET) in 1946, therefore often referred to as Férster resonance energy transfer [267]. The
principle relies on the non-radiative energy transfer from an excited molecular fluorophore (donor, D) to
a second fluorophore (acceptor, A) by means of intermelocular long-range dipole-dipole coupling.
Fluorescence is a phenomenon in which an electron in the ground singlet state (So) of the highest
occupied molecular orbital (HOMO) absorbs energy and transitions to an excited state (S;) of the lowest
unoccupied molecular orbital (LUMO), while maintaining its single nature (singlet-singlet transition). This
electron can transfer from the higher energy state S; due to internal relaxation and fall back into the
ground state. The excessive energy is emitted as light of a characteristic wavelength. In FRET the S;
electron of a donor molecule, transfers the energy to an adjacent ground state acceptor fluorophore via
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dipole-dipole interactions (Figure 1.16). The excited acceptor electron can relax as well, and emit
photons of a specific longer wavelength. As a conclusion, the resonance energy transfer (RET) results in
guenching of the donor fluorescence intensity and excitation of an acceptor fluorophore, which emits
photons of a characteristic wavelength.

Figure 1.16 The basic principle of FRET
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mechanism of FRET. Absorption of a
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rather than the donor (adapted from
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There are a few requirements essential to be fulfilled for FRET to occur. First is that the emission
spectrum of D and the absorbance spectrum of A must overlap adequately (see Figure 1.17). This highly
affects the FRET efficiency of a donor-acceptor pair and is represented by the overlap integral J(A). FRET
is highly distance dependent and requires the two interacting fluorophores to be in close proximity of 10
to 100 A [269]. Furthermore, the quantum yield of the donor (Qp- a measure for the efficiency of a
fluorophore to convert absorbed to emitted photons) and the absorption coefficient of the acceptor (€A
quantification of the ability to absorb energy) need to be sufficiently high [270].
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Figure 1.17 Spectra of fluorescent protein FRET-pairs

(A) The combination of a cyan emitting donor (cerulean) with a yellow emitting acceptor
(venus) results in a large overlap of donor emission and acceptor excitation. (B) the
combination of GFP as donor and RFP as acceptor shows a smaller spectral overlap (extracted
and adapted from [268] according to Creative Commons Attribution License
https://www.mdpi.com/1424-8220/15/10/26281 ).
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The Forster radius (Ro) can be calculated from the physical properties of the fluorophores according to
EQUATION 1. Ro describes the distance between D and A at which 50% of the donor energy is transferred
non-radiatively to the acceptor, giving half-maximal energy transfer efficiency.

Ro = 9.78 x 10% x *Vi2n™*QuJ(M) (in A)
EQUATION 1

k2 describes the relative dipole-dipole orientation of the FRET partners, at its best when they are
approximately parallel, and n is the refractive index of the medium ascribed a value of 1.4 for
biomolecules in agueous solution [271].

Given the Forser Radius, the FRET efficiency (E) for a donor-acceptor pair can be calculated. It refers to
the percentage of energy transfer from the donor to the acceptor and is quantitatively described in the
following equation, where R is the distance between the fluorophore’s dipoles:

E= 1
1+ (R/Ro)6
EQUATION 2

From EQUATION 2 we can conclude that the FRET efficiency is proportional to the inverse sixth power of
the distance between the fluorophores (Figure 1.18). Due to the sigmoidal relationship between the
FRET efficiency and the distance R between the two fluorophores, a FRET-pair where Ro approximates R
gives a FRET-sensor with a maximized dynamic range. A fact important for the design of FRET-based
biosensors for scientific research [272].

Distance

Figure 1.18 Distance-dependence of FRET efficiency

The Forster equation (EQUATION 2) used to determine the change in
FRET efficiency as a function of the distance between the two
fluorophores. The shaded area shows the range of 0.5 Ro to 1.5 Ro
over which FRET can be accurately measured (this figure was
originally published by Day et al. [273] with permission from
Copyright Clearance Center; license number 4580780655594).
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1.10.2 Techniques to measure FRET
There are several techniques, each requiring special instrumentation, to record FRET-signals. Three
different strategies are used to detect FRET changes [272]:

1.10.2.1 Indirect FRET measurements

They include measuring FRET efficiency through spectral imaging (siFRET), acceptor
photobleaching FRET (apFRET) and fluorescence lifetime imaging (FLIM-FRET).

In siFRET the FRET efficiency is calculated by fitting the collected emission spectrum of a FRET
biosensor to the theoretical emission spectrum of the indicated FRET pair, calculated from the Forster
formulas mentioned above. A drawback of this method is that it requires an exact donor-acceptor ratio
and can thus only be used for intramolecular biosensors (described under1.11) [274, 275].

apFRET depends on the fact that the donor emission is quenched due to the energy transfer.
When the acceptor is photobleached, the donor is de-quenched. With the following EQUATION 3 one can
calculate FRET efficiency by indicating what proportion of energy the donor transfers to the acceptor.

E=1- (lpre/ |post)
EQUATION 3

lore and lpost are the fluorescent intensities of the donor before and after photobleaching. This method
offers a straightforward way to measure FRET efficiency for live cell experiments, but it is an irreversible
endpoint assay since photobleaching destroys the biosensor. In addition, it does not allow observing
time-dependent changes in FRET efficiency [276, 277].

Fluorescence lifetime is the average time a molecule spends in the excited state before dropping
to the ground state. This nanosecond-scale decay pattern of emission is recorded in FLIM-FRET. FRET
interaction leads to quenching of the donor emission and decreases the lifetime. The determination of
FRET efficiency is possible by comparing the fluorescence lifetimes of the donor in presence and absence
of the acceptor by following equation:

E=1-(tDA/TD)
EQUATION 4

DA and tD are the lifetimes of the donor in the FRET biosensor in presence and absence of the
acceptor, respectively. FLIM-FRET is a very robust method and offers many advantages over intensity-
based methods. It is independent of donor and acceptor concentrations and insensitive to spectral
crosstalk. However, the expensive and highly specialized equipment needed, prevent its wide use in
most laboratories [273, 278].

1.10.2.2 Direct FRET measurements

In contrast to indirect measurements, direct quantification of FRET relates changes in
fluorescence emission intensity (sensitized emission seFRET) or fluorescence polarization (prFRET) to
changes in FRET efficiency. The direct measurements are simple and have high temporal resolution,
which makes them suitable for tracking fast molecular events and high-throughput drug screening.
The most common type of seFRET is ratiometric FRET. In this method the doubly labeled sample is
illuminated with the donor excitation wavelength and the signals are collected in both donor and
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acceptor channel. A FRET index is then defined as the ratio of fluorescence intensities in the donor and
acceptor channel, due to the fact that the ratio is very consistent [279]. It is possible to observe the
change in FRET efficiency clearly by recording the antiparallel signals of donor and acceptor channel
(Figure 1.19). For this method, several correction factors related to the fluorophore crosstalk need to be
determined in independent control experiments:

l. Bleed through of the donor emission into the acceptor channel

1. Acceptor emission which is due to false excitation by the donor excitation wavelength
This method allows the investigation of FRET changes over a long time scale (if photostable fluorophores
are used), which makes it a very well applicable method [280].
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45 Figure 1.19 FRET traces in ratiometric
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In prFRET use is being made of the fact that only fluorophores with a parallel dipole orientation
to the polarized excitation light can be excited. Fluorescent proteins have the advantage of exhibiting
highly polarized fluorescence. When energy transfer occurs, the fluorescence of the acceptor
depolarizes partially because of the different dipole orientation to the donor [273]. The unique
advantage of prFRET over all other FRET approaches is that it is the only technique with which homo-
FRET can be detected: energy transfer between spectrally identical fluorophores. The dynamic range of
this method is higher, and the detection is faster compared to FLIM-FRET. However, in hetero-FRET
(spectrally divergent fluorophores), polarization can be increased, therefore correction factors
analogous to seFRET need to be determined [272, 281, 282] .

1.10.2.3 Time resolved FRET measurements

The intrinsic fluorescence of proteins and other substances found in biological samples, which are
studied using FRET as a technique states a serious limitation on sensitivity, since the high background
can outweigh the signal from the fluorophores of the sensors. Considering that the background noise is
rather short-lived, the use of long-lived fluorophores in time-resolved techniques should reduce the
fluorescence interference. Lanthanides are attractive donors for their extremely long emission lifetimes
(microsecond to millisecond range) and single exponential decay, which is easy to measure. Usually
cryptates of europium Eu® or terbium Tb3* are used as energy donors. The interesting feature of trFRET
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is that the donor emission commences with a significant time delay after the excitation. This way, the
lanthanide emission is recorded after a certain delay, during which the auto-fluorescence of the sample
occurs and decays, to not interfere with the sample measurement anymore. The signal-to-noise ratio is
improved as a result [283]. Another major advantage of using lanthanides as donors is that the
measurable distance range is > 100 A, giving the possibility to measure interaction between partners
with bigger distance. Technically, lanthanide emission is not fluorescence (not singlet-to-singlet
transition), therefore trFRET is also regarded to as lanthanide-based or luminescence resonance energy
transfer (LRET) [284]. Nevertheless, the same rules as for regular FRET apply, with less dependence on
the orientation of the fluorophores, making it a viable technique to measure FRET [285].

1.11 Relevance of FRET for life sciences

Since the FRET efficiency is related to the distance between donor and acceptor fluorophore,
FRET has found many biological applications in the last decades, mainly to study interaction or co-
localization of two probes which are bound to fluorophores. The discovery of green fluorescent protein
(GFP) in 1962 [286], elucidation of its DNA sequence to allow linking it genetically to any protein of
interest [287, 288], and its modification to create differently coloured fluorescent proteins (FPs) boosted
the application of FRET in scientific research [289]. Genetically engineered FRET biosensors, based on
fluorescent proteins, which respond to a change in the environment translating it into a change of
distance detected by FRET, are valuable tools. Using this approach, diverse biological processes are
made qualitatively visible and quantitatively measurable [268]. Biophysical methods including
conventional microscopy are limited to a spatial resolution of = 250 nm due to the diffraction of light
[290]. Therefore, FRET biosensors, which can detect distance changes in the range of 1-10 nm
complement these methods to study various biological processes. Super-resolution microscopy
techniques such as PALM (photo-activated localization microscopy), STED (stimulated emission
depletion microscopy), STORM (stochastic optical reconstruction microscopy) and SIM (structured
illumination microscopy) have pushed the resolution limits to <100 nm. However, these techniques
require long scanning times, which prevents studying fast, highly dynamic events in the cell [291]. FRET
has the advantage of a high temporal and spatial resolution.

As described in the late nineties by Roger Tsien [292] FRET biosensors can be engineered to
study inter- or intramolecular interactions. In intermolecular FRET probes, two separate proteins in close
proximity are fluorescently tagged, which enables studying their interaction. Protein-protein interaction,
as well as trafficking of biomolecules can be monitored by this means. Blinemann et al. were among the
first to record the real-time interaction of GPCRs with G proteins [293], and GPCR sorting from
endosomes was visualized [294].

In contrast, intramolecular FRET sensors carry the donor and acceptor on the same protein. By this
means, conformational changes during protein activation are observed as for B-arrestins for instance
[65]. As described by Zaccolo et al. already in 2000, fluctuations of second messenger such as cAMP can
be measured by flanking the cAMP-binding domain of an effector protein with two fluorescent probes.
The conformational change upon second messenger binding leads to a detectable FRET change, enabling
the measurement of changes in cAMP levels intracellularly [295].

FRET sensors are widely applicable in various research fields. Studying intracellular ion concentrations
[296] or pH [297], monitoring real-time drug release from nanomaterials in living cells [298] or in vivo
[299] and visualizing cellular compartmentation of enzymes like PKA [259] are only a few examples of
the various possible applications.
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1.12 GPCR studies with FRET biosensors

FRET is by now a standard technique used to study GPCR-related questions. In theory, every event
within the GPCR signaling cascade can be monitored using a FRET-based system, either in single cell
experiments or in a microtiter format. For example, it is possible to monitor the binding process of
fluorescently labeled GPCR ligands to their receptors by FRET [300, 301]. The development of FRET
based assays enabled a rapid progress in receptor research, since they provide both spatial and
temporal information on the binding properties of GPCR ligands, impossible to monitor with traditional
binding assays.

The conformational changes within receptors, facilitated upon ligand binding allow the triggering
of the GPCR signaling cascade. An increasing number of biochemical and structural data show that small
shifts of the transmembrane helices around the binding pocket translate into larger movements at the
intracellular site, thereby opening a pocket into which the G protein can dock. FRET sensors have been
developed, based on the movement of the transmembrane helices. These sensors respond to the
activation of the receptors with a change in FRET [18, 277, 285].

Additional FRET based assays have been developed, which enable capturing various GPCR-
mediated signaling events along the cascade. In the early 2000s, the first generation of FRET-based

biosensors to monitor Gs- and Gj-protein activation have been created [293, 302], and were later

optimized for better performance and practicability [303, 304]. Sensors for Gg-activation and less
common G protein subtypes were developed only several years later [305-307]. Of note are innovative
G protein sensors which are subtype-independent since the FRET partners are introduced into the GBy
subunits [308]. They are used as universal tools to study receptor activation of GPCRs, which couple to
different G proteins.

It is possible to monitor the subsequent step to G protein activation along the signaling cascade
by FRET-based biosensors. AC-activation sensors are available [309], as well as sensors monitoring
fluctuations of intracellular second messengers like cAMP [310, 311], IP1 [312] and calcium [313, 314].
Additionally, there are FRET sensors available for further downstream effectors such as ERK [315, 316].

Furthermore, several FRET sensors are at hand to monitor G protein independent receptor events
as receptor oligomerization [317] and trafficking or internalization [143]. By selecting suitable donor-
acceptor labelling sites, inter- and intramolecular sensors for B-arrestin recruitment [318] and activation
[65, 319] were developed.

FRET biosensors play an essential role in studying GPCR signaling compartments. As recent
literature is showing, GPCRs may regulate various effector proteins and second messengers, within
these signaling domains in a spatially and temporally confined manner, setting the basis for the
regulation of many different physiological processes [260, 320, 321].

To sum up, FRET biosensors are useful tools to study a plethora of GPCR related events.
Combining all these different assays may help in investigating the physiological role of GPCRs,
understanding structure-activity relationships of ligands and putatively identifying novel drug candidates
in order to modulate their action.
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1.13 Means to study cAMP in cells
cAMP detection in cells has evolved from bulk biochemical analysis to targeted real time imaging

in living cells [322, 323]. The following passage will cover most prominent techniques, used over the past

5 decades.
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Figure 1.20 cAMP detection tools
Evolution of cAMP detection tools over time, from bulk biochemical analysis to targeted real-

time imaging reporters in living cells. cAMP molecules are represented by golden spheres.
ECso value for cAMP is indicated for the different detection systems as reported in the
literature (extracted from [323] according to Creative Commons Attribution License
https://www.mdpi.com/2308-3425/5/1/17 ).
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1.13.1 Biochemical methods

Traditionally, accumulation based assays were used for cAMP detection. In the early 1970ies Al
Gilman was the first who proposed a very sensitive assay for the quantification of cCAMP based on the
competition for protein binding [324]. The general principle of accumulation assays relies on the
competition between cAMP in the sample and a labeled form of cAMP for binding to an anti-cAMP
antibody [325]. In the 1970ies, classical radioimmunoassays (RIAs) were the method of choice to
quantify total cAMP in various cells and tissues [326]. RIAs use immobilized anti-cAMP antibodies and
125|_|abelled cAMP as a tracer molecule. The antibodies bind *°|-labelled cAMP and a radioactive signal is
detected. cAMP from added cell- or tissue lysates competes with the labelled probe and the radioactive
signal decreases inversely proportional to the cAMP amount in the sample. The amount of cAMP in the
sample can be inferred by creating a calibration curve [326].

Non-radioactive approaches to measure cAMP in vitro include enzyme-linked immunoassays.
cAMP from the sample binds to a specific primary antibody and competes with a cAMP conjugated to
alkaline-phosphatase or acetylcholine-esterase. The mixture is then incubated in a multiwell plate
coated with a secondary antibody, and the enzyme activity can be quantified by adding the substrate for
the conjugated enzyme, which is converted into a colored product [327].
cAMP amount can also be assessed in an indirect way using Western blot analysis. cCAMP activates PKA
which phosphorylates several substrates. These phosphorylated proteins can be detected by phospho-
specific antibodies and the intracellular cAMP levels can be deduced.

All biochemical methods have the advantage of being quite sensitive and specific, however they
require a high number of cells or tissue that need to be disrupted. Real-time monitoring of cAMP in
various subcellular microdomains is impossible. Therefore additional approaches have been developed,
allowing the visualization of cAMP in single living cells with high temporal and spatial resolution [322].

1.13.2 Cyclic nucleotide gated channels (CNGCs)

CNGCs are non-selective cation channels with four subunits, each having an intracellular binding
site for cAMP. cAMP-binding activates the channel, allowing for cations to flow intracellularly and patch-
clamp enables to record this cation current [328]. Alternatively, if the monitored current consists of Ca*
ions, the influx can be visualized by using calcium sensitive dyes. Both approaches, however, are only an
indirect measure of sub-sarcolemmal cAMP concentrations [329].

1.13.3 FRET-based sensors

Above mentioned techniques are suitable to measure cAMP concentrations in cell lysates or to
monitor real-time dynamics at the plasma membrane. However, these approaches are too restricted to
a specific cellular location. FRET-based sensors have been generated, which allow studying cAMP
dynamics with higher spatial resolution (see Annex Table 7.2).

1.13.3.1 PKA based cAMP sensors

The first FRET-based cAMP sensors were based on PKA. In FICRhR (pronounced “flicker”), the
catalytic and regulatory PKA subunit are chemically labelled with fluorescein (donor) and rhodamine
(acceptor) respectively. Energy transfer occurs in the intact PKA holoenzyme, while cAMP binding leads
to C-R dissociation upon which the FRET signal decreases [330].

A genetically encoded cAMP FRET sensor was first developed by Zaccolo et al. by fusing different
GFP mutants to the PKA subunits [295]. Since the initially used fluorescent proteins (FPs) were prone to
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photobleaching, the sensor was improved by exchanging the FPs to CFP (fused to RIl subunit) and YFP
(fused to C subunit). cAMP measurements in microdomains of cardiomyocytes were made possible with
this FRET probe, in addition to studying the effect of specific PDE isoforms on cAMP compartmentation
[261, 331].

Despite their vast contribution to cAMP visualization in living cells, PKA based FRET sensors have
several disadvantages. Both sensor subunits need to be expressed equally to form a functional
heterotetrameric sensor. The fluorescently labelled sensor subunit might interact with endogenous R-
and C-subunits, and the cooperative binding of cAMP to PKA leads to slow sensor kinetics [205].
Therefore simpler sensors, based on a single cAMP binding domain of the PKA subunit or on other
effector proteins, were developed [311].

The most advanced, recently generated cAMP sensor CUTie (cCAMP universal tag for imaging
experiments) is based on the CNBD of PKA RIIf subunit. In this probe, the FRET donor is fused to the C-
terminus of the CNBD and the FRET acceptor is inserted in an intra-domain loop of the CNBD, leaving the
N-terminus free to enable sensor targeting. The unique feature of this sensor is that it enables fusion of
a targeting domain distal to the fluorescent proteins. This way, the targeting domain and FRET module
are separated from each other, minimizing the steric hindrance on the conformational change required
for energy transfer. This concept ensures that targeting of the CUTie to different domains does not
perturb the dynamic range of the sensor [258]. This is not necessarily the case for the targeting of
different sensors, since cAMP binding and the spectral properties of the FRET sensors can be influenced
by the targeting domain. Accurate calibration of targeted sensors is required for the comparison of
cAMP response at different sites.

1.13.3.2 Epac-based cAMP sensors

Several single-chain FRET sensors based on Epac were developed and published in 2004 [311]
[332, 333]. Human Epacl or murine Epac2 as cAMP binding domains, are sandwiched between CFP and
YFP in different positions to generate Epacl-camp and Epac2-camp sensors (Figure 1.21). cAMP binding
induces a conformational shift within the sensor which results in a decrease of the FRET signal. Epacl-
camps seems to have a slightly lower cAMP affinity than Epac2-camps (2uM vs. 1uM), and it shows
larger change in FRET ratio, therefore it is used preferably [311].

At the same time, Ponsioen et al. created a cAMP sensor based on the full length, or partially
truncated Epacl protein fused between CFP and YFP. It has an extended dynamic range compared to the
PKA probes and shows, as Epacl,2-camps, a uniform distribution in the cytosol [333].

The third set of Epac-based cAMP sensors are termed ICUE (indicator of cAMP using Epac), which use
the full length Epacl or truncated versions of Epac2 placed between CFP and citrine [332]. ICUE1 shows
the biggest change in FRET ratio and was used in further experiments, targeted to the membrane,
nucleus or mitochondria to measure local cAMP levels. ICUE2 is an improved version of ICUE1, showing
larger FRET signals while minimizing the affection of cellular functions [334].

All these single-chain Epac-based FRET sensors are superior to the tetrameric PKA sensors, since the
technical limitations as unequal subunit expression are eliminated [322].
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Figure 1.21 Principle of Epac-based cAMP sensor

In the cyclic nucleotide free state the two fluorophores CFP and YFP are in close proximity
which enables efficient resonance energy transfer from CFP to YFP upon excitation of CFP.
Binding of cAMP to the CNBD of Epac induces a conformational change within the sensor,
detectable as a loss in FRET.

1.13.3.3 CNGC based cAMP sensors

The cAMP binding domain of CNGCs lies within the C-terminus and is involved in channel gating
[335]. Using this domain from the murine hyperpolarization activated cyclic nucleotide-gated potassium
channel 2 (HCN2) sandwiched between CFP and YFP led to the creation of HCN2-camps [336]. It has a
high dynamic range and is more suitable for cells with higher basal cAMP activity since its sensitivity lies
around ECso= 6uM.

1.13.3.4 Single-wavelength fluorescent sensors for cAMP

In order to enable the monitoring of multiple signaling pathways simultaneously, single-
wavelength fluorescent sensors have been proved useful. In Flamindo and Flamindo2, two halves of the
EYFP variant citrine encompass the cAMP binding domain Epacl. Binding of cAMP decreases the
fluorescence intensity of citrine [337].

In the second available single-wavelength fluorescent cAMP sensor, termed cAMPr, circularly
permuted GFP (cpGFP) is bound by the full-length C subunit of PKA on one side, and an R subunit lacking
the dimerization/docking domain on the other side. cAMP binding separates the PKA subunits which
leads to an increase in GFP fluorescence [338].

cADDis (cAMP Difference Detector in situ) is an additional sensor using a similar approach as
cAMPr. Here, cpGFP is positioned within the hinge region of Epacl separating the catalytic and
regulatory subunit. cAMP binding to the regulatory subunit leads to a large conformational shift, the
positions of the catalytic and regulatory subunits are rearranged leading to a change in fluorescence
intensity of cpGFP [339].

All above mentioned sensors were used in combination with calcium-sensing dyes in order to
simultaneously record both pathways [338].

1.13.3.5 Monitoring cAMP signaling dynamics

An indirect way of measuring cAMP activity is to investigate the dynamics of cCAMP signaling
looking at the catalytic activity of PKA. With A kinase activity reporters (AKARs) it is possible to monitor
PKA activity dynamics with high temporal and spatial resolution by FRET. These sensors constitute of a
PKA substrate sequence and a phosphate-binding acceptor domain sandwiched between eCFP and
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YFP/Venus [340, 341]. Phosphorylation of the substrate leads to the interaction with the phosphate-
binding domain, facilitating the conformational change and with this a change in FRET efficiency. The
most recently published and improved AKAR4 sensor uses cerulean instead of CFP and was targeted to
the plasma membrane to measure compartmentalized PKA activity in this subcellular domain [342]. A
unique feature of the sensor is that it allows dephosphorylation, providing the possibility to monitor PKA
activity which increases FRET and phosphatase activity, which decreases FRET [343].

1.13.4 Targeting of FRET sensors

Genetically encoded FRET sensors are in general useful tools to study interactions of molecules
and have been particularly instrumental in the elucidation of cAMP compartmentalization. Fusing a
targeting domain to these sensors, allows directing them to a certain subcellular site where they can
accurately monitor signaling events. In addition, proteins of interest can be tagged with these sensors to
investigate their role in the signaling cascade [344].
The mechanism of targeting has been applied successfully to study compartmentalization of cCAMP [258,
332, 345] or PKA phosphorylation [346, 347]. AKAPs have been proved useful as fusion targets to study
compartmentalized signaling [258, 348, 349] especially AKAP79 [350, 351].

Targeting sequences are available for very distinct organelles such as the nucleus [332],
mitochondria [352], cilia [353] or flagella [354]. Enzymes can be tagged like specific PDEs [355, 356] or
distinct proteins within cardiomyocytes like AKAP186/SERCA/PLB complex localized at the
sarcoplasmatic reticulum, TPNI complex localized at the myofilament or AKAP79 at the plasmalemma
[258]. In principle, all cellular locations or proteins can be addressed by choosing the suitable targeting
sequence. This opens up new ways to study localized signaling events, particularly cAMP dynamics, to
broaden our understanding of compartmentalization.
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1.14 Objective of the study

GPCRs are key players in virtually all cellular functions. They act via their second messengers and
effector proteins to operate and regulate many physiological processes. Therefore, these membrane-
embedded targets have been subject of major interest since understanding their molecular signaling
mechanism might open up new ways to modulate their action and use them as therapeutical targets.

For Gs-coupled receptors, the second messenger cAMP mediates the signal coming from the plasma
membrane by operating various effector proteins. Despite thorough studies by the scientific community
trying to understand the receptor-second messenger-effector axis, it is still not entirely clear how such a
plethora of events are being individually operated by one second messenger.

The paradigm of signaling compartmentation where cAMP stays local and the signaling partners are
brought in close proximity as means to achieve signaling specificity is the currently most widely accepted
hypothesis in the field. Hence, proving the existence, studying the putative size and the molecular
details of such compartments and how they are maintained remains to be accomplished.

At present, the most valuable real-time approaches to study cAMP dynamics in living cells are
biophysical techniques employing FRET-cAMP-reporters. The high spatial resolution of these sensors
allows overcoming optical limitations and enables the detection of cAMP with a sub-microscopic
resolution.

The goal of this project is to address the topic of signaling specificity and visualize high-concentration
cAMP compartments, study them with regards to their location, size, dynamics and physiological impact.
We set out to achieve this goal through four main research objectives:
1. Employ a FRET based cAMP sensor and molecular cloning techniques to target it to different
cellular locations, monitor real time cAMP dynamics in different cellular compartments and find

a high-concentration cAMP domain.

2. Characterize the cAMP domain by assessing its dynamics in response to stimuli from different

GPCRs.

3. Investigate the spatial and temporal dynamics and the role of different proteins in establishing
the high-concentration cAMP compartment.

4. Evaluate whether the compartmentalized cAMP signal translates into a physiological response,
downstream of a certain GPCR.
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2 Material and Methods

2.1 Materials
2.1.1 Celllines

- Human embryonic kidney (HEK)-293 cells (ATCC)

- HEK-TsA cells (ATCC)

- Chinese hamster ovary CHO-K1 (ATCC)

- Clonal line stably expressing hGLP1R-camps generated from HEK-293 cells (this work)
- Clonal line stably expressing Epacl-camps-CAAX generated from HEK-293 (this work)
- Clonal line stably expressing Epacl-camps generated from HEK-293 (this work)

2.1.2  Cell culture media and supplements

- Dulbecco’s modified Eagle medium (DMEM) 4.5g/L Glucose, w/o: L-glutamine, w: Sodium
pyruvate, w: 3.7 g/L NaHCO3 (P04-03600 PAN Biotech GmbH)

- Opti-MEM | Reduced Serum Medium, no phenol red (11058021 Life Technologies GmbH)

- Ham’s F12 Medium, without L-glutamine, with 1,176 g/| NaHCO3 (P04-14550 PAN Biotech

GmbH)

- DMEM/F12, no phenol red (21041033 Life Technologies GmbH)
- Dulbecco’s phosphate buffered saline (DPBS), calcium, magnesium (14040091 Life Technologies

GmbH)

- Penicillin/Streptomycin 10.000 E/10.000 pg/ml (A 2213 Biochrom GmbH)

- L-Glutamine 200mM (P04-80050 PAN Biotech GmbH)

- Trypsin 0,05 %/EDTA 0,02 % in PBS, without Ca2+ and Mg2+ (P10-023100 PAN Biotech GmbH)
- Fetal bovine serum (F7524-500ML Sigma Aldrich Chemie GmbH)

- 2-Mercaptoethanol 55 mM (21985023 Life Technologies GmbH)

- Dimethylsulfoxide (DMSO) cell culture (A994.1 Carl Roth GmbH & Co. KG)

- Poly-D-Lysine hydrobromide (P0899-100mg Sigma Aldrich Chemie GmbH)

- G418 disulfate salt (G5013-250MG Sigma Aldrich Chemie GmbH)

2.1.3  Plasmids

Plasmid

Source

Epacl-camps in pcDNA3

Institute of Pharmacology and Toxicology

Epacl-R279E-camps in pcDNA3

Institute of Pharmacology and Toxicology

Epac2-camps-CAAX in pcDNA3

Institute of Pharmacology and Toxicology

Epacl-cAMPs-CAAX in pcDNA3

This work; Anton, Selma

Wildtype hGLP1R in pcDNA3

Kind gift from Christoph Klenk (University of
Zirich, Switzerland)

hGLP1R-YFP in pcDNA3

This work; Zabel, Ulrike

hGLP1R-YFP +Bmtl/BspEl sites in pcDNA3

This work; Zabel, Ulrike

hGLP1R-camps in pcDNA3

This work; Anton, Selma

hGLP1R-R279E-camps in pcDNA3

This work; Anton, Selma

hGLP1R-SAH30-camps in pcDNA3

This work; Anton, Selma
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hGLP1R-SAH60-camps in pcDNA3 This work; Anton, Selma
SAH30 (ER/K) linker 30nm in pcDNA3 Institute of Pharmacology and Toxicology
SAH60 (ER/K) linker 60nm in pcDNA3 Synthesis by Eurofins Genomics. Institute of
Pharmacology and Toxicology.
Epacl-CAAX +Bmtl/BspEl sites in pcDNA3 This work; Zabel, Ulrike
Epacl-CAAX-SAH30 in pcDNA3 This work; Anton, Selma
Epacl-SAH60-CAAX in pcDNA3 This work; Anton, Selma
EPAC-1-ext1-CAAX in pcDNA3 This work; Anton, Selma
EPAC-1-ext2-CAAX in pcDNA3 This work; Anton, Selma
AKAR-4 in pcDNA3.1 Jin Zhang (UCSD San Diego, USA)
hGLP1R-AKAR4 in pcDNA3.1 This work; Anton, Selma
hGLP1R-IRES-AKAR4 in pcDNA3 This work; Anton, Selma
Lyn-Halo-SAH60-Halo-CAAX in pcDNA 3.1 Synthesis by Genescript

Table 2.1 Plasmids used in the course of this study

2.1.4 Primers

All Primers used for generation and amplification of cDNA were synthesized by Eurofins Genomics of
BioTeZ GmbH. The sequence of all constructs was validated by sequencing of indicated plasmids through
Eurofins Genomics or LGC Genomics.

Primer Cloning of construct

Primer Insert forward: 5" AAAA AAG CTT ATG GCC | WT-hGLP1R-stop
GGC GCC CCcCcGGCceG 3
Primer insert reverse: 5 TGC CAG GCC TCC TGC WT-hGLP1R-stop
AGC TAA [EHCIGHRE 1177 3’
Primer Insert forward: 5" AAAA AAG CTT ATG GCC | WT-hGLP1R
GGC GCC CcCcCcgaeeeG 3!
Primer insert reverse: 5" TGC CAG GCC TCC TGC WT-hGLP1R

| AGC (BIGHE TTTT 3
Primer insert forward: 5" AAAA AAG CTT ATG GCC | hGLP1R-YFP
GGC GCC CcCcCcgaeeeG 3!
Primer insert reverse: 5" TGC CAG GCC TCC TGC hGLP1R-YFP
AGCTCTAGATTTT 3’

primer insert forward 5" AAA TCT AGA [l | hGLP1R-YFP +Bmtl/BspEl sites

| GGG [ GTG AGC AAG GGC GAG GAG 3’
Primer insert reverse 5’ AAA AGC GGC CGC AAA | hGLP1R-YFP +Bmtl/BspEl sites

| [EAANTTE CTT GTA CAG CTC GTC CAT 3
Primer insert forward: 5’ TTT CAG GGC [l | hGLP1R-SAH30-camps
GGA GAA 3’
Primer insert reverse: 5’ AGA GCC |JBIBIBl GCC | hGLP1R-SAH30-camps
TCTTTS
Primer vector forward: 5" CTG TAC AAG - Epacl-ext1-CAAX
GGG BBl GGT GGA ACC GGT GGA AGT AAG
AAA AAG TCT AAG ACT AAA TGT 3’
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Primer vector reverse: 5" ACA TTT AGT CTT AGA
CTT TTT CTT ACT TCC ACC GGT Tcc Acc [EEIEEE

| ccc [N CTT GTA CAG 3

Epacl-ext1-CAAX

Banana split forward: 5" ATT CTA GTT GTG GTT
TGT CCAAACTCATCAA 3

Epacl-ext1-CAAX

Banana split reverse: 5’ TTG ATG AGT TTG GAC
AAA CCA CAACTAGAATZ

Epacl-ext1-CAAX

Primer vector forward: 5" CTG TAC AAG -
GGG [IBIBEH GGT GGA ACC GGT GGA AGT GGT
GGA ACC GGT GGA AGT AAG AAA AAG TCT AAG
ACT AAATGT 3’

Epacl-ext2-CAAX

Primer vector reverse: 5° ACATTT AGT CTT AGA
CTTTTT CTT ACT TCC ACC GGT TCC ACC ACT TCC

AcC GGT Tcc Acc [IEEIEEH ccc BN .

GTACAG ¥

Epacl-ext2-CAAX

Primer vector forward: 5" TCT AGA - GGG
BB AT AAG GAT CCC ATG GTG AGC 3’

hGLP1R-AKAR4

Primer vector reverse: 5 CGG GCC GGG GGC GCC
GGC CAT GGT GGC GGC CGC AAG CTT 3’

hGLP1R-AKAR4

Primer insert forward: 5° CCC AAG CTT GCG GCC
GCC ACC ATG GCC GGC GCC CCCGGC 3

hGLP1R-AKAR4

Primer insert reverse: 5" GCT CAC CAT GGG ATC

c1T ATC [ISSIEEH ccc [ TCT AGA 3’

hGLP1R-AKAR4

Primer vector forward: 5" GAT GAT AAT ATG GCC
ACA ATG GTG AGC AAG GGC GAG 3’

hGLP1R-IRES-AKAR4

Primer vector reverse: 5 GGG AGG GAG AGG
GGCTTA CCC TCT 3’

hGLP1R-IRES-AKAR4

Insert primer forward: 5 AGA GCT AGC GGG TCC
GGA TAA GCC CCT CTC CCT CCC 3’

hGLP1R-IRES-AKAR4

Insert primer reverse: 5" CTC GCC CTT GCT CAC
CAT TGT GGC CAT ATT ATCATC 3’

hGLP1R-IRES-AKAR4

Table 2.2 Primers used for cloning of all constructs in the course of this study

2.1.5 Cloning enzymes

All restriction enzymes, Polymerases, Ligases, Nucleotides and respective buffers were bought from New

England Biolabs GmbH

- Hind Il - BspEl
- Xhol - EcoRl
- Xbal -
- Notl -

T4 DNA Ligase
Q5°® High-Fidelity DNA Polymerase
Phusion® High-Fidelity DNA Polymerase
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2.1.6

2.1.7

Chemical compounds

GLP1-(7-36)-NH2 (2082)- Tocris

Forskolin (F3917), IBMX (3-Isobutyl-1-methylxanthine I15879), MDL (MDL-12,330A
hydrochloride, M182), cAMP (Adenosine-3’,5’-cyclic monophosphate sodium salt monohydrate,
A9501), (-)-Isoproterenol x HCI (16504), D-(+)-Glucose x monohydrate (49161) were purchased
from Sigma-Aldrich

St-Ht31 (V8211), St-Ht31-P (V8221) (InCELLect™) were purchased from Promega.
8-Br-O’-Me-cAMP-AM (B 028-01)- Biolog Life Science Institute

Saponin was a kind gift from Prof. Manuela Zaccolo (Saponin from Quillaja bark S4521 Sigma-
Aldrich 20-35% Sapogenin content)

JF-646 Halo dye was a generous gift from Luke Lavis (Janelia)

Devices

Brightfield fluorescence microscope: Axiovert 200 inverted microscope (Zeiss, Jena, Germany)
with an oil immersion objective (plan-NEOFLUAR 63x/1.25). 505 dcxr beam splitter (Visitron
Systems, Puchheim, Germany), high speed polychromator system (Visitron Systems), iXon Ultra
EMCCD camera (Andor, Belfast, UK), Metafluor 7 software (Molecular Devices, Sunnyvale, CA,
USA).

Brightfield fluorescence microscope: Leica DMi8 inverted microscope (Leica Microsystems,
Wetzlar, Germany) with an oil immersion objective (HC PL APO 63x/1.40-0.60 oil). Dichroic
beamsplitter T505lpxr (Visitron Systems, Puchheim, Germany), Emission filter 470/24 nm and
YFP emission filter 535/30 nm (Chroma technology corp.), Visichrome high-speed polychromator
(Visitron Systems), Xe-Lamp 75W, 5.7 A (Hamamatsu Photonics), Photometrics Prime 95B CMOS
camera (Visitron systems) with Optosplit Il dual emission image splitter (Cairn). Visiview 4.0
imaging software (Visitron Systems).

Confocal setup: Leica TCS SP5 or TCS SP8 with an oil immersion objective (HC PL APO 63x/1,40-
0,60 oil)

Plate reader: Synergy Neo2 plate reader (BioTek Instruments) equipped with a monochromator.
Additionally various filter sets were used.

Commercially available kits

Effectene Transfection Reagent (4 x 1 ml) (301427 Qiagen GmbH)

Lipofectamine 2000 Transfection Reagent-0.3 mL (11668030 Life Technologies GmbH)
FUGENE® HD Transfection Reagent (E2311 Promega)

Gibson Assembly Master Mix (E2611L New England Biolabs GmbH)

QIAGEN Plasmid Plus Midi Kit (12945 Qiagen GmbH)

Monarch™ Plasmid Miniprep Kit (T1010L New England Biolabs GmbH)

Monarch™ DNA Gel Extraction Kit (T1020L New England Biolabs GmbH)

cAMP EIA Kit (581001 Cayman chemical company)

Other consumables

TC-Platte 6 Well, Standard F (833,920,005 SARSTEDT)
TC-Schale 100, Standard (833,902 SARSTEDT)
TC-Platte 96 Well, Standard F (833,924,005 SARSTEDT)
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TC-Schale 60, Standard (833,901 SARSTEDT)
96-well plates, black walled, black bottomed (BR781968-50EA Brand GmbH)
Coverslips 24 mm @ (0111640 Paul Marienfeld GmbH)

2.2 Methods
2.2.1  Molecular biology

2.2.1.1  Preparation of competent Escherichia coli (E. coli) for KCM-transformation

NEB DH5a-competent E. coli are spread on an lysogeny broth (LB)-plate without antibiotics and
incubated over night at 37°C. The following day one single colony is picked to inoculate 50 ml LB-
medium and grown over night at 37°C in a circulatory shaker (180 RPM, 5% CO;). The next day, 4.5 ml of
the pre-culture are used to inoculate 250 ml LB medium and incubated at 37°C in a circulatory shaker
until the optical density of the suspension measured at 595 nm reaches 0.5 — 0.6. Collection of the
bacteria by centrifugation for 10 minutes, 3500 RPM, 4°C. Resuspension of the pellet in 25 ml
transformation storage buffer (TSB). Preparation of 100 pl aliquots, incubation on ice for 90 minutes,
freezing in liquid nitrogen and storage at -80°C.

LB-medium (autoclaved): 1% (w/v) Trypton
0.5% (w/v) yeast extract
1% (w/v) NaCl
H,O

LB agar plates: 1% (w/v) agar in LB-medium
Optional: selection antibiotic Ampicillin 100pg/ml, Kanamycin
50ug/ml

TSB (sterile filtered 0.2um): 10% PEG3000
5% DMSO
20 mM MgCl,
in LB-medium

2.2.1.2 Transformation of competent E. coli (KCM method)

Competent E. coli are transformed to take up a certain plasmid with the aim of amplifying the DNA.
Competent cells of the strain DH5a are used for transformation. For this, 100 pl of the bacterial
suspension are slowly defrosted on ice, mixed with 100 ul KCM-buffer and either 1 pl of plasmid DNA (1
pg/ul) or up to 20 ul ligation product. Incubation of the mixture for 20 minutes on ice and 10 minutes at
room temperature. Addition of 1 ml LB-medium (no antibiotic), rotational shaking for 90 minutes (37 °C,
450 RPM) for regeneration. To isolate the transformed bacteria, either the whole sample (ligation
product) or an aliquot of 50 pl is centrifuged (5 minutes, 5000 RPM); the pellet is re-suspended in fresh
LB-medium and plated on agar plates containing the suitable selection antibiotic. Culture overnight at
37°C.

KCM buffer (sterile filtered 0.2um): 100 mM KCL
30 mM CaCl,
50 mM MgCl,
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H.O
2.2.1.3  Mini plasmid preparation
To isolate a small amount of DNA from competent E. coli transformed with a ligation product a mini
plasmid preparation is done, or isolation using the kit. For the manual mini plasmid preparation, 4.5 ml
LB-medium are inoculated with a single colony of transformed E. coli and the culture is grown for one
night at 37°C in a circulatory shaker (180 RPM, 5% CO;). Centrifugation of 1.5 ml of the culture (5
minutes, 5000 RPM), resuspension of the pellet in 300 pl P1 buffer. Addition of 300 ul lysis buffer P2,
incubation for 2 minutes at room temperature. Bacterial RNA is degraded during lysis due to the
supplemented ribonuclease (RNase A). Neutralization with 300 ul buffer P3. Centrifugation for 15
minutes, 14000 RPM, 4°C. Transfer of the supernatant to new tubes and additional centrifugation 5
minutes, 14000 RPM, 4°C. 700 pl of the supernatant is transferred to a new tube, mixed with 500 pl
Isopropanol and centrifuged again for 15 minutes, 14000 RPM, 4°C. After discarding the supernatant,
the DNA precipitate is washed with 600 pul 70% ethanol (centrifugation 5 minutes, 14000 RPM). After
removal of the ethanol, the pellet is dried at room temperature and diluted in 30 pl bi-distilled water.
Analysis of resulting DNA is done either through sequencing, or a restriction digest with unique
restriction enzymes.

P1 buffer: 50 mM Tris
10 mM EDTA
100 pg/ml RNase A
H,0, pH=8.0

P2 buffer: 200mM NaOH
1% SDS

P3 buffer: 3 M potassium acetate, pH=5.0

2.2.1.4  Midi DNA preparation & adjustment of DNA concentration

To amplify plasmid DNA, a colony grown on an agar plate is picked and 100 ml LB-medium containing
the suitable selection antibiotic are inoculated and let grow over night at 37°C in a circulatory shaker.
The DNA was isolated and purified using the Plasmid midi kit from Qiagen according to the
manufacturer’s instructions. The bacterial cells are lysed with an alkaline buffer, and purification of DNA
is achieved through chromatographical anion exchange.

After the purification, the concentration of resulting DNA solution is assessed photomerrically at 260 nm
using either Nanodrop 2000 or Denovix DS-11 as a microvolume UV/Vis-spectrophotometer and set to 1
pg/ul. The purity of the sample can be evaluated via absorption measurement at 280 nm. Only sampled
with an absorption ratio at 260 nm/280 nm > 1.8 are subsequently used to exclude any contamination
by proteins.

2.2.1.5 Polymerase-Chain-Reaction (PCR)

DNA fragments from a template plasmid required for cloning are amplified through PCR. Specially
designed primers are used to set the starting (forward primer) and endpoint (reverse primer) of the
desired fragment, while the DNA polymerase elongates the primers at the 3’ end with suitable
deoxyribonucleotides (dNTPs) according to the complementary DNA strand.
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Standard PCR is performed in a thermal cycler (Biometra Trio- analytic jena), starting with the
denaturation of the template DNA for 3 minutes at 94°C. 30 cycles of denaturation (30 seconds, 94°C),
primer annealing (1 minute, 55°C), elongation (2.5 minutes, 72°C) follow before the final step of
elongation (5 minutes 72°C). Duration and thermal conditions of each step are optimized for each DNA
fragment.

Assay conditions: 100 ng plasmid DNA
20 nmol of each dNTP (dATP, dTTP, dGTP, dCTP)
50 pmol of each forward & reverse primer
1 pl DNA Polymerase (3 units/ul)
10 pl polymerase buffer (10x)
H,0 ad 100 pl

2.2.1.6 Purification and Isolation of PCR products and DNA fragments on agarose gels

The negatively charged DNA fragments migrate with size dependent speed through an agarose gel in an
electric field and thus can be separated and subsequently isolated. Ethidiumbromide is utilized to stain
the DNA in the agarose gel, due to its ability to intercalate between the DNA bases, which leads to a
fluorescence upon excitation with UV light. 1% agarose gels are prepared by dissolving agarose in tris-
acetate buffer (TAE), boiling the solution and adding ethidiumbromide (0.06%). The liquid mixture is
poured into a chamber, appropriate combs are mounted and let solidify at room temperature. The gel is
then transferred to an electrophoresis chamber and covered with TAE buffer. The DNA samples are
mixed with 10x DNA loading buffer and loaded onto the gel alongside 1 kilobase standard DNA ladder.
Electrophoresis was performed at 110 V for 30-50 minutes.

The separated DNA bands are identified and excised above a UV lamp. DNA is extracted from the gel
using Monarch’s gel extraction kit according to the manufacturer’s instructions.

TAE buffer (50x): 10 mM EDTA
50 mM sodium acetate
400 mM Tris-HCl
H,0, adjust pH=8.0

DNA loading buffer (10x) 0.25% (m/v) bromophenol blue
50% glycerol
100mM EDTA
Hzo

2.2.1.7 Restriction enzyme cloning

Combination of DNA fragments and insertion into a vector is essential in order to create new DNA
plasmids which in turn encode the proteins of interest. The vector pcDNA3 and pcDNA3.1 was used for
all cloned constructs due to its good expression in mammalian cell lines. The plasmids encoding WT
hGLP1R, Epacl-camps [311], AKAR4 [342] were used as starting points for all cloned constructs. The
general protocol was followed: the desired DNA fragment was amplified through PCR from a suitable
template. By designing unique primers, sequences for restriction enzymes are introduced to the desired
DNA fragment. Both the PCR product and the vector are digested with the same restriction enzymes to
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get complementary ends. After gel separation and purification of both fragments, DNA amount is
estimated using a microvolume UV/Vis-spectrophotometer in order to combine vector and insert in an
optimal ratio (1:3 or 1:6)

Amount insert [ng]= amount vector [ng] x size insert [kb] x3/6
size vector [kb]
(typical amounts were 12ng insert, 18ng vector)

EQUATION 5

The complementary restriction sites find each other and ligation of both fragments is done overnight at
16°C with the T4 DNA ligase, which catalyzes the formation of a phosphodiesterase bond between the
3’-hydroxy group of one strand and the 5’ phosphate-residue of the adjoining strand. The resulting
cyclized plasmid is transformed into competent E. coli. 5-10 clones per construct are picked, DNA is
amplified and isolated according to the mini DNA preparation protocol. The DNA from each clone is
tested by a control digestion, and the results from positive clones are further verified by DNA
sequencing to assure the insert and vector were combined without a frame shift or other mutations.

Restriction digest: 4 ug DNA
1.5 pl of each restriction enzyme
5 ul digestion buffer (10x)
optional: 5ul BSA (1 pg/ul)
H,0 ad 50 pl

Ligation: DNA fragments of insert & vector
1 ul T4 DNA ligase
2 ul ligase buffer (10x)
H,0 ad 20 pl

2.2.1.8 Gibson cloning

By designing suitable primers for the insert and the vector, a complementary overhang sequence is
introduced into each fragment. All fragments are PCR amplified and the DNA is separated and isolated
from an agarose gel. DNA concentration is measured using a microvolume UV/Vis-spectrophotometer in
order to combine the fragments in a suitable ratio (typically 0.03 pmol of each fragment / 3 fold excess
of small fragments).

Amount fragment [ng]= 0.03 pmol x size [bp] x 650 daltons
1000

Equation 6

Incubation of the mix for 15 minutes at 50°C. Transformation of 2 ul into competent E. coli and
subsequent characterization as described in the section of restriction cloning.
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Gibson assembly mix: Total amount of fragments (0.02-0.05pmol)
10 pl Gibson assembly mix (2x)
H,0 ad 20 pl

2.2.2  Cell biology

2.2.2.1 Cultivation and storage of cell lines

HEK-293, HEK-TSA and CHO cells were grown in cell culture medium at 37°C and 5% CO,. Cells were
passaged every 2-3 days when a confluence of 90-100% was reached. For this, old medium was
aspirated and cells were washed once with DPBS. 1 ml of trypsin/EDTA solution was added (for a 10 cm
dish, respective amount for other dish sizes), flown over the whole dish and immediately aspirated.
After 2 minutes, cells were re-suspended in fresh culture medium and an aliquot was transferred to a
new dish containing fresh medium. Cells were used between passage 5-30.

For long-term storage in liquid nitrogen, cells were harvested according to the above mentioned
protocol, with the difference of resuspension in a DMSO and FBS-enriched freeze medium. Cells were
aliquoted into cryo-vials and stored for one night in Nalgene® Mr. Frosty® Cryo 1°C Freezing Container at
-80°C to ascertain a cooling rate of -1°C/minute. The next morning cells were transferred to a liquid
nitrogen container.

To re-culture frozen cells, a cryo-vial was thawed quickly at 37°C, cells were washed once with fresh
medium and centrifuged for 3 minutes at 800 RPM. Medium was aspirated to remove DMSO and cells
were re-suspended in fresh culture medium and plated on cell culture dishes.

Cell culture medium HEK: DMEM 4.5 g/l glucose
10% (v/v) FBS
100 U/ml penicillin, 100 pug/ml streptomycin
2mM L-glutamine

Freezing medium HEK: 80% (v/v) complete DMEM
10% (v/v) FBS
10% (v/v) DMSO

Culture medium CHO: Ham’s F12, without L-glutamine, with 1,176 g/| NaHCO3
(fluorescent measurements) 10% (v/v) FBS

100 U/ml penicillin, 100 pg/ml streptomycin

2mM L-glutamine

Culture medium CHO: DMEM/F12, no phenol red, without L-glutamine,
(STORM imaging) with 1,176 g/| NaHCO3
10% (v/v) FBS
100 U/ml penicillin, 100 pg/ml streptomycin
2mM L-glutamine

Freezing medium CHO: 80% (v/v) complete Ham’s F12
10% (v/v) FBS
10% (v/v) DMSO
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2.2.2.2 Transient transfection of cells

For fluorescence measurements in HEK-TsA, cells were seeded on Poly-D-Lysine coated cover slips into
6-well plates (1.7 x 10° cells per well). 6-8 hours after seeding cells were transfected using Effectene
transfection reagent according to the manufacturer’s instructions. 400-600 ng of DNA were used per
cover slip. In case two plasmids were co-transfected, the DNA of both was mixed at a ratio of 1:1 and
800-1200 ng of total DNA were transfected. Culture medium was renewed 24 hours post transfection.
Fluorescence measurements were performed 48 or 64 hours after transfection.

For fluorescent measurements in CHO, cells were seeded on uncoated coverslips into 6-well plates and
let adhere for 6-8 hours. Cells were transfected using FUGENE transfection reagent according to the
manufacturer’s protocol. 2 ug of DNA were transfected per cover slip. 24 hours after transfection
culture medium was renewed and experiments were conducted another 24 hours later.

For dSTORM imaging, CHO cells were seeded the night before on uncoated coverslips into 6-well plates.
12-14 hours after seeding, cells were transfected using Effectene transfection reagent according to the
manufacturer’s protocol. 2 ug of DNA were used per cover slip. 4-5 hours after transfection cells were
labelled and fixed. Experiments were conducted on the same day or 24 hours later.

2.2.2.3 Creation of stable cell lines

HEK-293 cells were used to generate a stable cell line. Cells were seeded onto 10 cm dishes and
transfected with 10 ug DNA of desired constructs when they reached a density of 70% using Effectene
transfection reagent according to the manufacturer’s protocol. Transfected clones were selected with
cell culture medium containing 800 pg/ml G-418 selection antibiotic. Single clones were picked and
separated. From each clone the brightest cells were selected using fluorescence-assisted cell sorting
(FACS). Stable cell lines were maintained in cell culture medium containing 200 pg/ml G-418 at 37°C
with 5% CO..

2.2.2.4 Whole cell cAMP ELISA

HEK-TsA cells were seeded at a density of 2.5x10° into 6 well plates and let adhere overnight. On the
next day, cells were transfected with either wild type GLP1R or hGLP1R-camps using calciumphosphate-
transfection protocol (3 pl DNA, 3 pl empty pcDNA3, 135 plL H,0, 15 pl 2,5M CaCly, 150 pl 2xBBS buffer,
incubation for 20 minutes, adding to the cells). 24 hours after transfection culture medium was
renewed. 48h after transfection ELISA was performed. Cells were washed once with FRET buffer and
incubated for 25 minutes with the compounds. After incubation, buffer was aspirated and 260 pl of
0.1M HCl were added. Cells were incubated for 20 minutes at room temperature and then scraped off
the surface. Mixture was centrifuged at 1000xg for 10 minutes and the supernatants were diluted 1:10
before proceeding with the ELISA according to the manufacturer’s protocol.

2x BBS buffer (sterile filtered 0.2 um): 50 mM BES (N, N-bis[2-hydroxyethyl]-2-
aminoethanesulfonic acid)
280 mM NaCl
1.5mM NazHPO4 X 2 Hzo
H,0, pH=6.95 adjust at 20°C
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2.2.3 Biophysical methods

2.2.3.1 FRET measurements on the microscope

FRET experiments were conducted 48 hours (hGLP1R-camps, WT-hGLP1R + Epacl-camps, WT-hGLP1R +
Epacl-camps-CAAX, hGLP1R-AKAR4, WT-hGLP1R-IRES-AKAR4) or 64 hours (hGLP1R-SAH30-camps,
hGLP1R-SAH60-camps) post transfection. Cells were washed once with FRET buffer and maintained in
FRET buffer at room temperature throughout the experiment. 100ms excitation and image acquisition
every 5 seconds.

FRET buffer: 10 mM HEPES
140 mM NaCl
5.4 mM KClI
1 mM MgCl,
2 mM CaCl,
H.0, pH=7.3

2.2.3.2 Confocal microscopy

Confocal images were obtained 48 hours after transfection. Cells were washed once with FRET buffer
and maintained in FRET buffer at room temperature while imaging. CFP was excited with a diode laser at
458 nm laser line and fluorescence intensities were recorded from 470 to 550 nm. YFP was excited with
a 514 nm laser line at 2-4% power. Fluorescence intensity was recorded from 525 to 600 nm. Settings
for recording were kept constant at 1024 x 1024 pixel format, frame average 4, and 400 Hz. To avoid
bleed through, parallel images of CFP and YFP were obtained in sequential scan mode using the settings
described above.

2.2.3.3  Stochastic optical reconstruction microscopy (STORM)

STORM imaging was conducted 4-5 hours after transfection. Cells were labeled with 1uM of the
HaloTag® ligand JF-646 for 20 minutes at 37°C. For this, cells were washed three times with PBS before
adding 1 ml of 1 uM fluorophore solution. After labelling, cells were washed three times with
DMEM/F12 medium, each time followed by 5 minutes incubation at 37°C. Cells were fixed with ice-cold
methanol by adding 2ml to each well and incubating for 20 minutes at -20°C. Three times washing with
PBS and storage in PBS at 4°C in case imaging was planned at a later stage. During imaging, cells were
kept in Glox buffer at room temperature. STORM images were acquired at a TIRF illuminated Nikon
Eclipse Ti2 microscope (Nikon) equipped with a 100x objective with a 1.49 NA automated correction
collar. 405, 488, 561, 647 nm laser diodes coupled through an automated N-storm module and four
iXON Ultra897 EMCCD Cameras (Andor). For STORM imaging, the automated objective collar and the
hardware auto-focus were activated. The 647 nm laser was set to a power of 100% and images were
acquired for at least 15000 frames or until blinking events were negligible. STORM movies were
processed and analyzed in Imagel using the Thunderstorm plugin [357].

Glox buffer: 0.56 mg/ml glucose oxidase
34 pg/ml catalase
10% glucose
0.1 M mercaptoethylamine
50 mM Tris
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10 mM NacCl
H,0, pH=8.0

2.2.3.4  Sensor Calibration

Epacl-camps targeted to the hGLP1R (hGLP1R-camps), to the plasma membrane (Epacl-camps-CAAX) or
expressed in the cytosol was calibrated using two different approaches to evaluate its in vivo affinity for
cAMP.

2.2.3.4.1 MDL Calibration

Calibration was assessed by single cell FRET measurements on an inverted fluorescence microscope 48
hours after transfection. During the calibration, HEK-TsA cells were maintained in FRET buffer at room
temperature. All compounds were diluted using FRET buffer.

First, 100 uM MDL, which inhibits the adenylyl cyclases, was added to the cells. cAMP production is
depleted and by this one can assess the minimum level of cAMP the sensor can detect.

After reaching a stable signal, various defined concentrations of 8-Br-O’-Me-cAMP-AM - a cell
permeable analogue of cAMP- were added on top. At the end of each measurement 10 uM forskolin
and 100 uM IBMX were added to saturate the sensor and normalize the signal to maximum stimulation.
A concentration-response-curve was created and the resulting ECso values can be used to compare the
affinities of the differently targeted sensors for cAMP [227].

2.2.3.4.2 Saponin Calibration

Calibration was assessed by single cell FRET microscopy on an inverted fluorescence microscope 48
hours after transfection. The first step was to assess the right combination of a KCI- and K-glutamate-
based intracellular buffer, since the different combination of buffers, leads to a shift of the
concentration-response-curve resulting from the calibration of the sensor with cAMP (See Figure 2.1).
This was done in CHO cells as their basal intracellular cAMP value is known to be 1 uM [358]. Since the x-
crossing of the concentration-response-curve indicates this value, the curve using the right buffer
combination should cross the axis at this value. The experiments resulted in a ratio of 45% KCl, 55%
glutamate based buffer.

In the second step, the intracellular pH of HEK-TsA cells was determined as described before [358]. Since
YFP is sensitive to changes in pH, it is crucial that the pH value of the intracellular buffer used in the
calibration experiments later matches the real intracellular pH of the cells to assure that changes in
fluorescence of the sensor stem from actual changes in cAMP and not changes of the pH value. All
intracellular buffers were adjusted to the resulting pH value of 7.5.

The actual calibration of the sensors was conducted in HEK-TsA cells 48 hours after transfection. During
the calibration experiments, cells were maintained in intracellular buffer at room temperature. 10-12
pg/ml saponin was added to permeabilize the cells, together with a defined concentration of cAMP
(range 0-1 mM, one concentration per coverslip). From the resulting concentration-response-curves,
one can see the dynamic ranges of the sensors, and compare their in vivo affinity to cAMP [358, 359].
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Figure 2.1 Schematic representation of concentration-response-curves using different buffer
combinations

Simulated concentrations-response-curves from calibration experiments. Curve position can
vary depending on the combination of KCI-/K-glutamate buffer used during calibration
experiments.

Intracellular buffer KCl: 135 mM KCl
10 mM NaCl
6.49 mM MgCl, x 6H,0
0.00073 mM CaCl, x 2H,0
0.5 mM EGTA (ethylene glycol-bis(B-aminoethyl ether)-’
N,N,N’,N’-tetraacetic acid)
10 mM HEPES

Intracellular buffer K-glutamate: 135 mM K-glutamate x H,O
10 mM Nacl
6.49 mM MgCl, x 6H,0
0.00073 mM CaCl; x 2H,0
0.5 mM EGTA
10 mM HEPES

2.2.4  Data analysis and statistics

In single cell fluorescence microscopy, FRET was calculated as the ratio between CFP emission at
480 nm and YFP emission at 535 nm with correction for spillover of CFP signal into the YFP channel (0.57
Zeiss Axiovert, 1.31 Leica DMi8) and for direct excitation of YFP (0.07 Zeiss Axiovert, 0.046 Leica DMi8).
FRET traces were normalized to the maximum signal elicited by 10 uM forskolin + 100 uM IBMX at the
end of each experiment. Data was analyzed using Origin Pro 2016G and Graphpad Prism 7.0 and plotted
as mean + standard error mean (SEM). Data from concentration response curve was fitted with a mono-
exponential equation with a four-parameter fit. Kinetics were calculated with a one-phase decay fit or
with a plateau followed by one-phase decay fit. Traces shown in Figure 3.10,Figure 3.11,Figure
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3.12,Figure 3.13 were smoothed using adjacent average with 2" order polynomial smoothing function.
All data sets were tested for Gaussian distribution using D’Agostino & Pearson’s normality test.
Statistical differences were calculated with a Student’s t-test or a 1-way ANOVA followed by
Bonferroni’s or Tukey’s multiple comparison test. Differences were considered significant for p < 0.05.
Confocal images were analyzed using Fiji/Imagel. Each image was corrected by subtracting the average
background fluorescence. Contrast was enhanced while keeping the saturated pixels at 0.1%.
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3 Results

3.1 Designing a receptor sensor conjugate suitable for measuring cAMP close to a GPCR

Since the stimulus for cAMP elevation in cells originates at a GPCR, which couples to a Gs protein

and leads to the activation of AC, we aimed to measure cAMP close to a Gs-coupled receptor [22]. We
chose to use a FRET based approach in order to study cAMP dynamics in real-time in living cells. By
cloning the Epacl-camp sensor (Epacl-camps) [311] to the C-terminus of the full length, wild type
hGLP1R we created hGLP1R-camps. When expressed in HEK-TsA cells, the receptor-sensor conjugate
shows a distribution at the plasma membrane (See Figure 3.1).

In order to be able to measure cAMP in gradual distances from the receptor, to assess the spatial
dynamics of a putative cAMP compartment, we modified the hGLP1R-camp sensor. For this, we used
rigid linkers with a defined length, which we placed between the receptor and the sensor. These linkers
consist of an ER/K a-helix from a Kelch motif family protein found in Trichonomis vaginalis G3. A
persistent length (Lp, length scale over which the structure is rigid) of 30 £ 10nm has been estimated for
this linker [360]. We generated hGLP1R-SAH30-camps with one linker between receptor and sensor (30
nm distance), and hGLP1R-SAH60-camps where we doubled the sequence of the linker on the DNA level
and with this obtain a linker length of approximately 60 nm. Figure 3.1 shows that all three constructs
are expressed at the plasma membrane.

hGLPIR

PM

hGLP1R-SAH30-camps

hGLP1R-SAH60-camps

hGLP1R-camps hGLP1R-SAH30-camps hGLP1R-SAH60-camps

Figure 3.1 hGLP1R-camps detects cAMP at the receptor

Schematic representation of the FRET sensor Epacl-camps attached to the C-terminus of the
hGLP1R, with no linker (orange), 30nm linker (petrol), 60nm linker (purple). Confocal images
of a HEK-TsA cell individually expressing the indicated constructs at the plasma membrane.
YFP channel. Scale bar = 10 um.
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In order to validate the length of the doubled 30 nm linker, we expressed a membrane targeted
version of the linker in CHO cells and recorded STORM movies. This construct is targeted to the plasma
membrane via the Lyn- and CAAX sequence [342] while it can be labeled with Halo dyes suitable for
STORM imaging. Figure 3.3 shows a CHO cell transfected with above-mentioned construct, labeled with
JF-646 dye. The average linker length is 68.8 + 1.42 nm. Considering imaging was conducted five hours
post transfection to assure low expression levels, protein folding might not be fully complete, thus the
average length lies slightly above the expected 60 nm.

10+

% Frequency

0 20 40 60 80 100 120

Linker length [nm]

Figure 3.2 Assessment of SAH60 linker length

(A) Representative image from the localization microscopy stacks of a CHO cell expressing Lyn-
Halo-SAH60-Halo-CAAX labeled with Halo JF-646, from which the reconstructed super-
resolution image was generated.

(B) Reconstructed super-resolution close up view of the area indicated in (A). Inset: zoomed-in
view of a double-labeled linker with 60 nm distance between both foci. Additional linkers
indicated with white arrows.

(C) Histogram depicting the frequency distribution of linker length. The average length is 68.8 +
1.42 nm (Mean*SEM n=203 linkers from 10 cells).
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3.2 Targeting of the Epacl-camps sensor to subcellular locations

In order to compare cAMP levels measured at the hGLP1R using hGLP1R-camps with other
subcellular cAMP levels, we chose to target Epacl-camps additionally to the plasma membrane and to
express it in the cytosol. By cloning the CAAX-box from the small GTPase Rho [361] to the C-terminus of
Epacl-camps, we directed the sensor to the non-lipid rafts of the plasma membrane, thereby creating
Epacl-camps-CAAX. For the cytosolic compartment we left the sensor unchanged (Figure 3.3). When
overexpressed in HEK-TsA cells, Epacl-camps shows a uniform distribution in the cytosol, whereas
Epacl-camps-CAAX is expressed at the membrane.

e cAMP

Epacl-camps-CAAX

@iy cocrcome

Epacl-camps-CAAX Epacl-camps

Figure 3.3 Epacl-camps targeted to different subcellular locations

Schematic representation of the FRET sensor Epacl-camps targeted by the CAAX-sequence to
the plasma membrane, or untargeted and expressed in the cytosol. Confocal images of a HEK-
TsA cells individually expressing Epacl-camps-CAAX or at the plasma membrane or Epacl-
camps in the cytosol. YFP channel. Scale bar = 10 um.

3.3 Characterization of hGLP1R-camps

Since FRET is highly dependent on the steric orientation and distance of both fluorophores, fusion
of the Epacl-camp sensor to an attachment point might attenuate its ability to detect cAMP reliably. To
confirm that the affinity of the differently targeted Epacl-camp sensor for cAMP is not perturbed we
calibrated the differentially targeted sensors in vivo with two different methods.

3.3.1 MDL/ 8-Br-O’-Me-cAMP-AM calibration

With the calibration method described by Bérner et al. [227], it is possible to calibrate the
Epacl-camps in intact cells and to assess its entire dynamic range. Cells transfected with the respective
construct are first subject to application of 100 uM MDL-12,330A (MDL), a compound which inhibits
ACs. When the basal cAMP is degraded by the PDEs, the sensor detects the minimum level of cAMP
(Rmin). In the second step 8-Br-O’-Me-cAMP-AM, a cell permeable analogue of cAMP, is added in
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increasing concentrations (1 nM-20 uM). This compound presumably behaves like cAMP and binds to
the sensor leading to a concentration dependent FRET change. A saturating concentration of 20 uM 8-
Br-O’-Me-cAMP-AM with subsequent addition of 10 uM forskolin and 100 uM IBMX at the end of each
experiment to assure complete saturation results in the Ruax value - maximum cAMP level the sensor
can detect. The resulting FRET traces were normalized to minimum and maximum cAMP level.

Visible in Figure 3.4 A, receptor-sensor and cytosolic unattached Epacl-camp sensor show a superposed
curve. The membrane bound sensor has a slightly leftward shifted curve. By comparing the pECso values,
Epacl-camps-CAAX shows a significantly different affinity for 8-Br-O’-Me-cAMP-AM compared to
hGLP1R-camps and Epacl-camps (hGLP1R-camps 6.2+0.05; Epacl-camps 6.22+0.03; Epacl-camps-CAAX
6.75+0.07 n=6 for all). This apparently higher affinity would imply that Epacl-camps-CAAX could detect
even lower levels of cAMP, giving it a higher sensitivity.

In comparison to the actual pECso values for cAMP, measured in vitro (5.6£0.091 [227]), these
values are lower because 8-Br-O’-Me-cAMP-AM accumulates in cells and leads to a leftward shift of the
curve. Therefore, ECso values obtained from these experiments do not reflect the actual affinities but
rather the apparent ones for cAMP and should be used to compare different constructs treated under
the same conditions.

Since 8-Br-0’-Me-cAMP-AM is a lipophilic compound which is known to accumulate in the cell,
and could putatively also stick to the plasma membrane (through its acetoxy-methylated residue), it is
very likely this affects the results of the calibration for the membrane targeted sensor. Epacl-camps-
CAAX is directly attached to the plasma membrane a geranylgeranyl group [361], whereas in the case of
the receptor-targeted sensor, the receptor C-terminus separates the sensor from the plasma
membrane. The 8-Br-O’-Me-cAMP-AM enriched membrane would bear a higher concentration of the
cAMP-analogue compared to the area surrounding the receptor and the cytosol, which could affect the
binding behavior of Epacl-camps-CAAX, leading to an artificial leftward shift. 8-Br-O’-Me-cAMP-AM can
be useful to determine the maximum FRET amplitude of the sensor, when using only a saturating
concentration of the compound. However, working with additive concentrations of the compound
throughout the calibration might not necessarily ensure the delivery of these precise concentrations to
the plasma membrane-targeted sensor, leading to the apparently higher affinity. Therefore, we doubt
the accuracy of the results from these calibration experiments and disregard them, choosing a second,
less artificial method to assess the affinities of the sensors.
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Figure 3.4 MDL calibration of differentially targeted Epacl-camps

(A) Concentration-response-curves from MDL calibration experiments. Normalized delta FRET
ratio for Epacl-camps targeted to the hGLP1R (orange), plasma membrane (green) and
cytosol (blue). Data shown as mean+SEM normalized to Rmin and Rwax, averaged from 6
independent experiments.

(B) pEC50 values from calibration experiments as described in (A). hGLP1R-camps= 6.2+0.05,
Epacl-camps-CAAX= 6.7520.07, Epacl-camps= 6.22+0.03 (mean+SEM n=6 independent
experimental days for each of the three constructs). **** p<0.0001, p>0.05 ns no significant
difference according to one-way ANOVA with Tukey’s post hoc test.

3.3.2 Saponin calibration

This method relies on the permeabilization of cells with saponin from quillaja bark [359]. Due to
its amphipatic nature, it can interact with the plasma membrane and create holes with the size of 40-50
A [362], which enables the intracellular delivery of cAMP in defined concentrations from the
extracellular space. Cells were transfected with the respective construct, maintained in intracellular
buffer and a defined concentration of cAMP was added together with 10-12 pug/ml saponin. An increase
or decrease in FRET was recorded until a stable signal was obtained (Figure 3.5 A-C). To assure complete
equilibration between intra- and extracellular space, additional 2 pug of saponin were added at the end,
and the experiment was run until all cells deceased.
Figure 3.5 D shows the concentration-response-curves resulting from the calibration experiments. The
differently targeted sensors feature an equal affinity for cAMP since the comparison of the pEC50 values
(Figure 3.5 E) shows no significant difference (hGLP1R-camps 5.31+0.04; Epacl-camps 5.3+0.04; Epacl-
camps-CAAX 5.4+0.07 n=6 experimental days for each construct). The dynamic range for the targeted
sensors however, is altered compared to the untargeted sensor (calculated from the min to the max of
the calibration curve; hGLP1R-camps 15.12+0.4% n=29, Epacl-camps-CAAX 6.67£0.27% n=30, Epacl-
camps 34.93+0.93% n=49 delta FRET).
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Figure 3.5 Saponin calibration of differently targeted Epacl-camp sensor

(A) (B) (C) Time courses of representative delta FRET traces recorded with hGLP1R-camps (A),
Epacl-camps-CAAX (B) or Epacl-camps (C) during the calibration experiments upon
stimulation with indicated cAMP concentrations.

(D) Concentration-response-curves from calibration experiments as shown in (A), (B), (C).
Delta FRET ratio of cytosolic hGLP1R-camps (orange), membranous Epacl-camps-CAAX
(green) and Epacl-camps (blue) upon treatment with increasing cAMP concentrations. Data
shown as mean+SEM.

(E) pEC50 values from calibration experiments as described in (D). hGLP1R-camps= 5.31+0.04,
Epacl-camps-CAAX= 5.4+0.07, Epacl-camps= 5.31+0.04 (mean+SEM n=6 independent
experimental days for each of the three constructs). P>0.05 ns no significant difference
according to one-way ANOVA with Tukey’s post hoc test.

(F) Concentration-response-curves from calibration experiments for hGLP1R-camps, 30 & 60
nm linker construct. Delta FRET ratio of hGLP1R-camps (orange, shown in panel D), hGLP1R-
SAH30-camps (petrol), hGLP1R-SAH60-camps (purple) upon treatment with increasing cAMP
concentrations. Data shown as mean+SEM.

(G) pEC50 values from calibration experiments as described in (D). hGLP1R-camps as shown in
panel E =5.31+0.04, hGLP1R-SAH30-camps=5.231£0.07, hGLP1R-SAH60-camps= 5.19+0.05.
MeanzSEM n=6 independent experimental days for each of the three constructs. P>0.05 ns no
significant difference according to one-way ANOVA with Tukey’s post hoc test.



Figure 3.5 F, G shows the results for the calibration of the hGLP1R-SAH30/SAH60-camps
constructs. The linker constructs show the same affinity for cAMP in living cells as above mentioned
sensors (hGLP1R-SAH30-camps 5.23+0.07; hGLP1R-SAH60-camps 5.19+0.05 n=6 experimental days for
each construct) and they exhibit a similar dynamic range to the untargeted sensor (hGLP1R-SAH30-
camps 28.6+0.74% n=28; hGLP1R-SAH60-camps 30+0.76% n=28).

With this, we could show that targeted Epacl-camps can reliably be used as a tool to compare cAMP in
different cellular locations. Having used two different calibration methods, we realized both methods
have certain advantages and disadvantages to which we will deeper refer in the discussion.

3.3.2.1 Assessment of the dynamic range for hGLP1R-camps and Epacl-camps-CAAX

With saponin perturbing the architecture of the plasma membrane, the unexpectedly small
dynamic range of the receptor- and membrane targeted Epacl-camp sensor could be attributed to this
fact. Therefore, we conducted a second set of experiments where we assessed the dynamic range for
the hGLP1R-camps and Epacl-camps-CAAX sensors independent of saponin. HEK-TsA cells were
transiently transfected with the indicated constructs and MDL was added in the first step to inhibit ACs
(detection of the minimum). In the second step a saturating concentration of 20 uM 8-Br-O’-Me-cAMP-
AM together with 10 uM fsk + 100 uM IBMX was added (to detect the maximum). The resulting dynamic
range is 25.3+1.8% n=>5 for hGLP1R-camps and 16.64+0.82% n=8 for Epacl-camps-CAAX (Figure 3.6).
These results are in better agreement with the dynamic range of the untargeted sensor. Even though
targeting the sensor to a subcellular area, seems to decrease the dynamic range, the calibration
experiments show that the affinity of the sensors to cAMP is equal.

40—

Dynamic FRET range

Figure 3.6 Dynamic range of differently targeted Epacl-camp sensor
Max delta FRET change of hGLP1R-camps or Epacl-camps-CAAX expressing cells (hRGLP1R-
camps 25.31+1.83% n=5; Epacl-camps-CAAX 16.64+0.82% n=8). Data shown as meanSEM.
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3.3.3 cAMP ELISA

To assess the functionality of the receptor-sensor in comparison to the WT-receptor in terms of
cAMP production, a whole cell cAMP ELISA was performed. Both WT-GLP1R and hGLP1R-camps
expressing cells were stimulated with different concentrations of their endogenous agonist GLP1-(7-36)-
NH, [363] (herein referred to as GLP1) together with 100 uM IBMX. 10 uM fsk + 100 uM IBMX were used
as a positive control for normalization, and cAMP amount was determined after cell lysis. As depicted in
Figure 3.7, both WT-R and receptor sensor show a superimposed concentration-response-curve
resulting from the assay. pECso values are not significantly different (hGLP1R-camps=9.06+0.112, WT-
hGLP1R=9.056%0.115 n=3 experimental days for each construct).
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Figure 3.7 hGLP1R-camps is functional in generating cAMP

(A) Concentration-response-curves resulting from stimulation of the cells with
different concentrations of GLP1-(7-36)-NH2. cAMP amount normalized to
maximum stimulation by fsk + IBMX. Data plotted as meantSEM.

(B) pEC50 values from whole cell cAMP ELISA. hGLP1R-camps=9.06+0.112, WT-
hGLP1R=9.056+0.115. Data shown as mean+SEM n=3 for each construct. P>0.05
ns no significant difference according to an unpaired t-test.

3.3.4  Characterization of hGLP1R-camps for single cell FRET measurements

Since hGLP1R-camps was generated for single cell FRET experiments to measure cAMP at the
receptor under different conditions, it is crucial to ensure that the attached Epacl-camp sensor is still
capable of detecting cAMP and giving antiparallel traces of the two fluorophores. For this, HEK-TsA cells
were transfected with hGLP1R-camps (Figure 3.8 A) and stimulated with 10 nM of the endogenously
active agonist GLP1. After the activation of hGLP1R, which in turn activates the Gas and subsequently
the ACs, cAMP is produced. We see antiparallel traces in the CFP- and YFP-channel, and an increase in
the FRET Ratio (CFP/YFP). This leads to the conclusion that Epacl-camps is capable of reporting changes

in CAMP levels.
Mutation of Epacl-camps at position 279 from arginine to glutamic acid is known to abolish cAMP
binding. We cloned hGLP1R-camps-R279E, a cAMP binding-deficient version of the receptor-sensor,
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which we used to control for unspecific effects that can occur during FRET experiments. As can be seen
in Figure 3.8 B, stimulation of hGLP1R-camps-R279E expressing cells with various ligands which elicit
cAMP levels, does not lead to any change in fluorescence of either CFP and YFP. In Figure 3.8 C we also
controlled for unspecific effects of the compounds used throughout the MDL calibration (MDL, 8-Br-O’-
Me-cAMP-AM). Again, no change in fluorescence intensities and ratio can be seen.
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Figure 3.8 hGLP1R-camps & hGLP1R-camps-R279E subject to stimulation by different
compounds

(A) Fluorescence intensity traces and FRET ratio (CFP/YFP) recorded in hGLP1R-camps
expressing HEK-TsA cells. Antiparallel traces are detected in the CFP- and YFP-channel upon
stimulation with 10nM GLP1.

(B), (C) Fluorescence intensity traces of CFP, YFP and FRET-ratio (CFP/YFP) of a cAMP binding-
deficient mutant of Epacl-camps targeted to the hGLP1R. No changes are observed in the
fluorophore intensities or FRET-ratio upon stimulation with various compounds that lead to
cAMP production.

3.4 Utilizing targeted FRET sensors to detect basal cAMP levels in different cellular

compartments
With the Epacl-camp sensor targeted to the hGLP1R, the plasma membrane or the cytosol, we

aimed to compare basal cAMP levels of unstimulated cells in the different compartments. We first
recorded a stable FRET ratio in the resting state, to then inhibit the ACs by adding 100 uM MDL. As soon
as the PDEs start degrading the cAMP to AMP, we detect a decrease in the FRET ratio, since the cAMP
level sinks. To saturate the sensor, we subsequently added 20 uM 8-Br-O’-Me-cAMP-AM which leads
again to an increase of the FRET ratio. For saturation and normalization, we add 100 uM IBMX at the
end of each experiment. Figure 3.9 A shows the principle of basal cAMP assessment in simulated traces.
The initial ratio (Reasal) of the trace can vary and is dependent on the amount of CAMP present within
the compartment. The higher the initial cCAMP amount, the bigger the FRET change observed upon
addition of MDL, which results in the minimum detectable cAMP level (Ruin). After addition of a
saturating concentration of 8-Br-O’-Me-cAMP-AM and IBMX, the sensor is maximally stimulated and
gives the Ruax value, corresponding to maximum detectable cAMP level. According to EQUATION 7, RaasaL
can be expressed as a function of Ry (set to 0) and Rwax (set to 100). It serves as a surrogate parameter
for the basal level of cAMP within the compartment.
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Basal CAMP = Rgasai-Rmin
Rmax-Rmin

EQUATION 7

As can be observed in Figure 3.9 B and concluded from Figure 3.9 C, the receptor and the membrane
compartments each enclose a similarly high level of cAMP, which is 4-fold higher than the cytosolic
cAMP level (receptor 47.3+2.5% n=24, plasma membrane 49.2+2.3% n=31, cytosol 10.6+1% n=27).
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Figure 3.9 Targeted cAMP sensors reveal cCAMP levels are diverse within different compartments
(A) Simulated traces for delta FRET ratios to illustrate the concept of basal cAMP-level
assessment. The initial FRET ratio (ReasaL) can vary depending on the basal cAMP level. Inhibition
of AC with MDL leads to minimum FRET ratio (Rmin). Saturation with a cell-permeable cAMP
analogue- 8-Br-2'-0-Me-cAMP-AM and IBMX stimulation gives the maximum FRET ratio (Rmax).
(B) Time course of agonist induced FRET changes recorded in HEK-TsA cells expressing Epacl-
camps at the receptor, membrane and cytosol. MDL, 8-Br-2’-O-Me-cAMP-AM, IBMX were added
as indicated in the panel. Shown are representative traces normalized to Rmin (set to 0) and Rmax
(set to 100).

(C) Comparison of basal cAMP signals in the three different compartments. Values are calculated
from experiments as shown in panel (A), (B). Receptor 47.3+2.5% n=24, plasma membrane
49.2+2.3% n=31, cytosol 10.6+1% n=27. Data shown as mean+SEM. Difference was analyzed by
one-way ANOVA followed by Tukey’s post hoc test. ****p<0.0001, ns no significant difference.

Opposed to the calibration experiments, in this experimental setting we only use one, namely the
saturating 8-Br-O’-Me-cAMP-AM concentration and not a gradual increase. Therefore, we trust all

sensors respond equally to the stimulus.
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3.5 GLP1 stimulation creates a receptor-specific cAMP domain in a concentration-dependent
manner

After determining the basal cAMP levels surrounding the receptor, at the plasma membrane and in
the cytosol, we sought to discover how the cAMP signal propagates through the cell upon stimulation of
the hGLP1R.

Figure 3.10 A shows the predicted localization of the differentially targeted Epacl-camp sensor
individually transfected in HEK-TsA cells. In single cell FRET experiments, we challenged the receptor with
four different concentrations of GLP1 and recorded the resulting FRET ratios at the receptor, at the plasma
membrane and in the cytosol. For normalization, the cells were stimulated with the direct AC-activator
forsklin (10 uM) together with the unspecific PDE-inhibitor IBMX (100 uM) at the end of each experiment
(normalization to fsk + IBMX treatment).

Already 10 fM of the agonist (Figure 3.10 B, C) elicit a cAMP signal at the hGLP1R (23.4£1.43% n=21),
which is 3-fold as high as at the plasma membrane (5.9+0.9% n=10), while in the cytosol the signal is
negligible (2.110.4 n=18).

For a sub-ECso concentration of 1pM GLP1 [127] (Figure 3.10 D, E) the highest cAMP amplitude was
recorded at the hGLP1R (43.7+3% n=32), cAMP signal evoked at the membrane (18.2+2% n=12) is less
than 50% compared to the receptor, and the cytosol (6.2+0.6% n=26) shows only 12% of the signal. There
is a steep gradient between cAMP level of the receptor compartment to the membrane and cytosolic one.

1 nM of the agonist (Figure 3.10 F, G) again induces a higher and faster cAMP amplitude at the
receptor (75.621.9% n=11) compared to the membrane (29.5+4.4% n=11) and the cytosol (33.1+4.9%
n=20), however with this concentration of the agonist, cCAMP signal evoked at the membrane and cytosol
is equal in terms of amplitude.

At the very high concentration of 100 nM GLP1 (Figure 3.10 H, 1), the receptor compartment is
almost saturated with cAMP (89.3+1.5% n=24). The amplitude of the cAMP signal at the membrane
(79.844.3% n=15) and in the cytosol (81.1+1.5% n=22) rises to 90% of the signal evoked in the receptor
compartment, yet membrane- and cytosolic compartment are not fully saturated with cAMP even at this
high GLP1 concentration.

Stimulation with the endogenous agonist induces domains with unequal cAMP levels, which leads
to the conclusion the are spatially separated. 10 fM and 1 pM agonist lead to a receptor specific elevation
in cAMP with a steep gradient towards the membranous and cytosolic compartment. 1 nM of the agonist
induces a 2.5-fold larger signal in the receptor compartment compared to the latter two, nevertheless
membranous and cytosolic compartment equilibrate in their cAMP amplitude. Even at a saturating
concentration of 100 nM GLP1, the receptor compartment stays distinct from the membrane and cytosolic
compartment in terms of cAMP signal amplitude, yet the gradient is not as steep.
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Figure 3.10 Stimulation with GLP1 produces spatially segregated pools of cAMP
(A) Scheme of the experimental setup. Stimulation of hGLP1R with its endogenous agonist
GLP1 leads to cAMP production. cAMP elevation can be monitored by the targeted Epacl-
cAMP-sensor, either directly at the hGLP1R (orange), at the membrane (green) or in the
cytosol (blue).
(B), (D), (F), (H) Time course of agonist induced FRET changes recorded in HEK-TsA cells
expressing differentially targeted Epacl-camps: at the receptor, membrane and cytosol for 10
fM (B), 1 pM (D), 1 nM (F) or 100 nM (H) GLP1. Shown are representative traces normalized to
fsk + IBMX treatment.
(C), (E), (G), (1) Comparison of cAMP levels generated in the different compartments upon
stimulation with 10 fM (C), 1 pM (E), 1 nM (G) or 100 nM (1) GLP1. 10 fM and 1pM of the
agonist induce a massive cCAMP signal in the receptor compartment while at the membrane
and in the cytosol the signal is minor. Stimulation with 1 nM increases cAMP signal in all
compartment, yet the receptor compartment stays distinct from the latter two. 100 nM
agonist stimulation gives the highest detectable cAMP signal. However, the membrane and
the cytosolic compartments are never fully saturated with cAMP coming from the receptor.
Data shown as mean delta FRET-ratios £ SEM. ****p<0.0001, *p<0.05, ns no significant
difference according to a one-way ANOVA followed by Tukey’s post hoc test.

In addition to the evaluation of the cAMP level within each compartment, we calculated the time
constants of the FRET changes obtained in the experiments described in 3.5. The resulting T values are

shown in Figure 7.2 in the appendix.
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3.6 hGLP1-receptor compartment is specific to stimulation by GLP1 but not isoproterenol
After discovering a receptor-specific cAMP domain surrounding the hGLP1R, we set out to study

the crosstalk between different Gs-coupled receptors. Using isoproterenol to stimulate endogenous [3-
ARs, we recorded cAMP levels at the hGLP1-receptor, the membrane and the cytosol. Figure 3.11 A shows
that Epacl-camps is targeted to the same compartments as in Figure 3.10, yet in the current experimental
setup, B-ARs are the source for cAMP generation. We used various concentrations of isoproterenol to
activate the adrenergic receptors and normalized the traces to fsk + IBMX signal.

10 pM isoproterenol stimulation (Figure 3.11 B,C) leads to an increase in cAMP exclusively at the
plasma membrane (21.7+2.2% n=10), while there is no increase over baseline for the hGLP1-receptor
compartment (2.8+1.1% n=13) and the cytosol (2.610.6% n=11).

An increase of cAMP at the hGLP1R (23.9£1.9% n=13) and cytosol (84£1.7% n=12) can be detected
by stimulation with 100 pM isoproterenol (Figure 3.11 D, E), yet still to a lower extent than at the plasma
membrane (42.71£4.6% n=9).

At a stimulation with 1 nM agonist (Figure 3.11 F, G), the cAMP signal detected at the hGLP1-
receptor (30.3 £ 3.3% n=19) and the cytosol (25.2 + 2.1% n=19) is not significantly different from each
other, however still smaller by 40% than the signal detected at the membrane (44.8 £ 2.8% n=8).

Figure 3.11 H, | shows all three compartments equilibrate in their cAMP amplitude by stimulation
with 10 nM isoproterenol (hGLP1R compartment 52.7+4% n=21, membrane 52.5t5% n=16, cytosol
59.1+4.3% n=25). Further increase of the agonist concentration to 100 nM (Figure 3.11 J, K) raises the
cAMP level in all compartments, without creating significant differences (hGLP1R compartment 59.2 +
4.8% n=15, membrane 70.8 + 3.2% n=17, cytosol 64.3 £ 4.1% n=25).

Interestingly, at a stimulation with 1 uM isoproterenol, the membrane (79.2 + 2.8% n=17)
repeatedly shows a bigger cAMP amplitude compared to the hGLP1-receptor (65.3 + 3% n=23) and the
cytosol (63.7 * 4.4% n=24). This difference is abolished once more at a stimulation with 10 uM
isoproterenol (hGLP1-receptor 75.8 + 2.6% n=22, membrane 76.8 + 1.8% n=19, cytosol 82.9 + 2.8% n=14).
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Figure 3.11 Propagation of cCAMP generated at B-ARs into the hGLP1R-compartment,
membrane and cytosolic compartment

(A) Schematic representation of the experimental setup. B-ARs are stimulated by their agonist
isoproterenol. cAMP is produced surrounding the B-ARs and diffuses to reach the membrane-
bound Epacl-camp sensor as well as the hGLP1R-bound and cytosolic one.

(B), (D), (F), (H), (3), (L), (N) Time course of agonist induced FRET changes recorded in HEK-TsA
cells expressing differentially targeted Epacl-camps: to the hGLP1R, membrane and cytosol
for 10 pM (B), 100 pM (D) 1nM (F), 10 nM (H), 100 nM (J), 1 uM (L) or 10 uM (N)
isoproterenol. Shown are representative traces normalized to fsk + IBMX stimulation.

(C), (E), (G), (1), (K), (M), (O) Comparison of cCAMP signals generated in the different
compartments upon stimulation with 10 pM (C), 100pM (E) or 1 nM (G), 10 nM (1), 100 nM
(K), 1 uM (M) or 10 uM (O) isoproterenol. Data shown as mean delta FRET-ratios + SEM
*#**p<0.0001, ***p<0.001, ns no significant difference. All according to a 1-way ANOVA

followed by Tukey’s post hoc test.



3.7 Size and dynamics of the hGLP1R-cAMP compartment

To closer characterize the cAMP-compartment surrounding the hGLP1R, we set out to assess its
size. To this goal, we used above mentioned hGLP1R-camps constructs with inserted nanolinkers of 30nm
and 60nm length and measured cAMP in gradual distances from the receptor (Figure 3.12 A).

We transfected HEK-TsA cells with either hGLP1R-camps or the constructs with 30nm- and 60nm-
linker and stimulated with 10 fM, 1 pM, 1 nM or 100 nM of GLP1. Traces were normalized to fsk + IBMX
treatment.

As depicted in Figure 3.12 B, C the stimulation with 10 fM GLP1 evokes a high cAMP signal directly
at the receptor (no linker 23.4 + 1.4% n=21) which continuously decreases with increasing distance from
the receptor. The signal in 30nm distance from the receptor (30nm linker 14.5 + 1.1% n=17) exhibits 60%
of the size in direct vicinity of the receptor, while in 60nm distance (60nm linker 9.2 + 0.9% n=50) the
signal is reduced to 40% of the original size. Cytosolic cAMP is at a negligible level of 2.1 + 0.4% n=18
(Figure 3.10). cAMP forms a clear gradient around the hGLP1R, spanning a size of up to 60 nm and staying
very distinct from the cytosolic compartment.

1 pM agonist stimulation (Figure 3.12 D, E) similarly leads to the formation of a clear cAMP
gradient, where the amplitude of the cAMP signal decreases stepwise with increasing distance from the
source. We record the highest cAMP signal in close proximity of the receptor (no linker 43.7+3% n=32), at
30nm distance we detect 50% of the receptor signal (30nm linker 22.4+0.9% n=36) and only 30% at 60nm
distance (60nm linker 13.3+0.7% n=44). The cytosolic cAMP signal (6.2+0.6% n=25), indicated by the
dotted line, constitutes only 15% of the signal directly at the receptor.

1nM of the agonist (Figure 3.12 F, G) leads to an elevation in cAMP levels at which the detected
signals match each other in all distances from the receptor, while the gradient along the linkers is
abolished (no linker 76.7+2.4% n=24; 30nm linker 80.5+1.3% n=24; 60nm linker 76.7£2.1% n=35). The
cytosolic cAMP signal makes up only 40% of the signal at the receptor (33.1+4.9% n=20).

With an agonist concentration of 100 nM GLP1 (Figure 3.12 H, 1), the whole compartment
surrounding the receptor in a distance up to 60nm is filled up with cAMP. We detect equal cAMP
amplitudes in all distances from the receptor (no linker 89.3+1.5% n=24; 30nm linker 87.24+2.9% n=15;
60nm linker 81.3+3.9% n=14). Using this high agonist concentration, even cytosolic cAMP signals match
the ones recorded in 30nm- and 60nm-distance from the receptor and show no significant difference
(cytosol 81.1+1.5% n=22).

These data suggest that the size of the receptor-enclosing cAMP sphere lies in the range of tens of
nanometers when a sub-saturation concentration of 10 fM or 1 pM agonist induces the signal. However,
the size of the compartment is dynamic and is modulated by the force of the stimulus, as 1nM and 100
nM agonist broaden up the compartment to a size bigger than 60nm and increase the amount of
detectable cAMP. Calculated time constants of the FRET changes from the hGLP1R-camps-linker
constructs are shown in Figure 7.3 in the appendix.
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Figure 3.12 Assessing the spatial dynamics of the cAMP domain surrounding the hGLP1R

(A) Schematic representation of the experimental setup. The cAMP sensor is attached to the
receptor in gradual distances of Onm, 30nm and 60nm, thereby enabling the assessment of
cAMP surrounding the receptor.

(B), (D), (F), (H) Time course of agonist induced FRET changes recorded in HEK-TsA cells
expressing hGLP1R-camps with different linkers (0, 30nm, 60nm) for 10 fM (B), 1 pM (D), 1 nM
(F) or 100 nM (H) GLP1. Shown are representative traces normalized to fsk + IBMX treatment.
(C), (E), (G) Comparison of cAMP signals generated in different distances from the receptor (0,
30nm, 60nm) upon stimulation with 10 fM (C), 1 pM (E), 1nM (G) or 100nM (I) GLP1. The
dotted line indicates cytosolic cAMP level upon stimulation with the same agonist
concentration. Mean delta FRET-ratios + SEM ****p<0.0001, ***p<0.001, **p<0.01, ns no
significant difference according to a one-way ANOVA followed by Tukey’s post hoc test (No
linker, and cytosolic data as plotted in Figure 3.10, repeated for better comparability)
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3.8 PDEs are key factors in establishing the cAMP gradient

PDEs are the only enzymes known to degrade cAMP and by this decrease its cellular concentration
[179]. Different PDE subtypes are expressed in various subcellular locations, and their coordinated action
together with ACs in establishing balanced cAMP levels aids in finely regulating cAMP signaling. Some
studies speculate that they form an enzymatic barrier by which they hinder cAMP diffusion from the site
of synthesis to the bulk cytosol [364, 365]. To test the hypothesis of whether and how PDEs contribute to
establishing the GLP1-induced receptor cAMP-compartment, we conducted a set of experiments where
we first inhibited the PDEs using 100uM IBMX and subsequently challenged the cells with different
concentrations of GLP1. cAMP signals were recorded in direct vicinity or in 30nm and 60nm distance from
the receptor and normalized to fsk + IBMX treatment.

In contrast to the data with intact PDEs, 10 fM GLP1 stimulation upon PDE inhibition (Figure 3.13
A, B) evokes an equally high cAMP signal in direct vicinity of the hGLP1R (no linker 33.5 + 2.2% n=29) and
in 30nm distance (36.5 + 2% n=20). Only 60% of the signal amplitude is evoked in 60nm distance (22.5 +
1.9% n=36). The cAMP level measured in the cytosol (15.3 + 1% n=22) makes up less than 50% of the signal
directly at the receptor.

Similar as stimulation by 10 fM GLP1, 1 pM (Figure 3.13 C, D) evokes an equal cAMP signal directly
at the receptor and in 30nm distance (no linker 60.7+4.8% n=29; 30nm linker 59.9+2.3% n=36). The signal
at 60nm distance shows 50% of the amplitude recorded at the receptor and in 30nm distance (60nm linker
31.3+1.3% n=45). The gradient visible with intact PDEs (Figure 3.12 B, C, D, E) is abolished when we pre-
stimulate the cells with IBMX. The cytosolic cAMP signal (16.3 + 1.2% n=26) indicated with a dotted line is
higher than without IBMX pre-stimulation, however it makes up only 30% of the cAMP signal in direct
vicinity of the receptor.

As depicted in Figure 3.13 E, F 1 nM of the agonist leads to an equilibration of cAMP signals in all
distances from the hGLP1R (no linker 82.841.4% n=30; 30nm linker 84.6+0.9% n=17; 60nm linker
81.4+1.6% n=36). The cAMP gradient is abrogated, even between 30nm and 60nm distance from the
receptor. Yet, not all of the generated cAMP at the receptor reaches the cytosol (68.7+2.9% n=51), since
the detected cAMP signal does not exceed 85% of the signal recorded within the hGLP1-receptor
compartment.

Equilibration between receptor- and cytosolic cAMP levels is achieved by stimulation with 100 nM
GLP1. cAMP signals in all distances from the receptor (no linker 88.7+1.9% n=22; 30nm linker 87.3+1.7%
n=26; 60nm linker 85.2+2.3% n=17) match the cytosolic amplitude (90.3+£1.6% n=25).

In general, we can state that the pre-stimulation of the cells with 100uM IBMX leads to higher cAMP
signals within the receptor compartment and the cytosol compared to the state with intact PDEs (Figure
3.12). These enzymes are potentially involved in the formation of a cAMP gradient within the receptor
compartment at a light stimulus with 10 fM or 1pM GLP1 and may constitute one of the diffusion-limiting
factors for cAMP. Again, these data illustrate that the receptor compartment is dynamic in its size,
depending on the force of the stimulus, GLP1 concentration increase and PDE inhibition enlarges the
compartments. Nevertheless, the cAMP nanodomain surrounding the receptor formed due to the
stimulation with 10 fM and 1 pM agonist stays intact and up to stimulation with 1 nM agonist separated
from the cytosol, even upon deactivation of PDEs.
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Figure 3.13 Assessing
the role of PDEs in
forming the cAMP
gradient surrounding
the hGLP1R

(A), (B), (C), (D)
Time course of
agonist induced
FRET changes
recorded in HEK-TsA
cells expressing
hGLP1R-camps with
different linkers (O,
30nm, 60nm) for
10fM (A), 1pM (C),
1nM (E) or 100nM
(G) GLP1. Shown
are representative
traces normalized
to fsk + IBMX
treatment.

(B), (D), (F), (H)
Comparison of
cAMP signals
generated in
different distances
from the receptor
(0, 30nm, 60nm)
upon stimulation
with 10 fM (B) 1 pM
(D), 1 nM (F) or 100
nM (H) GLP1. The
dotted line
indicates cytosolic
cAMP level upon
stimulation with the
same agonist
concentration.
Mean delta FRET-
ratios + SEM
**x%*5<0.0001,
***¥p<0.001, ns no
significant
difference
according to a one-
way ANOVA
followed by Tukey’s
post hoc test.
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3.9 Generation of a receptor-sensor to detect PKA phosphorylation

The subsequent step to cAMP production along the signaling cascade of the hGLP1R is PKA
activation and phosphorylation of its effector proteins [366]. To investigate whether the locally
produced cAMP within the receptor compartment is capable of activating the PKA, we fused AKAR4
[342] to the C-terminus of the hGLP1R (Figure 3.14). With this, we created hGLP1R-AKAR4, a sensor that
detects real-time PKA activity dynamics inside of the nanocompartment. To compare with global PKA
activation in the cytosol, we generated WT-hGLP1R-IRES-AKAR4, an IRES (internal ribosomal entry site)
construct [367] carrying the WT-hGLP1R with cytosolic AKAR4. This method is advantageous since one
vector can carry several genes with IRES sequences in between, while they need only one promotor and
terminator. Hence, stoichiometric expression of both proteins is ensured.

WT-hGLPIR

+

AKAR4

hGLPIR-AKAR4

hGLP1R-AKAR4 WT-hGLP1R-IRES-AKAR4

Figure 3.14 Receptor sensor for PKA-phosphorylation assessment

Schematic representation of the PKA-phosphorylation sensor AKAR4 attached to the C-
terminus of the hGLP1R (hGLP1R-AKAR4) or expressed separately as cytosolic AKAR4 along
with membranous WT-hGLP1R in cells carrying an IRES construct (WT-hGLP1R-IRES-AKAR4).
Confocal images of a HEK-TsA cell expressing the indicated constructs. YFP channel. Scale bar
=10 pum.
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3.10 Comparison of PKA phosphorylation within the hGLP1R-compartment and the cytosol

In single cell FRET experiments, HEK-TsA cells were individually transfected with hGLP1R-AKAR4 or
WT-hGLP1R-IRES-AKAR4 and stimulated with 1 pM or 1nM GLP1 to measure PKA phosphorylation. FRET
traces were normalized to fsk + IBMX signal.

From the results presented in Figure 3.15 A, B, it is visible that cAMP produced by 1 pM GLP1 leads
to a high phosphorylation rate of the PKA inside of the hGLP1-receptor compartment (79.31+3.6% n=19).
Cytosolic PKA is also active, (13.4+1.1% n=22) albeit only to a fifth of the degree detected at the hGLP1R.

The application of 1 nM GLP1 (Figure 3.15 C, D) leads to a saturated PKA activity in both
compartments (hGLP1R-compartment 96.1+0.7% n=25, cytosol 98.2+0.3% n=29).
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Figure 3.15 PKA is highly active inside the hGLP1R-domain

(A), (C) Time course of agonist induced FRET changes recorded in HEK-TsA cells expressing
AKAR4 either at the hGLP1-receptor or in the cytosol upon stimulation with 1pM (A) or 1nM
(C) GLP1. Shown are representative traces normalized to fsk + IBMX treatment.

(B), (D) Comparison of PKA phosphorylation at the receptor and in the cytosol upon
stimulation with 1pM (B) or 1nM (D) GLP1. ****p<0.0001, p>0.05 ns no statistical difference
according to an unpaired t-test.
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3.11 Effect of AKAP disruption on PKA phosphorylation

AKAPs are proteins known to target PKA to specific subcellular locations [257] and with this
orchestrate cAMP signaling in defined compartments. To investigate whether AKAPs are relevant for PKA
activation within the receptor cAMP-compartment we transfected HEK-TsA cells with hGLP1R-AKAR4 and
pre-incubated with 100 uM St-Ht31 for 30 minutes, a cell permeable peptide known to disrupt PKA
subunit-binding to AKAPs [248]. 10 uM St-Ht31 were present throughout the experiment, to maintain its
effect on the cells. As presented in Figure 3.16 A, stimulation with either 1 pM or 1 nM GLP1 does not lead
to any increase in FRET-signal (YFP/CFP) over baseline, meaning no PKA phosphorylation can be detected
in the compartment. Therefore, values could not be normalized but are shown as absolute FRET ratio. On
the other hand, 1 nM GLP1 stimulation of WT-hGLP1R-IRES-AKAR4 expressing HEK-TsA cells pretreated
with St-Ht31 gave a saturating PKA-phosphorylation signal (Figure 3.16 B 94.7+1.9% n=14), analogous as
without pretreatment (Figure 3.15 C).

PKA phosphorylation within the hGLP1 receptor-compartment was unchanged when cells were
pretreated with the control peptide St-Ht31-P [347] (Figure 3.16 C, D 1 pM: 75.9+4.1% n=16, 1 nM:
96.4+0.6 n=27). These values do not significantly differ from PKA phosphorylation signals of untreated
cells (Figure 3.15).

Taken together, these results imply that AKAPs are present and crucial for PKA activity inside the
cAMP nanocompartment surrounding the hGLP1R. In contrast, cytosolic PKA-phosphorylation activity is
unaffected when PKA-AKAP binding is disrupted.
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Figure 3.16 AKAP disruption in hGLP1R domain leads to perturbed PKA phosphorylation

(A) Time course of FRET ratios recorded in HEK-TsA cells expressing AKAR4 at the hGLP1-
receptor (hGLP1R-AKAR4) upon stimulation with 1 pM or 1 nM GLP1. Cells were pre-
incubated with 100uM St-Ht31 for 30 minutes. Shown are absolute FRET ratios, since the
addition of ligand and fsk + IBMX did not lead to a FRET change, precluding normalization.

(B) Time course of agonist induced FRET changes recorded in HEK-TsA cells expressing AKAR4
in the cytosol, upon stimulation with 1 nM GLP1. Cells were pre-incubated with 100 uM St-
Ht31 for 30 minutes. Representative trace normalized to fsk + IBMX treatment.

(C) Time course of agonist induced FRET changes recorded in HEK-TsA cells expressing AKAR4
at the hGLP1-receptor (hGLP1R-AKAR4) upon stimulation with 1 pM or 1 nM GLP1. Cells were
pre-incubated with 100 uM St-Ht31-P for 30 minutes. Shown are representative traces
normalized to fsk + IBMX treatment.

(D) Comparison of PKA phosphorylation-rate within the hGLP1-receptor compartment induced
by 1 pM or 1 nM GLP1 upon pre-incubation with 100 uM St-Ht31-P. ****p<0.0001 according
to an unpaired t-test.
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4 Discussion

4.1 hGLP1R-camps constitutes a novel tool to measure cAMP in the direct vicinity of a GPCR

In this work, we have created to our knowledge the first tool, which enables the measurement of
cAMP levels in the direct vicinity of the hGLP1R in real time in living cells. The receptor sensor conjugate
hGLP1R-camps is as potent in cAMP generation as its wildtype counterpart (Figure 3.7), it is not

impaired by attaching Epacl-camps to the C-terminus and the Gs protein can be recruited
unrestrictedly. By functionally characterizing the effect of cAMP modulating compounds, we ascertained
that the FRET-sensor is capable of reliably reporting changes in cAMP levels (Figure 3.8). The antiparallel
fluorophore traces in the functional hGLP1R-camps sensor, compared to the binding-deficient mutant
hGLP1R-camps-R279E indicate that the FRET changes are due to changes in cAMP levels, not artifacts
caused by compounds or conformational changes within the receptor C-terminus.

Other groups have targeted cAMP sensors to GPCRs, however not with the aim of monitoring
receptor exclusive cAMP levels. In 2013 Richter et al. measured cAMP in the vicinity of the B1-AR by
attaching Epac2-camps, albeit in an indirect way. They showed that stimulation of the receptor with
antagonists leads to the dissociation of associated PDE4 thereby increasing surrounding cAMP levels.

Moore et al. employed the single colour cAMP sensor cADDis [339] attached to the 5-
Hydroxytryptamine receptor 6 with the aim of targeting the receptor to the cilia of mouse embryonic
fibroblasts (MEFs). They compared ciliary cAMP levels with bulk cytosolic ones to find that cAMP levels
in cilia are about 5-fold higher. They report that ACs 5/6 are responsible for tonic ciliary cAMP
production, yet in a GPCR independent manner. Knock down of Gas by siRNA does not affect basal
ciliary cAMP levels, which suggests a G protein independent regulation of AC5/6 for cAMP production.
PIPs; seems to be the molecule required for cAMP production in cilia. Both groups targeted class A
GPCRs, whereas in our study we were interested in a class B subtype.

Insertion of the rigid ER/K-linkers of different lengths within the receptor-sensor conjugate to
create nanorulers, extends its application to measure cAMP in defined distances from the receptor.
With these tools in hand, we are able to study the size of the hGLP1R-cAMP compartment.

4.2 Targeting of Epacl- camps to different subcellular locations
With our goal of finding and describing high-concentration cAMP compartments in living cells it is

necessary to be able to measure cAMP in discrete domains. Knowing that GsPCRs initiate the signal for
cAMP generation we hypothesized the vicinity of aforementioned GPCR constitutes such a domain. Itis
an established mechanism by now to tag proteins of interest with FRET sensors or to target the
reporters to different subcellular compartments in order to study local changes in second messenger
levels [258, 332, 345].

By attaching the Epacl-camp sensor either to the C-terminus of the hGLP1R, or by linking it via
the CAAX sequence to the non-lipid rafts of the plasma membrane, we created localized sensors which
detect cAMP in two distinct subcellular compartments. Untargeted Epacl-camps additionally detects
cytosolic cAMP. With these tools, properly calibrated and characterized, we were able to compare basal
and stimulated cAMP levels in the discrete compartments. For further studies, to examine cAMP
compartmentalization in different cellular areas, one would employ a targeting sequence for a certain
organelle like the nucleus, mitochondria, cilia or flagella [332, 352-354].
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4.3 Comparison of the different calibration methods used to functionally characterize hGLP1R-

camps

Two different methods were used to calibrate the hGLP1R-camp sensor, comparing its affinity for
cAMP to the untargeted Epacl-camps sensor and to the plasma membrane targeted Epacl-camps-
CAAX. The first approach using MDL and the cell permeable cAMP analogue 8-Br-O’-Me-cAMP-AM has
been described in the literature to be a method for in vivo calibration of second messenger sensors,
equally reliable as more commonly performed in vitro calibrations [227]. Yet it has some drawbacks in
our eyes, making it only the second method of choice for calibration.
Foremost, it does not use actual cAMP but an analogue, which most likely exhibits a different affinity for
the cAMP sensor. Thus, the ECs values obtained cannot be compared to actual ECsp values for cAMP but
should rather be regarded as relative values to compare different cAMP sensors. Furthermore, the
diffusion of 8-Br-O’-Me-cAMP-AM into the cells is very slow, especially at low concentrations. The
equilibration between intra- and extracellular concentration is very much time dependent, causing a
high variability in the assay results. In the experimental procedure we used, we added the different 8-Br-
0O’-Me-cAMP-AM concentrations cumulatively which is not the most accurate approach, since the
concentrations add up. Furthermore, it has been shown than MDL can be slightly toxic for some cell
lines, altering the physiological behavior which could affect the calibration procedure. For short
experiments (such as basal cAMP assessment described in 3.4) this should not pose a problem, yet for
longer experiments such as the calibration, this could affect the results.
The results obtained from this first method do state that hGLP1R-camps and untargeted Epacl-camps
exhibit a similar affinity for cAMP and can therefore be used to compare cAMP levels in different
compartments (Figure 3.9). The Epacl-camps-CAAX sensor however, shows a putatively higher affinity
for cAMP, which is counter-intuitive. This could be due to the fact that cAMP at the membrane is higher,
MDL incompletely inhibiting the ACs, which is why the sensor is already partially saturated. The resulting
concentration response curve would artificially be leftward shifted (See Figure 4.1).
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Figure 4.1 Simulated traces for MDL calibration
Higher basal cAMP concentrations would lead to higher basal FRET ratios, artificially leading to a
leftward shift of the curve and the resulting EC50 value.
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In addition, the physical properties of 8-Br-O’-Me-cAMP-AM to accumulate in cells and most
likely also in the membrane, as discussed earlier in the results, make it an unreliable compound for the
actual in-cell calibration.

With these disadvantages in mind, we decided to employ a second calibration procedure to
examine the affinity of the differentially targeted sensors. The second method based on cell
permeabilization with saponin is straight forward since it uses actual cAMP. Hence, the resulting ECso
values from the calibration curves state the true affinity for cAMP in vivo. All three sensors exhibit a
similar pECsp value which correspond to an ECso of 4.9 uM for hGLP1R-camps, 5.2 uM for Epacl-camps
and 4 uM for Epacl-camps-CAAX. Compared to the ECso value of Epacl-camps (2.5+0.6 uM) determined
by in vitro calibration of cytosolic HEK-293 cell-preparations with cAMP [227], our results indicate a
slightly lower affinity. The divergence between in cell and in vitro measured value can be due to several
reasons. In vivo, a portion of the infused cAMP might be buffered by effector proteins and thus not be
available for binding to the sensor, while in vitro the suspension contains a defined amount of cAMP.

A second reason could be that the cellular pits created by saponin are too small to allow fast
equilibration between intra- and extracellular medium, thus the intracellular cAMP concentration is
lower than intended. This case, however, is very unlikely since additional 2 ug of saponin are added at
the end of each experiment to assure complete equilibration.

Nevertheless, since the affinity for cAMP of all three constructs is significantly similar, they can reliably
be used to compare detected cAMP levels.

This method seems to be superior to the MDL-calibration, therefore we chose to calibrate the
hGLP1R-linker constructs according to the same protocol. Both hGLP1R-SAH30-camps and hGLP1R-
SAH60-camps possess a similar ECso to above mentioned constructs (hGLP1R-SAH30-camps EC50=5.9
MM, hGLP1R-SAH60-camps ECso=6.4 uM), with no statistical significant difference. Hence, they are
equally reliable for cAMP detection.

Regarding the dynamic range of the targeted Epacl-camp sensors there are substantial
deviations between the different constructs. Epacl-camps, hGLP1R-SAH30-camps, hGLP1R-SAH60-
camps exhibit the same big dynamic range (Epacl-camps 34.9% delta FRET, hGLP1R-SAH30-camps
28.6%, hGLP1R-SAH60-camps 30%). hGLP1R-camps and membrane targeted Epacl-camps-CAAX on the
other hand, show a reduced dynamic range (hGLP1R-camps 15.12%, Epacl-camps-CAAX 6.68).

Since the delta FRET value for hGLP1R-camps and Epacl-camps-CAAX, both expressed at the membrane,
seemed very small, we hypothesized that the applied saponin might change the architecture of the
plasma membrane during the calibration experiments. As it creates holes up to 40-50 A [362], it might
perturb the orientation of the membrane bound Epacl-camps-CAAX sensor and its fluorophores, which
results in the small dynamic range. Therefore, we assessed the dynamic range again with the MDL/8-Br-
0O’-Me-cAMP-AM method. This method allows the reliable measurement of both the minimum and
maximum cAMP detection level of the sensor (using MDL for the minimum, and the highest 8-Br-O’-Me-
cAMP-AM concentration for the maximum). The repeated measurement resulted in a value of 25.3% for
hGLP1R-camps and 16.6% for Epacl-camps-CAAX, meaning it is likely our hypothesis was true, and the
sensors are impaired only in the saponin calibration experiments. Not however in the regular
experiments throughout this work and they can be used to accurately detect cAMP at the receptor and
the plasma membrane. hGLP1R-SAH30-camps and hGLP1R-SAH60-camps are also expressed at the
plasma membrane, yet their dynamic ranges are not impaired. The added linker between the receptor
and the sensor might restore the flexibility of the fluorophores within the sensor to its origin so that the
dynamic range does not get impaired.
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Since targeting of cCAMP sensors can lead to an impaired dynamic range, efforts were made to
develop sensors which are not affected by targeting [258]. Traditionally, targeting is achieved by
attaching the targeting sequence to the sensor N-terminus, which comprises a fluorescent protein. A
novel approach whereby YFP is inserted into the CNBD of the regulatory subunit IIf of PKA resulted in a
new cAMP sensor termed CUTie. Moving YFP away from the amino terminus circumvents the
interference of the N-terminal targeting domain with the fluorophores. This sensor retains its dynamic
range even if targeted to different subcellular locations and can thus be universally applied to tag
proteins of interest without affecting the properties of the sensor.

For further studies exploring cAMP dynamics in cellular compartments one would employ such a sensor,
since it does not need to be calibrated within each compartment and thus saves a lot of effort in the
course of the study. However, depending on the aim of the study, it is important to choose the correct
cAMP sensor in terms of affinity, as the various available sensors all exhibit disparate values. Typically
FRET sensors work in a concentration window of =100 nM to =10 uM [227]. Depending on the cell type
or the subcellular location where cAMP is supposed to be detected, basal levels can vary from <100 nM
up to the uM range [353]. Therefore, the appropriate sensor must be selected to cover the range of
cAMP concentrations relevant for each cell type or subcellular compartment. Table 7.2 in the annex
shows all available cAMP sensors with their reported affinity.

Although protocols are described to translate changes in FRET into actual cAMP values [227,
368], we deliberately chose not to allocate the changes in FRET we observe with our differentially
targeted sensors into actual cAMP concentrations. The first reason is that we measure cAMP in very
small compartments. While the law of mass action implies that all pharmacological effects are
concentration related, there is evidence that the mass-action law is violated in confined systems with a
small number of molecules [369]. In a nanocompartment with a small number of cAMP molecules
deterministic assumptions are no longer valid, and the calculation of a concentration would result in
artificially high and unrealistic values.
Above-mentioned calculations to express cAMP concentrations are based on ECsp values, hill coefficients
of concentration-response curves and maximum delta FRET values for the applied sensors. The values
used in the mathematical formulas are derived partially from in cell and in vitro experiments,
determined through different experimental approaches and are thus unreliable to calculate actual cAMP
concentrations in nanodomains. Therefore, we chose to compare FRET amplitudes as a parameter for
cAMP levels between the different compartments without allocating actual concentrations to them.

4.4 Divergent basal cAMP levels in different cellular compartments

With the Epacl-camp sensor targeted to three different cellular locations, we detected basal
cAMP levels at the hGLP1R, in the non-lipid rafts of the plasma membrane and in the cytosol. Various
groups were already able to show that the plasma membrane bears higher cAMP levels compared with
the bulk cytosol. We were able to extend the knowledge to a third compartment, the surrounding of the
hGLP1R to show it contains equal cAMP levels as the general plasma membrane. In the unstimulated
cell, the plasma membrane, with the various incorporated receptors and channels can thus be regarded
as a cellular area with a uniform cAMP level.

In detail, targeted sensors revealed basal cAMP levels in different compartments of interest. One
of the first groups to measure basal cAMP levels targeted Epac2-camps to the plasma membrane, to AC8
and to the cytosol [345]. They reported higher levels at the plasma membrane and close to AC8
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compared to the bulk cytosol and argue that the high cAMP level in these areas reflects the close
proximity of the sensor to the source (ACs), without PDEs in close proximity of ACs.

By inhibition of basal AC activity Agarwal et al. [370] have shown that non-lipid raft areas of the
plasma membrane express a higher cyclase activity and thus a higher cAMP level compared to the lipid
rafts and the cytoplasm. A study conducted by the same group, 4 years later [371] reveals contradicting
data. Using the same approach but this time translating the delta FRET values into actual cAMP
amounts, they state that the cytosol and the non-lipid raft domains bear equally high amounts of cAMP,
though less than the lipid raft domains.

Both groups used the Epac2-camp sensor which exhibits a higher affinity for cAMP compared to
Epacl-camps as in our study (Epac2-camps 0.9 uM vs. Epacl-camps 2.5 uM [372]). As mentioned above,
intracellular cAMP concentration can vary between 100 nM in resting conditions up to tens of uM under
stimulated conditions, with 1uM cytosolic cAMP being the value most often mentioned in the literature
[227, 345, 368, 373]. Therefore, we believe Epacl-camps is more suitable than Epac2-camps for
detection of cCAMP, since we planned to detect both basal and stimulated cAMP levels in cells. To assure
the sensor is not saturated by cAMP, it is advisable to choose a sensor with an ECsp value in the mid-
range of detected cAMP.

The fact that cAMP is higher at the membrane and does not equilibrate with cytosolic cAMP level
suggests that it cannot freely diffuse from its site of synthesis but is restricted by certain mechanisms to
the plasma membrane.

4.5 Receptor stimulation leads to unequal rise of cAMP in different compartments

Since FRET tools became available for measuring cAMP levels in living cells, they have extensively
been used to study changes in cAMP upon stimulation of different GPCRs. The differential effect of PGE;
on cytosolic vs. membranous cAMP has been explored [371, 374], as well as the stimulation of B-ARs by
isoproterenol and its effect on cytosolic, membranous, mitochondrial and nuclear cAMP [332]. Nikolaev
et al. studied the spatial and temporal cAMP dynamics in the cytosol after stimulation of B1- and B,-ARs
[336].
In this study we investigated the cAMP dynamics upon stimulation of the hGLP1R with its endogenous
agonist GLP1, to find that cAMP rises unevenly in the three compartments of the hGLP1R, the plasma
membrane and the cytosol although stimulation occurred by the same specific agonist concentration.

45.1 High-concentration cAMP compartment surrounding hGLP1R

Starting from concentrations as low as 10fM GLP1 (Figure 3.10) cAMP rises exclusively at the
hGLP1R and stays below the limit of detection at the general plasma membrane and the cytosol. The
trend is similar for higher concentrations of 1 pM or 1 nM GLP1. cAMP appears first at the receptor and
exhibits a smaller amplitude at the membrane and the cytosol. Even at a saturating concentration of
100nM GLP1, the receptor compartment stays distinct from the latter two. With an ECso value of the
hGLP1R for GLP1 in whole cell cAMP assays described to be in the picomolar range (4.16 pM [115] 85
pM [127]), 10 fM of the agonist lie outside the range of the concentration-response-curve. We are one
of the first groups to describe a cAMP signal for such a low agonist concentration.
A recently published paper [375] reports the activation of several GPCRs by femtomolar concentrations
of their ligands. Among them the adenosine Az receptor, B1-& B2-ARs, a-adrenergic receptor, PGE:R and

dopamine D2&D4 receptors all endogenously expressed in HEK-293 cells. Stimulation with 1fM of their
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respective endogenous ligand, led to cAMP accumulation. They additionally tested whether the hGLP1R
responds to femtomolar GLP1 concentrations, however they could not detect any cAMP signal.

They further report a rise in membranous cAMP upon stimulation of the cells with 1fM isoproterenoal,
detected by plasma membrane targeted Epac2-camps. They hypothesize that the response to
femtomolar concentrations of the ligand depends on a preassembled signaling complex, and were able
to show that the cAMP response at the plasma membrane to femtomolar isoproterenol is dependent on
AKAP250 and B-arrestins. Mathematical modeling suggests that the responses to sub-nanomolar
concentrations of the ligand were triggered in a cell by one or two binding events with signal
amplification being required. The preassembled signaling complexes could play an important role in the
amplification of the response.

Our data are partially in line with these findings while they contradict some other parts. The
experimental approach we use allows us to detect cAMP in direct vicinity of the hGLP1R, in comparison
to the cAMP accumulation assay used throughout the afore mentioned study. We report cAMP
elevation as a response to femtomolar ligand stimulation, whereby the cAMP level surrounding the
receptor rises with increasing ligand concentrations. In contrast, higher concentrations of agonists,
which led to a cAMP signal at femtomolar concentrations in afore mentioned study, do not increase the
cAMP level further, until very high micromolar concentrations are used. Our approach states a more
precise and direct way of measuring cAMP inside of a distinct compartment.

cAMP being and staying higher within the detection range of hGLP1R-camps argues for the
existence of a receptor specific compartment, which forms upon stimulation by the ligand and is
segregated from the general plasma membrane opposed to the unstimulated state, where receptor and
membrane exhibit equal cAMP amplitudes. Even at higher agonist concentrations above ECs, the
receptor cAMP level stays distinct from the membrane and the cytosolic one. This suggests there are
mechanisms, which keep cAMP local, contributing to the establishment of a receptor specific cAMP
domain. As discussed in the following section, restricted cAMP diffusion could play a role.

4.5.2 cAMP diffusion

The hypothetical mechanisms which could contribute to restricted cAMP diffusion are diverse
and until this day not fully understood. It is speculated that elements of the endoplasmatic reticulum
which are localized beneath the plasma membrane might limit cAMP diffusion to the cytosol [364].
Major efforts have been put in studying the effect of PDEs, since they are thought to contribute to the
generation of cytosolic cAMP gradients. They presumably act as a functional barrier, which limits
diffusion and leads to lower cAMP levels distal to the production site or as a sink that depletes cAMP in
localized areas [365, 376, 377]. As shown by Zaccolo and Pozzan, the cAMP microdomains shaped in
cardiomyocytes upon stimulation of B-ARs were completely abolished in the presence of PDE inhibitors,
and led to a generalized PKA activation throughout the cell [261]. The many isoforms of PDEs within the
superfamily differ in their regulatory and kinetic features, which might affect their contribution to the
gradient formation. Of notice is that the kinetics of cAMP degradation by some PDEs appears to be
faster than the speed of cAMP synthesis [331, 378]. Additionally, the targeting of PDEs to subcellular
compartments or recruitment into multi-protein signalling-complexes provides means to terminate the
cAMP signal in a spatially restricted manner [379]. These features strongly support the role of PDEs as
enzymatic barriers to cAMP diffusion.

Computational modelling is a useful tool to investigate the relative contribution of PDEs to
cAMP diffusion speed and compartmentalization. All modeling studies show that PDE activity is
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necessary, however some suggest that it is not alone sufficient to explain the compartmentalized
behaviour of cAMP signaling [376]. Also the mathematical analysis based on PDE activity and cAMP
diffusion rate together with FRET-based measurements of cAMP concentration shows that PDE activity
alone is insufficient to explain cAMP compartmentation on a nanometer scale [356].

The concept of diffusion barriers, whether physical or enzymatic, does not fully satisfy the
requirements for specific activation of compartmentalized effector proteins. A sub-membranous barrier
would establish a gradient of cAMP from the site of synthesis to the cytosol, showing a high level at the
plasma membrane and progressively decreasing away from the membrane. As a result, PKA, Epac or
other effector proteins localized at the plasma membrane would be preferentially activated compared
to cytosolic pools of effectors. In such a scenario, it is difficult to explain how selective activation of
effector proteins in the cytosol might occur without concurrent activation at the plasma membrane. An
alternative hypothesis, which would better explain specified activation of effector proteins, irrespective
of their distance from the site of synthesis, pictures freely diffusing cAMP throughout the cell, with local
PDEs degrading cAMP effectively in restricted domains to prevent generalized activation of effector
proteins. In this model PDEs would not form diffusion barriers, but rather quench cAMP in defined
compartments to protect its targets from inappropriate activation [380].

Another putative factor contributing to the restricted diffusion of cCAMP is its buffering by
regulatory PKA subunits [381]. Estimations state that a mammalian cardiomyocyte contains 0.5-1uM
PKA, which would correspond to a cAMP buffering capacity of up to 2uM [381, 382]. Under these
circumstances, the number of binding sites exceeds the cAMP concentration, and a large portion of
cellular cAMP would be bound to RIl subunits of PKA [383]. A study combining mathematical modelling
and live-cell imaging showed that cAMP levels are stabilized near a region of maximal PKA sensitivity,
due to the low diffusivity of PKA regulatory subunits [384].

In order to fully understand cAMP signaling, the molecular and structural mechanisms
influencing cAMP diffusion need to further be studied with regards to its compartmentation in cells.

4.6 Spatial dimension of the hGLP1R-compartment

4.6.1 Putative size of signaling compartments

Since the notion of compartmentalized signaling arose as a paradigm to explain signaling
specificity, various groups have tried to investigate the size these domains. Elucidating the spatial
dimension of these signaling compartments might aid in understanding the means by which a cell
achieves this precision in signaling. Depending on the size of these compartments, assumptions about
the nature and amount of involved proteins, effectors, enzymes or involved cytoskeletal framework can
be made. There is not yet a consent about the exact dimension of these compartments; various groups
have tried to visualize either cAMP or PKA-activity domains and they are estimated at the micrometer
range of size.

Maiellaro et al., who have studied cAMP compartmentalization in Drosophila motor neurons upon
stimulation of GPCRs, found that cAMP signals are limited to single synaptic boutons. They describe
three distinct cAMP signaling compartments within a motor neuron: boutons, axons and cell body with a
distinct mechanism in each responsible for cAMP segregation. Depending on the dimension of these
anatomical structures, compartments are described to be in the micrometer range of size (1-10 pm)
[260]. A second study dealing with cAMP compartmentalization describes the range of action of this
second messenger to be on the order of tens to hundreds of micrometers [261].
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A more recent study [258] in which the cAMP sensor CUTie was targeted to different myocardial
structures to monitor local cAMP signals comes to the conclusion that the domains are about 300 nm in
size. For the first time these domains are attributed a nanometer size.

Taking it to the next step within the signaling cascade, Mo et al. [259] applied super-resolution
microscopy in order to visualized PKA activity microdomains on the plasma membrane of living cells.
They developed a fluorescence fluctuation increase by contact (FLINC)-based biosensor to monitor PKA
phosphorylation rate, targeted it to the plasma membrane and generated super resolution activity maps
of PKA with pcSOFI (photochromic stochastic optical fluctuation imaging). The active puncta revealed by
this technique exhibit a mean diameter of 250 nm on the basal membrane of Hela cells.

These findings show that cellular compartments are smaller than initially believed. However,
further research is needed since afore mentioned studies only hint that these cAMP- or PKA-domains
are in the nanometer range of size, but never fully visualize cAMP compartments themselves.

4.6.2 Size and shape of the hGLP1R compartment

In this work, we studied the spatial dimension of the receptor specific CAMP domain to report
about the existence of a nanocompartment with a size that lies in the rage of tens of nanometers (Figure
3.12). We additionally found that the cAMP amount decreases stepwise with increasing distance from
the receptor. At a light stimulus of either 10 fM or 1 pM GLP1, cAMP forms a clear gradient surrounding
the receptor, with the lowest amount detected in 60nm distance. The spatially limiting factors for the
compartment at 60nm distance keep the cytosolic cAMP levels considerably lower, leading to both
receptor- and cytosolic-compartments still being distinct.

At concentrations of 1 nM GLP1 and above the compartment loses its graded shape to exhibit an equally
high cAMP level in all distances from the receptor. At 1 nM GLP1 it is still distinguishable from the
cytosol in its cAMP amplitude, while at 100 nM all cellular compartments even out in their cAMP level.

It seems logical to assume that the cAMP generating AC(s) must be in close proximity of the
hGLP1R, where direct cross talk can occur, as has been reported for some receptor- and cyclase
subtypes [169].

One could hypothesize that low concentrations of the ligand facilitate signal transmission of
cAMP between two or three key proteins to occur in a very specific manner while the receptor
compartment is as small as approximately 60nm. This way the signal coming from the GPCR could be
delivered in a very precise manner. Broadening of the compartment upon stimulation with higher ligand
concentrations may open up the possibility to reach effectors located in further distance to the
receptor. Since we do not possess a receptor-sensor conjugate with a longer linker, we could not
measure the size of this high-stimulus compartments. Nevertheless, we can hypothesize about a
mechanism for cells to maintain signaling specificity. With low agonist concentrations the compartment
is small, and the signals reach only very local effectors (<60nm), while a strong stimulus is far reaching
(>60nm).

Assuming this nanodomain constitutes a signaling compartment where receptor, cAMP and
effectors are brought in close proximity, we try to estimate the size of a putative signaling complex
comprised of involved signaling partners. Each of the involved proteins exhibits a different molecular
size, ranging from smaller ones such as the hGLP1R with 53 kDa [385] and PKA with 38 kDa for the
catalytic subunit [386] to bigger ones as Epac with 103 kDa [387], over ACs with 124 kDa [157] to AKAPs
which are described to be very diverse in their molecular weight [246, 388]. Unifying them along with
other putative signaling partners, they could form multi-protein signaling complexes. It has been
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described that such complexes can be up to 2 MDa in size [389]. One approach which tries to visualize
the physical dimension of proteins or complexes, defines an Rmin value- the minimum radius of a sphere
which could contain the given mass of a protein [390]. Afore mentioned cAMP effectors would be in the
range of 2-3 nm, the hGLP1R would take in a space of about 2.4 nm and ACs or AKAPs are the biggest
proteins with a radius up to 4 nm. Protein complexes as big as 2 MDa would exhibit a radius of 8 nm.
Concluding, a receptor compartment of a spherical shape with a radius of up to 60nm would give plenty
of space to comprise one or even more multi-protein signaling complexes.

Although we obtain some evidence now, which states that the receptor compartment is
nanometer sized, further studies are needed to describe the precise size and shape.

4.7 hGLP1R cAMP-domain is specific for stimulation with its cognate ligand

During our study, we did not only detect and characterize the dynamics of the high-level cAMP
compartment surrounding the hGLP1R, which arises as a consequence of cognate GPCR activation. We
additionally sought to study crosstalk between different receptors, by stimulating endogenous -ARs
and detecting cAMP dynamics inside the hGLP1R compartment. Stimulation of receptors other than the
hGLP1R first leads to a generalized cAMP signal at the plasma membrane before the hGLP1R-
compartment is reached. This indicates that the receptor-compartment is protected from exterior
signals to maintain a secluded area.

More in detail, the stimulation of cells with a sub-saturating concentration of 10 pM isoproterenol
that lies beneath the reported affinity of B-ARs (B1 pKi 6.6-7, B2 pKi 6.4 [391]) does lead to cAMP
generation, however the signal appears solely at the plasma membrane and not within the hGLP1R-
compartment and the cytosol. If we believe each GPCR is surrounded by an exclusive cAMP nanodomain
upon stimulation with its ligand, cAMP will first be restricted to this compartment and stay local. A
stronger stimulus might lead cAMP to surpass into the adjacent compartment of the general plasma
membrane. However, it seems there are mechanisms, which restrain it from appearing inside a foreign
compartment, the hGLP1R-compartment in this case. By these means, the cell could protect the effector
proteins belonging to each receptor, from being activated by cAMP from a different source.

The trend stays the same for higher concentrations of agonist as 100 pM or 1nM isoproterenol. cAMP is
highest at the membrane, and less is detected in the cytosol and the hGLP1R-compartment. An
equilibrium between all compartments occurs at agonist concentrations (10 nM) around the reported
ECso value for B-ARs [392] (14.5 nM for B,-AR in a whole cell cAMP assay).

We can only speculate about the processes taking place surrounding the B-ARs upon their stimulation,
but we believe a similar scenario occurs as for the hGLP1R. A receptor specific cAMP nanocompartment
forms, with gradual decrease of cAMP levels, but staying distinct from the cytosol and the neighbouring
receptor compartments.

Depending on their size and type, cells exhibit a very variable amount of GPCRs on their cell
surface, among other proteins or channels. Single-molecule and super resolution microscopic
techniques are continuously shedding light on receptor dynamics and spatial organization between
receptors [393]. B-AR dynamics have extensively been studied using various high-resolution techniques.
Super-resolved images of receptor positions were constructed via PALM microscopy, and the
mechanistic role of the cytoskeleton in clustering and confinement of receptor-motion was studied with
single-molecule tracking methods [394]. Super resolution techniques additionally allow to assess the
dimerization or oligomerization state of receptors.
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It has been reported that the plasma membrane is compartmentalized in small domains of 300-
600 nm in diameter (0.04-0.24 um?), where immobile receptors assemble on a time scale of 3-30 s [395].
A more recent study using STORM super resolution imaging reports that CB1 cannabinoid receptor are
distributed on the nanometer scale on the surface of membranes, while the diameter of a GPCR 7TM
bundle approximately occupies 3 nm. With regards to the receptor cAMP-compartments which
putatively surround different receptors, the lateral distribution of receptors would leave enough space
for such compartments to arise without reciprocally affecting each other.
GPCRs reportedly dimerize or even oligomerize into higher order receptor clusters, which will certainly
have implications on their movement on the plasma membrane, their trafficking and signaling [396-
398]. How this in turn will affect the formation of cAMP nanodomains and the cross correlation between
different receptor domains is yet to be studied, however it will without doubt contribute to the
pharmacological diversity of GPCR signaling

4.8 The role of PDEs in maintaining the high-level cAMP compartment

In the course of this study, we investigated the role of PDEs in establishing the cAMP gradient of
the receptor compartment. From our results, we can hypothesize about the location of PDEs within the
nanocompartment. In detail, what we observe (Figure 3.13) is at the stimulation with low agonist
concentrations of 10 fM or 1 pM GLP1 in the case of inhibited PDEs, cAMP levels and the speed by which
they rise are evened out in direct vicinity of the receptor and at 30nm distance. This is contradicting to
what we observe with intact PDEs, where we detect a clear gradient surrounding the receptor. This
could be by the reason that in general more cAMP is present within the compartment, and that existent
PDEs do not constitute a barrier anymore. These data are in line with former studies showing that PDEs
contribute to the formation of cAMP gradients in cells [374, 376]. From these findings, we speculate that
the PDEs may sit within a radius of 30 nm from the receptor. When they are intact, they can shape a
gradient, with high levels of cAMP observed close to the receptor within the PDE collar and lower cAMP
levels outside since some of it is degraded. In contrast, the inhibition of PDEs leads to equal amounts of
cAMP within and outside of the PDE collar.

In a distance of 60nm we still detect a significantly lower amount of cAMP, with the gradient
staying intact. Presumably, not PDEs but other mechanisms are responsible for its formation such as
elements from the endoplasmatic reticulum or the cytoskeleton. There is evidence, which suggests that
the endoplasmatic reticulum can come into close contact with the plasma membrane, thus defining a
physical barrier [399, 400].

At a stimulation with higher agonist concentrations as 1 nM and 100 nM GLP1 upon PDE
inhibition, we observe the same results as with intact ones. cAMP amplitudes are equal in all distances
from the receptor. Yet even with inhibited PDEs the receptor compartment stays distinct from the
cytosol at agonist concentrations up to 1 nM, while the cAMP levels equilibrate only at a very strong
stimulus from 100 nM GLP1. This suggests that up to a certain amount, not all the cAMP produced at the
receptor site reaches the cytosol. Either, there are still unaffected PDEs which degrade cAMP, or it binds
to effector proteins within the compartment and is thus buffered away. Since the cytosol represents a
rather big compartment, presumably a very high amount of cAMP is needed to saturate it. These data
support the concept described in the previous section where signal transmission possibly occurs in a

very specific manner at low agonist concentrations and very locally at the receptor, while higher agonist
concentrations broaden up the compartment and lead to further reaching signals.
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As we have used a general PDE inhibitor for this set of experiments, all subtypes of PDEs should
be inhibited. Since it has been described that different isoforms of PDEs localize in different cellular
areas and exhibit varying affinities for cAMP [180, 401], it would be of interest to further elucidate the
role of specific PDE subtypes in the establishment of the cAMP compartments. For this, inhibitors for
certain PDE isoforms are available, which could be used to investigate the effect of each PDE on the
cAMP dynamics (Annex Table 7.6).

4.9 hGLP1R compartment specific PKA activation

In the course of the study, we demonstrated that the locally generated cAMP signal at the hGLP1
receptor compartment translates into PKA phosphorylation within the compartment, but also in the
cytosol.

The stimulation with 1 pM GLP1 leads to the generation of cAMP within the receptor
compartment (Figure 3.15), yet no cAMP signal is detected in the cytosol. On the other hand, we can
detect PKA phosphorylation in both compartments albeit to a different extent. Since we detect a cAMP
signal solely at the hGLP1R, it seems logical to assume that PKA phosphorylation within the receptor
compartment stems from locally available PKA, which is activated by local cAMP. As it has been
described that activated PKA catalytic subunits dissociate from the regulatory ones [197], we
hypothesize that they might be able to travel and lead to cytosolic phosphorylation of substrates, which
we detect with the cytoplasmatic sensor. Since signal amplification occurs due to active PKA C-subunits
phosphorylating multiple targets, we detect a higher rate of PKA phosphorylation compared to the
cAMP signal (Compare Figure 3.10 with Figure 3.15).

At a stimulation with 1 nM agonist cAMP is available both in the receptor compartment and in the
cytosol, where it can lead to PKA activation. Thus, the PKA phosphorylation in the cytosol might
emanate from two sources: active PKA C-subunits traveling out of the receptor compartment into the
cytosol or local cytosolic PKA being activated by cAMP. The signal is amplified to a degree that PKA
phosphorylation is saturated in both compartments.

It would be of great value if we could find a way to dissect where the intercompartment-
phosphorylation signal comes from. Studying the kinetics of the PKA phosphorylation signal in the
different compartments might already give a hint, although it might not be accurate enough to
discriminate whether the locally generated cAMP travels to activate PKA or the activated catalytic PKA
subunits diffuse.

4.10 PKA phosphorylation inside the hGLP1R-compartment but not in the cytosol is dependent

on AKAPs

In the set of experiments where we disrupted PKA anchoring by AKAPs, we were able to show
that PKA phosphorylation within the receptor specific domain is abolished if we pretreat the cells with
the disruptor peptide (Figure 3.16), but not with the control peptide. These results are in line with the
literature, which states that AKAPs target PKA to subcellular locations [246], and confirms our
hypothesis that PKA phosphorylation inside the receptor compartment derives from locally available
kinases. Cytosolic PKA phosphorylation in contrast, is independent of AKAP targeting, since the
disruption of PKA-AKAP anchoring does not influence the phosphorylation rate. This would speak for the
existence of a cytosolic set of PKA untargeted by AKAPs and thus its signaling is unaffected by the
disruption.
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It has already been shown that AKAP79 and AKAP250 scaffolds bind to the B,-AR [402] and
regulate its function. For the hGLP1R no direct interaction between certain AKAPs and the receptor
were proved, but it was determined that the dissociation between AKAPs and RIl subunit of PKA blocks
GLP1-mediated insulin secretion [255]. AKAP150 seems to be responsible for PKA anchoring in
pancreatic B cells, since selective ablation reduces the influx by L-type Ca%*-channels, suppresses
glucose-mediated insulin secretion and diminishes glucose tolerance in mice [403].

Taken together, these data provide indications for the formation of a macromolecular signaling complex
surrounding the hGLP1R. We demonstrated that ACs must be in close vicinity to the hGLP1R since cAMP
is generated in a very localized manner. PDEs are responsible for the sustenance of the cAMP gradient
within the compartment, and PKA is locally activated if anchored by AKAPs. The presence of AKAPs
would provide means for all afore mentioned players to be brought in close proximity with the purpose
of creating a densely packed signalosome to assure specific signal transmission.

4.11 Conclusion

This work represents one of the first studies dealing with the compartmentalization of the second
messenger cCAMP on a nanometer scale. It describes the localization, spatial and temporal dynamics of
cAMP compartments in association with the hGLP1R and provides further insight into the mechanisms
behind this spatial arrangement. The examination of different cellular areas regarding their cAMP
dynamics provides insight into the intracellular relay mechanism of membranous signals. This study
further demonstrates that compartmentalization plays a role in the spatially restricted activation of
effector proteins. Ultimately, we have designed and characterized special tools to study site-specific
cAMP compartmentalization. These tools can be utilized to monitor the effect of different extracellular
stimuli on the cAMP nanocompartments in real-time in living cells.

4.12 OQutlook

The key finding of this work is the utilization of established FRET based cAMP reporters to study
the compartmentalization of this second messenger at a GPCR. The key development in comparison
with former studies is targeting of the sensor to distinct cellular locations and upgrading it to enable
monitoring the size of afore mentioned compartments. Studying spatial and temporal dynamics of
second messenger molecules in real-time, provides insight into the communicational processes of living
cells whereby GPCR play a substantial role. Understanding the molecular details behind the relay of
information in living cells will grant us the ability to modulate these signals or eventually restore
malfunctioning signaling in diseased cells to the physiological healthy state.

Implementing this technique could be of benefit in the field of drug discovery and
pharmacovigilance. Studying the effect of different ligands on the cAMP compartmentation upon
stimulation of a certain GPCR could provide insight into the differential pharmacological effect of
already marketed drugs or aid in identifying new drug candidates, based on known therapeutics.
Furthermore, the comparison of the compartmentalization behavior of different classes of GPCRs is of
interest. Since these receptors are very diverse in their expression pattern, function and ligand types,
studying whether this diversity is also true for the molecular signaling mechanism will enable deeper
characterization of the different receptor families.

Our tools further enable studying the kinetics for the generation, lifetime and degradation of cAMP
nanocompartments. From this temporal information, we will be able to deduce differential ligand-GPCR
interaction effects and further characterize GPCR therapeutics.
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One major aim is to simultaneously study different cellular processes. Monitoring cAMP
compartmentation together with downstream PKA activation or even insulin release in the case of the
hGLP1R would provide a clear picture of the order of these events. These findings would deepen our
understanding of signaling pathways in temporal and spatial regards. The insertion of spectrally
separated fluorophore-pairs into specific sensors used to monitor different signaling events (CAMP
compartmentalization, PKA activation, channel activation, insulin release etc.), together with a 4-
channel FRET setup would fulfill the technical requirements to accomplish this task.

Ultimately, thoroughly studying GPCRs, the compartmentalization of their second messengers and their
signaling partners in turn could open up the avenue to fathom the fundamental physiology and
eventually influence the function.

5 Summary

GPCRs constitute a large and very diverse family of membrane proteins whose primary function
is to relay extracellular stimuli into intracellular signals. Due to their ubiquitous expression throughout
the human body, they are responsible for the control of essentially all cellular functions, thereby
regulating an array of physiological processes such as sensory perception, cell communication and
neurotransmission. GPCRs are linked to different diseases including heart failure, cancer, neurological
disorders and metabolic diseases and have therefore been of long-standing interest as pharmacological
targets. The vast expression of GPCRs at the plasma membrane makes them easily accessible, and their
chemically diverse set of specific ligands additionally favours their druggability. Hence, already 30% of
worldwide approved drugs target GPCRs.

GPCRs exert their function mainly by binding to G proteins, which in turn trigger the production
of various second messengers, cCAMP being the main signaling molecule for receptors coupling to the
stimulatory Gs protein. cAMP relays hundreds of incoming signals in a highly specific manner through
binding to various effector proteins in different cellular locations. By this means, it operates a plethora
of cellular signaling cascades, ranging from the regulation of ion channel activity, smooth- and cardiac
muscle contractility to gene expression, cell proliferation and apoptosis. Due to the pleiotropic effects
regulated by cAMP, the pressing question arises of how GsPCRs achieve signaling specificity while acting
through one single second messenger.

Traditionally cAMP was assumed to be homogenously distributed throughout the cell due to
unrestricted diffusion. However, this notion contradicts signaling specificity since cAMP could
unselectively activate all its effector proteins in the entire cell. Therefore, the hypothesis of cAMP
compartmentation arose, where a cell would comprise locally confined areas with high or low levels of
cAMP. Yet, evidence was lacking for the existence and the molecular composition of putative domains.
Therefore, we set out to localize high-concentration cAMP compartments in the cell, to describe their
spatial dimension and elucidate their role in achieving cellular signaling specificity. In this work, we
employed a FRET-based cAMP reporter, targeted to the hGLP1R as a prototype of Gs-coupling receptors
to measure cAMP values at the origin of the signal. We report the existence of a confined cAMP domain
surrounding the stimulated receptor, where cAMP levels are elevated upon stimulation with a GLP1
concentration as low as 10 fM (Figure 3.10), while staying local and segregated from the plasma
membrane and the cytosol. We show the hGLP1R-compartment is protected from signals originating at
other Gs-coupled receptor (Figure 3.11). To measure the spatial dimension of this compartment, we
utilized nanorulers of 30nm and 60nm length as spacers between the receptor and the cAMP sensor
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(Figure 3.12) describing the nanodomain to extend up to 60nm, while exhibiting a clear gradient. We
further demonstrate that PDEs are key factors in forming the gradient of cAMP surrounding the hGLP1R
by constraining its diffusion to the cytosol (Figure 3.13). Moreover, we show that receptor specific cAMP
signals actuate PKA phosphorylation within the receptor compartment (Figure 3.15) and determine that
AKAPs are fundamental for nanodomain PKA activity, whereas cytosolic PKA phosphorylation is
independent of AKAP targeting of PKA (Figure 3.16).

Taken together, our results report the existence of a high-concentration cAMP nanodomain
surrounding a Gs-coupled receptor. Simultaneous studies of our group show cAMP is largely immobile
and diffusion limited in the cell, which provides the proof for restricted diffusion as a molecular
requirement for the formation of signaling compartments. We anticipate our results to be a starting
point for the elucidation of receptors as a source for signaling compartments, yet further studies are
necessary to determine the molecular composition and involved proteins within this signaling domain.
Understanding signaling cascades on a molecular level might at some point enable us to manipulate
cellular responses in order to restore malfunctioning signaling in diseased cells. Since hGLP1R is crucial
for maintaining balanced glucose levels, perceiving the molecular details of its compartmentalized
signaling would enable fine-tuning of its signals, using it as a specific target in antidiabetic treatment.

6 Zusammenfassung

G Protein gekoppelte Rezeptoren (GPCRs) stellen eine grolRe und sehr vielfaltige Familie an
Membranproteinen dar, deren primare Funktion die Signallibertragung von extrazellularen Stimuli in
intrazelluladre Signale ist. Dank ihrer breiten Expression im gesamten menschlichen Korper regulieren sie
unterschiedliche zelluldre Prozesse und damit deren physiologische Funktion, unter anderem die
Sinnesempfindung, zellulare Kommunikation und Neurotransmission. GPCRs stehen im Zusammenhang
mit unterschiedlichen Erkrankungen wie Herzinsuffizienz, Krebs, neurologischen Funktionsstorungen
und diverser metabolischer Krankheiten, weswegen sie als Ziele (,, Targets”) zur Behandlung
verschiedener Erkrankungen erforscht und genutzt werden. Aufgrund ihrer Expression auf der
Zelloberflache sind sie leicht zuganglich, und die Diversitat ihrer Liganden beglinstigt zusatzlich ihre
Nutzung als pharmakologische Targets. Heutzutage vermitteln bereits 30% aller weltweit zugelassenen
Arzneistoffe ihre Wirkung an GPCRs.

GPCRs Uben ihre Funktion aus, indem sie hauptsachlich an G Proteine binden, welche wiederum
die Produktion sogenannter second messenger in Gang setzen. cAMP ist das Hauptsignalmolekl der

Rezeptoren, welche an das stimulatorische Gs Protein koppeln. cAMP Ubertrdagt hunderte ankommende
Signale in einer hochspezifischen Weise, indem es an unterschiedliche Effektorproteine bindet, welche
sich in bestimmten zelluldren Regionen befinden. Dadurch koordiniert dieses Signalmolekil eine Vielzahl
zellularer Prozesse, angefangen bei der Regulierung von lonenkanalaktivitat Gber die Kontraktilitat
glatter- und quergestreifter Muskulatur bis hin zur Genexpression, Zellproliferation und Apoptose.
Durch die pleiotropen Effekte, welche durch cAMP reguliert werden, stellt sich die Frage, wie Gs-
gekoppelte Rezeptoren Signalspezifitat erreichen, obwohl sie ihre Funktion durch dieses eine
Signalmolekil ausfiihren.

Urspringlich ging man von einer uneingeschrankten Diffusion und dadurch homogenen
Verteilung von cAMP in der Zelle aus. Diese Vorstellung ist jedoch nicht mit der Signalisierungsspezifitat
von GPCRs vereinbar, da unter diesen Umstanden cAMP unselektiv all seine Effektorproteine in der
gesamten Zelle aktivieren kénnte. Daher entstand die Hypothese der cAMP-Kompartimentierung, wobei
die Zelle lokal begrenzte Bereiche mit hohen oder niedrigen cAMP Konzentrationen umfassen wirde.
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Jedoch gab es bisher keinerlei Beweise fiir die Existenz und die molekulare Zusammensetzung
mutmallicher Domanen. Folglich setzten wir uns als Ziel, hochkonzentrierte cAMP-Kompartimente in
der Zelle zu lokalisieren, ihre raumliche Dimension aufzuklaren und ihre Rolle zur Realisierung zelluldrer
Signalisierungsspezifitdt zu ermitteln. Im Rahmen der vorliegenden Studie setzten wir einen Forster
resonance energy transfer (FRET)-basierten cAMP Sensor ein, fusionierten ihn mit dem humanen
glucagone-like peptide 1 Rezeptor (hGLP1R) als Prototyp eines Gs-koppelnden Rezeptors, um cAMP am
Ursprung des Signals zu messen. Mittels dieser Sensoren weisen wir eine Rezeptor-umgebende
begrenzte cAMP Domane nach, welche eine erhhte cAMP Konzenztration aufweist (Figure 3.10). Bei
Stimulation des Rezeptors mit GLP1 Konzenztrationen beginnend bei 10 fM entsteht eine
Rezeptordomane mit lokal erhéhten cAMP Konzentrationen, welche getrennt von Plasmamembran und
Cytosol ist. Wir zeigen, dass das hGLP1R-Kompartiment geschitzt ist vor cAMP Signalen, welche an
weiteren, unabhangigen Gs-gekoppelten Rezeptoren ihren Ursprung haben (Figure 3.11). Um die
rdumliche Dimension dieser Domane zu untersuchen, verwendeten wir Nanolinker der Lange 30- und 60
nm als Abstandhalter zwischen Rezeptor und Sensor (Figure 3.12) und zeigen dabei, dass sich die
Domaéne Uber eine Lange von 60 Nanometern erstreckt, wobei ein abnehmender cAMP-Gradient
erkennbar ist. Weiterhin beweisen wir, dass Phosphodiesterasen (PDEs) Schliisselfaktoren fiir die
Bildung des cAMP-Gradienten um den Rezeptor herum sind, indem sie die Diffusion ins Cytosol
beschrdnken (Figure 3.13). Darliber hinaus zeigen wir (Figure 3.15), dass Rezeptor-spezifische cCAMP
Signale PKA-Phosphorylierung in der Rezeptordomane ausldosen und, dass AKAPs elementar fir
nanodomanen PKA-Aktivitat sind, wohingegen die cytosolische PKA-Phosphorylierung unabhangig von
AKAP-Targeting der PKA ist (Figure 3.16).

Zusammenfassend beweisen unsere Ergebnisse die Existenz einer Rezeptor-umgebenden

Nanodomaéne mit erhohten cAMP Spiegeln eines Gs-gekoppelten Rezeptors. Zeitgleiche Studien in
unserer Gruppe zeigen, dass cAMP in der Zelle weitgehend gebunden vorliegt und diffusionslimitiert ist.
Dies stellt den Nachweis fiir eine eingeschrankte Diffusion als molekulare Voraussetzung fiir die Bildung
von Signalkompartimenten dar. Wir gehen davon aus, dass unsere Ergebnisse ein Ausgangspunkt fir die
Aufklarung von Rezeptoren als Quelle fiir Signalkompartimente darstellen, jedoch bedarf es weiterer
Studien, um die prazise molekulare Zusammensetzung und die beteiligten Proteine dieser Signaldomane
zu untersuchen. Das Grundverstandnis der Signalisierungskaskaden auf molekularer Ebene kdnnte es
uns ermoglichen, die zelluldren Reaktionen zu manipulieren, um eine Fehlfunktion der Signalisierung in
erkrankten Zellen wiederherzustellen. Da der hGLP1R entscheidend fiir Aufrechterhaltung
ausgeglichener Blutglucosespiegel ist, wiirde die Erfassung der molekularen Details der
kompartimentalisierten Signallibertragung die Feinabstimmung der Rezeptorsignale ermoglichen, um
ihn als spezifisches Target zur Behandlung von Diabetes Mellitus einzusetzen.
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7 Annex

Table 7.1 Resolved cystal structures of GPCRs
(As of 6™ of June 2019) Taken from http://gpcrdb.org (Pandy-Szekeres et al. [6])

Number
GPCR family Receptor of unique PDB code
structures
Serotonin 5-HT2A 2 | 6A93, 6A94
5HT1B 4 | 6G79, 5V54, 41AQ, 41AR
SHT2B 6DRZ, 6DSO, 6DRY, 6DRX, 6TUD, 6TVN,
4NC3, 41B4
5HT2C 2 | 6BQH, 6BQG
Muscarinic Acetylcholin M1
receptor 1| 5ZKC
Muscarinic Acetylcholin M2 5YC8, 5ZKB, 5ZK8, 5ZK3, 4MQT, 4MQS,
receptor 7 | 3UON
Muscarinic Acetylcholin M3 4U14, 4U15, 4U16, 4DAJ
receptor 4
Muscarinic Acetylcholin M4
receptor 1| 5DSG
Adenosine Al 3 | 5N2S, 5UEN, 6GDG

5WF5, 5WF6, 50LV, 50M1, 50LH, 50LZ,
50M4, 50LG, 50L0, 6AQF, 5VRA, 5SNM2,
5NM4, 5NLX, 5SN2R, 5MZJ, 5SMZP, 5JTB,
Adenosine As 5UVI, 5UIG, 5K2B, 5K2A, 5K2C, 5K2D,

A 5G53, 51U4, 51U7, 51UB, 5IUA, 51US,
4UG2, 4UHR, 4EIY, 3UZC, 3UZA, 3VGA,
3VG9, 3RFM, 3REY, 3PWH, 2YDV, 2YDO,
44 | 3QAK, 3EML

6H7J, 6H70, 6H7N, 6H7L, 6H7M, 5F8U,
SASE, 4BVN, 3ZPR, 3ZPQ, 4GPO, 4AMI,
4AMJ, 2YCY, 2YCX, 2YCZ, 2YCW, 2Y01,
24 | 2Y02, 2Y00, 2Y03, 2Y04, 2VT4, 6MXT

Adrenergic 1 receptor

5X7D, 5D6L, 5JQH, 5D5A, 5D5B, 4QKX,
4LDL, 4LDE, 4LDO, 4GBR, 3SN6, 3P0G,
3PDS, 3NY8, 3NY9, 3NYA, 3KJ6, 3D4S,

51 | 2R4S, 2R4R, 2RH1

Adrenergic B, receptor

Chemokine CCR2
Chemokine CCR5

6GPX, 6GPS, 5T1A
6MET, 6MEO, 6AKY, 6AKX, 5UIW

Angiotensin AT, 3 | 6DOI, 4ZUD, 4YAY
Angiotensin AT, 4 | 5XJM, 5UNG, 5UNH, 5UNF
Apelin 1| 5VBL
Cannabinoin CB; 5 | 6N4B, 5XR8, 5XRA, 5U09, 5TGZ
Cannabinoin CB; 1 | 5ZTY

3

5
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Chemokine CCR9 1 | 4AMBS
Chemokine CXCR4 6 | 4RWS, 30DU, 30E9, 30E8, 30E6, 30E0
Complement peptide C5,1 3 | 6C1R, 6C1Q, 509H
Dopamine D, 1| 6CM4
Dopamine Ds 1| 3PBL
Dopamine D4 2 | 5WIV, 5WIU
Endothelin ETg 6 | 6IGK, 6IGL, 5XPR, 5X93, 5GLH, 5GLI
Free fatty acid FFA1 4 | 5KW2, 5TZY, 5TZR, 4PHU
Histamin H; 1 | 5RZE
Leukotriene BLT: 1| 5X33
Lysophospholipid LPA; 3 | 4234, 4736, 4235
Lysophospholipid LPAg 1 | 5XSZ
Lysophospholipid S1P; 2 | 3V2Y, 3V2w
Neuropeptide Y, 2 | 5ZBQ, 5ZBH
Neurotensin NTS, 5T04, 4XEE, 4XES, 4BWB, 4BUO, 3ZEV,
8 | 4BVO, 4GRV
6-Opioid receptor 4 | 4RWA, 4RWD, 4N6H, 4EJ4
K-Opioid receptor 2 | 6B73,4DJH
p-Opioid receptor 4 | 6DDF, 6DDE, 5C1M, 4DKL
NOP receptor 3 | 5DHH, 5DHG, 4EA3
6FUF, 6CMO, 6FKB, 6FK9, 6FKD, 6FK7,
6FKC, 6FK8, 6FKA, 6FK6, 5WKT, 5WOP,
5TES, 5TE3, 5ENO, 5DYS, 5DGY, 4X1H,
Rhodopsin 47W ), AWW, 4PXF, 4)4Q, 4BEY, 4BEZ,
4A4M, 3AYM, 3AYN, 2X72, 3PX0, 3PQR,
30AX, 3DQB, 3C9M, 3C9L, 3CAP, 2773,
2Z71Y, 2PED, 2J4Y, 2135, 2137, 2136, 2G87,
49 2HPY, 1U19, 1GZM, 1L9H, 1HZX, 1F88
Orexin OX; 2 | 5WS3, 5WwQC
Orexin OX; 3 | 4Z1C, 4218, A4S0V
P2Y; 2 | AXNW, 4XNV
P2Y1, 3 | 4PXZ, 4PYO, 4NT)
Platelet-activating factor
PAF 2 | 5ZKQ, 5ZKP
Prostanoid TP 2 | 6lIV, 6lIU
Prostanoid EP3 2 | 6M9T, 6AK3
Prostanoid EP4 2 | 5YWY, 5YHL
Prostanoid DP; 2 | 6D26, 6D27
Proteinase activated PAR1 1|3VvW7
Proteinase activated PAR2 3 | 5NDZ, 5NDD, 5NJ6
Tachykinin NK; 6 | 6J21, 6J20, 6HLO, 6HLP, 6HLL, 6E59
us28 4 | 5WB2, 5WB1, 4XT3, 4XT1
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Calcitonin CT 2 | 6NIY, 5UZ7
Calcitonin like 1| 6E3Y
Corticotropin-releasing
B factor CRF, 2 | 479G, 4K5Y
Glucagon GLP1 5 | 5VAI, 6B3J, 5NX2, 5VEW, 5VEX
Glucagon receptor 51 5YQZ, 5XF1, 5XEZ, 5EE7, 4L6R
Parathyroid homrone PTH1 1| 6FJ3
Glutamate mGlu, 1| 40R2
C Glutamate mGlus 6N52, 6N51, 6FFI, 6FFH, 5CGD, 5CGC,
7 | 4009
Frizzled FZD4 1 | 6BD4
F Frizzled SMO 6D32, 6D35, 5V57, 5V56, 5L7D, 5171,
11 | 4QIM, 4QIN, 409R, 4N4AW, 4JKV

Table 7.2 Currently available genetically encoded cAMP reporters
(~) indicates that dynamic range was estimated from the figures of cited papers.
“co-transfection of two or ™" three separate constructs required;

(extracted from [372] with permission from Copy Clearance Center; license number: 4578630454182)

. Dynamic | cAMP
cAMP sensor Design Range Affinity

FICRhR cPKA-fluorescein + rPKA-rhodamine 50% 88 nM
RII-EBFP/C-S65T rll-PKA-EBFP + cPKA-S65T* NA NA
R-CFP/C-YFP rPKA-CFP + cPKA-YFP (CFP-R2C2-YFP)* ~17% 0.3 uM
RR230K-CFP/C-YFP ~15% 31.3

rPKA(R230K)-CFP + cPKA-YFP (CFP-R2C2-YFP)* my,
Epacl-camps YFP-*5"Epac1®eCFP ~24% 2.4 uM
Epac2-camps YFP-£23Epac2843-CFP ~17% 0.9 uM
PKA-camps YFP-M284r[|BB-PKAMN-CFP ~15% 1.9 uM
CFP-Epac-YFP CFP-MEpac1™8L-YFP ~30% 50 uM
CFP-Epac(8DEP-CD)-YFP | CFP-P“°Epacl(T781A/F782A)"5LYFP ~45% 14 pM
ICUE1 ECFP-Y?Epac1®!-citrine 20% NA
HCN-camps YFP-AHCN2X®38-CFp ~20% 6 UM
ARIIB-CFP/Ca-YFP 81rlIB-PKA416-CFP + CPKAa-YFP* 82% NA
G"A-Epac-mRFP (H81) GFP(A206K)-"*°Epacl(T781A/F782A)"88L-mRFP 29% NA
C"-Epac-V¢ (H84) CFP(A206K)-"**°Epac1(T781A/F782A)"%-Venus 31% NA
C"-Epac-cp173V¢ (H90) CFP(A206K)-"**9Epac1(T781A/F782A)"®!-cp173Venus 36% NA
G"-Epac-mCherry (H94) | GFP(A206K)-""*Epac1(T781A/F782A)"%1-mCherry 23% NA
CYA-Epac-cp173V/V¢ 1CFP?2>-P149Epac1(T781A/F782A)™8cp173Venus-Venus 36% NA
(H96)
ICUE2 ECFP-F“8Epac1™® . citrine 60% 12.5

uMm
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ICUE3 ECFP-f1“8Epac1™®-cpVenus(L194) 102% NA

Epac2-camps300 YFP-£25Epac2(K405E) E443-CFP 80% 0.3 uM

Epac2-camps300-Cit YFP-£85Epac2(K405E) B4-citrine 92% NA

TEpac?’ (H74) mTurquoiseA-"**Epac1(T781A/F782A)P81P13yenys-Venus 82%/84% | NA

Nano-lantern (cAMP0.4) | 'VenusAC102%-*N-RLuc8AN3228-M245pK AR|aBY3#!-Linker-22°C- NA 0.4 uM
RLuc8(S257G)3!

Nano-lantern (cAMP3.3) | 'VenusAC10?%-*N-RLuc8AN322-6170Epac1(Q270E)*3?-Linker- NA 3.3uM
229C-RLuc8(S257G)3!!

Nano-lantern (cAMP1.6) | VenusAC10?%-*N-RLuc8AN322-G170Epac1(Q270E)"3%7-22°C- 130% 1.6 uM
RLuc8(S257G)3!

cit-mCNBD-cer citrine-222mCRIS*3-cerulean NA NA

Flamindo IN-citrine(Q69M)**4-1>"mEpac13*6-14¢C-citrine?*® 100% 2.1uM

Flamindo2 IN-citrine(Q69M)**4-ALKK-"mEpac136-146C-citrine® 300% 3.2 uM

Epac-SH&7 mTurquoise2A-"**°Epac1(Q270E/T781A/F782A)"81- 163.90% | NA
td®*¥3Venus-Venus

Epac-SHi34 mTurquoise2A- P*Epacl1(Q270E/T781A/F782A)"%!- 86% 4 uM
173Venus-Venus

Epac-SHize mTurquoise2A-"**°Epac1(T781A/F782A)P881-*13Venus-Venus | 80.40% 9.5 uM

PPHT-PKA RA-cPKA + B-rPKA + Free GA** NA NA

Rlo #7 cpl73Venus-**rla-PKA3®!-ECFP 38% 37.2

nM
mICNBD-FRET Citrine-"3mlotiK1?3*-cerulean-Hisio 47% 66 nM
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7.1 Kinetics of cAMP amplitudes

Kinetic FRET studies are ideally conducted in a single-cell assay where a syringe, which delivers
the ligand, is positioned in close proximity (<100 um) of the cells of interest. This setup enables rapid
exchange of the superfusion solutions (<10 ms) to monitor exclusively the dynamics of the process of
interest.
The setup in which we conducted the experiments had some technical limitations. The ligand was added
by bath application, not superfusion, where it needs to diffuse within the chamber to reach the cells
(Figure 7.1). The concentration of the cell-covering solution must equilibrate before cAMP generation
starts and kinetics are monitored. This lag time should in theory be constant, however it is part of the t
values we report. Therefore, the values we report show a large scatter. We can use the values to
compare the different compartments or ligand concentration effect, but they should not be regarded as
absolute values, which state cAMP generation constants.

Figure 7.1 Common
techniques used for ligand
application
(A) Bath application of the
ligand to the chamber
during imaging. The time
limiting step is the diffusion
and homogenization of the
added solution with the cell
covering buffer within the
Basal Stimulation whole chamber. (B) A highly
specialized perfusion system
allows precise and
continuous superfusion of
oum the cells with different

by A !!/ solutions while rapid
solution exchange is
possible.

Buffer

excitation 1 lemwssiun
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Figure 7.2 Kinetics of cAMP-rise in different cellular compartments

(A), (B), (C), (D) Time constant (T) of FRET changes induced by stimulation with 10 fM (A), 1pM (B), 1nM (C) or
100nM (D) GLP1 for the three compartments receptor, membrane and cytosol. Mean + SEM ***p<0.001, **p<0.01,
*p<0.05, ns no significant difference according to a 1-way ANOVA followed by Tukey’s post hoc test.

Table 7.3 Summary of kinetic values for cAMP generation in different cellular compartments

GLP1 concentration
10fM 1pM 1nM 100nM
Receptor 64.9+16.8n=9 | 90.8£9.4 n=19 47.9+5.6n=18 | 59.6 £+ 4 n=27
T [s] Membrane | Not converged | 146 +12.8 n=14 76.7£85n=17 | 49.4£7.8 n=12
Cytosol Not converged | 152.9+14.9n=18 | 80+10.6 n=14 | 100.2 + 10.8 n=17

7.1.2 Kinetics of cAMP amplitudes in different distances from the receptor
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Figure 7.3 Kinetics of cCAMP signal within the hGLP1R compartment

(A), (B), (C), (D) Time constant (T) of FRET changes induced by stimulation with 10 fM (A), 1 pM (B), 1 nM (C)
or 100 nM (D) GLP1 measured in different distances from the hGLP1R. Mean + SEM ****p<0.0001, **p<0.01,
*p<0.05, ns no significant difference according to a 1-way ANOVA followed by Tukey’s post hoc test.

The values for the construct with no linker are the same as depicted in Figure 7.2 repeated for better
comparability.
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Table 7.4 Summary of kinetic values for cAMP generation in different distances from the receptor

GLP1 concentration
10fM 1pM 1nM 100nM
No linker 64.9£16.8 n=9 90.8 £ 9.4 n=19 47.915.6n=18 | 59.6 £ 4 n=27
T [s] 30nm linker 102.5 £ 35.6 n=5 216.3+41.1n=12 | 35.8+3 n=24 65.8 £ 14.9 n=15
60nm linker 159.4£20.4n=26 | 166.7£16.6n=19 | 56.8+4.8n=36 | 86.8 £ 11 n=15
7.1.3  Effect of PDE inhibition on compartment kinetics
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Figure 7.4 Kinetics of cCAMP signal within the hGLP1R compartment upon PDE inhibition
(A), (B), (C), (D) Time constant (T) of FRET changes induced by stimulation with 10 fM (A), 1 pM (B), 1 nM (C) or
100 nM (D) GLP1 measured in different distances from the hGLP1R. Mean * SEM **p<0.01, *p<0.05, ns no

significant difference according to a 1-way ANOVA followed by Tukey’s post hoc test (A, B, D), **p=0.005, ns no
significant difference according to a Kruskal-Wallis-test (C).

Table 7.5 Summary of kinetic values for cAMP generation in different distances from the receptor upon

PDE inhibition
GLP1 concentration
10fM 1pM 1nM 100nM
No linker 170 £20.2 n=16 128.9+16.5n=23 | 48.3+4.3n=26 | 91.3+9.9n=19
T [s] 30nm linker 190.3 £36.8n=12 | 123 +8.5n=24 35.6 +3.2 n=15 103.9 £ 15.2 n=17
60nm linker 155.8 £24.8n=23 | 204.1 £ 24.8n=27 | 75.5+10.5 n=25 | 68.8 + 14.6s n=11
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Table 7.6 PDE enzymes and their characteristic regulatory features, substrate selectivity and reported
selective inhibitors
Compounds marked with an asterisk function with an ICso < 10nM. Adapted from [180, 404, 405]

PDE Subtypes | Selectivity Inhibitors Regulating Intracellular
features location

PDE1 1A, 1B, 1C | cAMP/cGMP | Vinpocetine, ITI214* (intra-Cellular | Ca2+/CaM Cytosolic

Therapies Inc.), PF4822163* (Pfizer stimulated
Inc.)
PDE2 2A cAMP/cGMP | Bay-60-7550* (Bayer cGMP Membrane
Pharmaceuticals), EHNA, stimulated bound or
PF05180999* (pfizer Inc.) cytosolic
PDE3 3A, 3B cAMP/cGMP | Cilostamide*, Milrinone, cGMP inhibited | Membrane
Enoximone, Cilostazol bound or
OPC-33540* cytosolic
PDE4 4A, 4B, cAMP Rolipram, Cilomilast, N-terminal Membrane
4C, 4D Roflumilast* region facilitates | bound or
GSK256066* (Glaxo Smith Kline) intracellular cytosolic
CHF6001* (Chiesi Farmaceutici S.p.A), | targeting, cGMP
MKO0952* (Merck Sharp and Dohme) insensitive
PDE5 5A cGMP Sildenafil*, Tadalafil*, cGMP Cytosolic
Vardenafil*, Avanafil, stimulated, PKA-
Dipyridamol, Zaprinast PKG
phosphorylated
PDE6 6A, 6B, 6C | cGMP Zaprinast, Dipyridamol, cGMP/ Cytosolic
DMPPO, Sildenafil, Vardenafil transducin
stimulated
PDE7 7A,7B cAMP BRL50481 (Glaxo Smith Kline), Rolipram- Cytosolic
IC242*, BMS586353%, insensitive
Thiadiazoles (pfizer)

PDES 8A, 8B cAMP PFO4957325%* (pfizer Inc.) cAMP (IBMX-& Membrane
Rolipram bound or
insensitive) cytosolic

PDES 9A cGMP BAY-73-6691* (Bayer (1IBMX Cytosolic or

Pharmaceuticals), PF04447943*, insensitive) nuclear
PF4181366*, PF04449613*

(Pfizer Inc.), WYQ-C28L* (University

of North Carolina)

PDE10 10A cAMP, Papaverine, TP-10, MP-10 cGMP sensitive Cytosolic or

cGMP particulate

PDE11 11A cAMP, None selective cGMP sensitive Cytosolic

cGMP
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8 Abbreviations

A2AR 1 ADENOSING A2A MECEPEON . uiiiiiiiiiieeeiieeeeectte e e ettt e e eeteeeeerteeeeesateeeeeastaeeesassseeesassaseesassseeesanssaeesassneenan 20
F Y O Ve 1= o N AV oy ol - T TSP 18
AKAP : A-KiNase anChoring ProteiN .......ci ittt et e e e e e e tr e e e s e e e e eeaasee e e nbseeesannaneenan 56
FAN Y S e YT Yot Y AV =T o Yo o =Y TSP 55
AP-2 : Clathrin adaptor PrOtEIN 2. ittt e st e e et e e e e s sabae e e ssnbaeeeeansseeesanssaeeens 22
apFRET : acceptor photobleaching FRET......ccccuiiii ittt e e e tte e e s evae e e s e bae e e eearaeeeesanes 48
ATP : Adenosing triphOSPRAte ......oii i e st e e s rbae e e e ree e e rraeeeas 18
BETP : 4-(3-benzyloxyphenyl)-2-ethylsulfinyl-6-(trifluoromethyl)pyrimidine .........cccccooeiieiieeinciee e, 31
BSA : bOVINE SEIrUM @lDUMIN ..eiiiiiiiiiieciee et ee e st e e s e e s te e sbe e e sabeesbaeeseeesabaeeses 65
(6 11Y B 0 | 12 o Vo Yo [1] o PP PRUPPPPPNt 35
CAMP : cyclic adenosineg MONOPNOSPRALE ........uiiiieiiiee e et e e e e e e eanes 18
CAMPS I CAIMP SBINSON e e e s e e e e e e e e e e e e e s e e e e e e e e e e e e e e s esasasassaasasssssasasssasasassassssassansnsasasananenns 72
CFP 2 cyan flUOIrESCENT PrOTEIN ..ueii ettt e et e e e et e e e e ebte e e s ebteeeeebeseesebeseeeestaeeeastenaesnnes 55
CGMP : cyclic guanosing MONOPNOSPNATE ....c..viiii et e et e e e et e e e s e raeeeeeanes 43
CHO : ChinESE NAMISEEI OVAIY ...uiiiiiiiiiee ittt e s et e e e st e e e e s bteeeesabteeeesbeaeessssaeessassaeaesnes 30
CICR : calcium-induced CalCiUm rElEASE......cccuiieiee ettt s see e e e e b e e sateesveeesaree s 28
CNBD : cyclic nucleotide-binding dOmMaiN .........ueiiiiiiiie e e e e e sree e e e sanes 55
CNGC : cyclic nucleotide-gated ChanNeIS........eiii i e e s bre e e e snes 55
cNMP : cyclic nucleoside MONOPNOSPNALE ........coiiiiiiiiccee e e e e e e s ebee e e e eanes 42
CNS : CENLIAl NEIVOUS SYSTEIM ..viiiiiiiiiiiicitiee ettt e e et e e s st e e e e sbeeeessbteeeesabteeessbeaeessssneessasseneesnes 41
CRIS : cyclic nucleotide receptor involved in sperm fuNCLiON.........cceeiieciiie e 38
CUTie : cAMP universal tag for imaging eXperiments.........ccoccuiieiiciiieeieiiiee et e e e e e evee e e e eareeeeeanes 54
D/D : dimerization and dOCKING ....ccviecviiiieieecee ettt ettt eb e b e e be e sbeesaveebeebeebeeaes 38
DY TR o L= Tor VA Fd Vol =T o o | [P USSP 18
B oo 11 g TV U= B od B 0] o] [Tl 4y o o T o 1 PP 41
DMEM : Dulbecco’s modified Eagle MediUum.......c...oiiiiiiiiiiiec ettt e s 58
DMSO : diMELNYISUIFOXIAE ...vveiieiiiie ettt e e e e et e e e st e e e e tt e e e e e areeeeesbeeeseateeesenbeeesenrenas 58
ANTPS : dEOXYIIDONUCIEOTIAES ...eeeieiieeiiiiiee ettt et e e e et e e s e bte e e e sbteeeesbtaeeesstaeessntaeassnne 63
DPBS : Dulbecco’s phosphate buffered saling ... e e 58
B o B e [T oY= o o LV W o LT o 14 Lo = LY < PP 29
EC50: half maximal effective CONCENTIratioN ........cc.iiiiiiiiiiiie e e s 55
ECD : @Xtracellular dOM@iN......cocuei ittt e ettt e et e e s ste e e beeesaaeessteeenseeesnteesnseeeseeesnseeenses 29
O A= To1=Y | (V] = ol o Yo o PSP 13
AV I Y 1o e Yo W g 1ol o XY ol o1 PSP 20
Epac : exchange protein directly activated by CAMP .........ouei i 55
EPR : Electron paramagnetiCc FESONANCE .......uvviiicirieeeiitee e ettt e esteeeestee e e s ateeeesabeeeessbeeessabaeesenseeeesnnsenas 15
ERK : extracellular signal-regulated KiNASE ..........ceeeieiiiecciiiiiiee et e e e e et e e e e e e e raeeeee s 51
EYFP : enhanced yellow fluoreSCent Protein .........eecccuiiii ettt et e e e e abee e e e areeas 55
FACS : fluorescence-assisted Cell SOItING .....uuiiiiiiiiiieiiie et e e e s be e e e s nbae e e enreeas 67
FDA : food and drug adminiSTration ...........ccueeiiiiiiiieiiiie et ee e e et e e e et e e e e e abe e e e e areeeeenbeeeeeeareeas 24
FICRhR : fluorescein-labeled PKA catalytic subunit and a rhodamine-labeled regulatory subunit............ 53
FLIM : fluorescence lifetime imaging MiCrOSCOPY...cciuiuiiiiiiiiiee ettt ettt e e e e e s e e s e e e e eareeas 48



S [V ToT oY1= Ao o] ][ o USSP 54

FRET : fluorescence resonance eNergy tranSfer ... ettt e e s areeas 51
o] S (o] £ o L T PRSP 78
(VA I S T (Yo VA 1T (=) PP 17
GABA : 2amma-amiNObULYIIC @Ci ......ciiiciiiiiiiiiiie e e s e e s sbee e e s sbeeeessnteeessanes 16
GAIN : GPCR autoproteolysis-iNAUCING ......ceeiiciiiei ettt et e e e ebee e e s erte e e s ebeeeeeeraeeeesanes 17
GAP : GTPASE-aCtiVAtiNG PrOTEIN ..cciiiii ittt e e e e ettt e e e e s e stare et e e eesesanantreeeeeeesesannrnes 41
GO R = [ o= o] W ¢ =T ol=Y o] { o] PSPPSRt 26
GDP : GUANSONINE dIPHOSPNATE ..cceeiieeeceeee et e e tte e e e et e e e e bae e e s sabtaeeeentaeeesanes 18
GEF : guanine nucleotide eXchange faCtor .....c.uiiiiiiiiii e 18
GFP : green fluOreSCENT PrOTEIN....cccuiiee ittt e et tr e e e e bt e e e e e bt e e e s e bteeessaseaeeesstaeeesnnes 55
GIRK : G-protein-coupled inwardly rectifying potassium channel..........ccccccoociiiiiniii s 18
GLP1 : glucagone-liKe PEPLIAE L..ccoeiieeiiiiiie ettt e e st e e s s bee e e s sbee e e s sbtaeessnbeaeeesneeeessnes 29
L U = { [Vl LY IR A= [ 4 1Y Yo (=] USSPt 28
GPCR : G-protein-CoUPIE FECEPLOIS .iiiiiiiieiiiieee ettt ettt e ettt e et e e e sbre e e ssbteeeesbeeeessbeaeessseaeessssseeessanes 12
GPS : GPCR ProtEOIYSIS SO .iiiuiiiiiiiiiiie ittt ettt et e et e e s st e e e sebte e e e sbeeeeesbteeeesbeaeessseneesasseeeesses 17
GRK : G-protein-coupled reCepPLor KINASE .......cuuviiieciiiee ettt et e et e e e e ctee e e s erae e e e ebeeeeeereeeeeennes 17
GTP : GUANOSINE trHPNOSPRALE ..ceii i e et e e e e be e e e s sbte e e e srtaeeesnteeeesnes 18
HCN : Potassium/sodium hyperpolarization-activated cyclic nucleotide-gated ion channel 2.................. 55
HEK : human emBbryonic KIANEY ........cccuuiiiiiiiiee ettt et tte e e e tre e e e e are e e e e abe e e e enaeeeeenrenas 45
hGLP1R : human Glucagon-like peptide 1 reCeptor....cccuii e e e 20
(o L R 5 1T == o Vo Y =SS 17
HOMO : highest occupied molecular orbital ..........coooiiiiiiiiiic e 45
L D o =1 1 SRR 13
IBMX : 3-Isobutyl-1-methyIXanthing 15879 ........ccuiiiieieec et e e e e e e nbe e e e eareeas 61
Tl e [ o1 = ol =] | [V =Yl Uo o J PSP 13
ICUE : indicator of CAMP USING EPAC......cciiiiiiieeeiiiieeeeitieeeeciteeeestteeeestreeeeetteeeeeateeeeenseeesaaseeesenseneeennsenas 54
e I TaTo T I o] I u g Te] g o o] o = (USSP 18
IRES : internal ribosomMal @NTry SIt@.....uuiiii it e s e e e s abae e s e eareeas 90
TR T 0] T o3 oY 1 USSR 38
Kd 1 diSSOCIAtION CONSTANT .ccuvtiiiiiiiiiieciee ettt ettt st s e e s bt e e it e e sabe e sabteesabeesbeeensbeesbaeennes 44
[ T T 1 (o X - 11 1] o O O T O O T O OO PO PP VPO POTOTOUPTROPPRINt 34
I V2o Y= LT 0 AV o o 1 VOSSP 62
I o I 01T [ a1 4T oY= 4 oo o s L] oY= PSP 23
LRET : lanthanide-based or luminescence resonance energy transfer.......coocceeciiieeeciieececieee e 50
LUMO : lowest unoccupied molecular orbital...........cccueeieiiie e e e 45
MAChAR : muscarinic acetylcholing rECEPLON .....iii i e areeas 14
MAP : Mitogen activated ProteIN ........eeiiii i e e e e e e e e e e e e e e e e s nrreeeeeaaeesenannraeeeeeas 18
MDL : MDL-12,330A hydroChlOride ......uveeiiiiiiiecciiee ettt et e et e e e s arae e e e abe e e s s abae e e sanbaeeeenareeas 61
MEF : mouse embryonic fibrobIasts ........ccccuieiiiiiiiicie e e e s e 93
V(0] 2 SV @ T o] o1 Lo I g =T o= ] o oS 14
NS 2 MIIITSECONAS ..ttt ettt e e st e s ab e e st e e sbeeesabeesabaessteesabaeesaseesssaessneesaseesnes 15
N1 o R N P T o o To Yo 1Y SR 17
NFkB : nuclear factor kappa-light-chain enhancer of activated B cells ........cceeeviiirieiiieiiccee e, 22



L]0 I g =110 1 0 4 T (< SRR PRRTRRRNt 50

NMR : NUCIEar MagNELtiC FESONANCE ....uviieiiiiieee ettt e ettt e et e e e st e e e st e e e esbteeesssbeeesssbeeesssareeeessnsenesennsees 15
NTD : N-termMinal dOMAIN ..ccocuiiiiiiiiie ettt e s sbe e s te e e beeesateessteessbeeesabeesseeensseessesensens 25
PALM : photo-activated l0calization MiCrOSCOPY....ciiiiuiiiiiiiiie et e e e e 50
PCR : polymerase Chain FEACTION .....iivciiiiiiiiee ettt e e e st e e e s e e e s abe e e s sabeeesenbeeessnareeas 63
pcSOFI : photochromic stochastic optical fluctuation imaging .........coocvveeieiiii e 100
B S o] a1y o] aTe o [ T=Ty LT o= L ISP 99
o S R o T o 1y - =4 F= T Vo L o T i PSP 43
(1] Qe o] aTe T o] a el g Yo Ny o (ol B T ¥ 1Y ISP 32
PIP2 : phosphatidylinositol-4,5-bisphoSphate ........ccouiiiiiiiiii e e 18
PIP3 : phosphatidylinositol 3,4,5-triphOSPhate .......ccccciiiiiiiiieeec e e e 32
N 0T =T g T T = LY RSP 56
o O o o =TT T T = < PSP 18
R o] oY (=T S o = =l 0] a1 T TSP 40
o2 B oY Yo Ty o] aTo] =11 o] o - [ o ISP 56
o O o] oo XY o] o o] 1o ¥- - < I PSP 18
Popdc : popeye domain coNtainiNg ProteIN.......cccuiiieciiiii et rre e e rre e e e e e e e e raree e e enbeee e enreeas 43
PP2B : protein PhoSPhatase 2B........coccuiiiiiiiiiieciiee ettt et e st e e e st e e e s bbe e e e s abee e e snbeeeeennreeas 45
PrFRET : polarization resolVed FRET ........ooiiiiii ettt ettt e e et e e e e eabe e e e e earee e e enbaeeeeenreeas 49
PTH : Parathyroid NOIMONE ....cc.eeeiie et e et e e et e e e e ate e e e e abe e e s eabaeeeenntaeeeenrenas 23
RA 2 RAS-2SSOCIATION 1iiiiiiiiiiieeie ettt ettt e e et e e e e e e e s sttt bt e e e e s ssasatbeaaeeeeessanssnreaeeeeessssnsnranaeaes 42
REM : Ras @XChange MOTLiT.......ooo it et e e e e tte e e e e ate e e s eabeeeeennteeeeennrenas 42
RFP : red flUOrESCENT PrOtEIN ..oii ettt e e e e st e e e st e e e e s sbeeessabeeeesnbeeeeennreeas 46
RGS : Regulator of G-protein SIgNaliNgG ......ccuuiiiiiiiiiieiie e e e e e s ree e e s e e e s nareeas 18
YV N - Yo [ oY [ o 10 YU g Yo T 1Y-F= 1 TSP 53
Y I o YU Ta Vo E o 1=l 411 U PSP 62
RTK : reCceptor TYrOSINE KINASE .....vviiieiiiie ettt ettt e e sttt e e e et e e e e at e e e e e abeeeseabaeeeenbeeeeennrenas 33
SR =Tol 013 To E-3 O PP PP R UPTPPUPPPPPTIRt 20
S.C. t SUDCULANEOUS. ...eiiitieiiie ettt etee ettt ettt e sbe e st e e s tte e sabe e e sabeesabeeeubeesabaeeabeesabeesabaeesabeesnbeeensbeesasaeenaseenn 29
YN o] o 1T = o 1y T TR R o] aTo 1y o] ¥ I PSRRIt 23
SEFRET : sensitized @miSSION FRET ....cuuiiiiiiiiiieiiee ettt st ste e sttt e st e e sate e sabeesbaeesabeesbbeesabeesnaeesaseess 48
SEM 1 StANAArd EIIOr MEBAN...cc.uiiiiiii ettt ettt ettt rte e sttt e s b e sbeeesabeesabee e abeesabeesbaeesabeesabseessbeesasaeenaseens 70
SERCA : sarco/endoplasmatic reticulum CalCium ATPase.......cccveiiueieceeeeeteeeeiee et eere e eeteeeereeeeveeeeeree s 56
SIFRET : Spectral imaging FRET ....ccociiiiiiciiee ettt e e s etee e e e s bte e e e sabaeeeesabaaeessstaeessntaeeesnnes 48
SIM : structured iHuMINAtioN MICIOSCOPY ...iciiiiiiieieciiieeecctiee e ettt e e ectee e eectte e e e e ctre e e e ebteeeeebteeeesseseaeasseeasannes 50
Y1V [0 Y s g T To 4 a T=T o 1= PSSR 17
SOCS-3 : suppressor of cytoking SigNaliNG-3 ......ccoo i e e e 41
STED: stimulated emission depletion MICrOSCOPY . .uuuiiiiiiiiieiiiiiieee e e e ettt e e e e e e e e e e e essnrrreeeeeeeeesnnnnnes 50
STORM : stochastic optical reconstruction MICrOSCOPY ..uvveeeicuiiieiiiieieicieeeeeciee e et e e e erre e eree e e s esreaeeesnes 50
SUR 2 SUIFONYIUIEA ...ttt et e e e tte e e e et e e e e e bt e e e seabteeeeenbtseeeaaseaeesanseneesassneassnes 28
B S A LTl = L o Ui T S 64
TGF-B : transforming growth factor B.....eeo it e et e e e e e e e e areeas 39
TM 2 Transmembrane dOMAIN .......ueiiiiiieieiiiee ettt e e s e e s sbb e e e ssbbeeessbbeeesssreeessnsbeeessnnsenas 13
I LR A o] o Yo T 11 1N ISP SRS PR PPN 56



L0 o I o 0 Yol = o AVZ=Te B 2 2 = R 49

TSB : transformation Storage DUl ........ooiiiii e 62
TSH : Thyroid stimulating hOrMONE ........oooiiiiieeee et e e e s e b e e e e e eareeas 23
UPS : UbiqUItin ProtEasomE SYSTEM ... ..uiii e ettt e ecitee e et e e et e e e s tre e e e st e e e e e abeeeeesbeeesearaeeesnseeeeennsenas 39
YFP : yellow fluOr@SCENT PrOtIN ...cii it e s s e e e e s sabee e e s breeesnnneaeeens 56
B1-AR : Beta 2 adreNergiC MECEPION .uiiiiiiee ettt eeee e e e eee e e e et e e e e eabaee e e e abeeesesabeeeeeanneeeeennreeas 93
B2-AR : Beta 2 adrenergiC rECEPEON .uiii ittt ettt e s st e e e et e e e e sbe e e s s sabeee s snbeeeeenareeas 14
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