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1. Introduction 

 

1.1 Global obesity epidemic 
Due to its rapidly increasing prevalence in industrialized as well as developing countries, 

obesity has become one of the main public health issues in the 21st century (N.C.D. Risk 

Factor Collaboration, 2016). Obesity is caused by a chronic imbalance between caloric 

intake and energy expenditure, either due to overnutrition or reduced physical activity. The 

increase in body fat drives inflammatory processes, which are key mechanisms in the 

pathogenesis of glucose intolerance and insulin resistance (Hotamisligil, 2017). Thereby, 

obesity constitutes a significant risk factor in the pathogenesis of a condition known as 

metabolic syndrome, which comprises abdominal obesity, hyperglycemia, dyslipidemia, 

and arterial hypertension, ultimately leading to type 2 diabetes (T2D) and cardiovascular 

diseases (Global B.M.I. Mortality Collaboration, 2016; Prospective Studies Collaboration, 

2009; Tune et al., 2017). Restoring a healthy body weight is the major aim in the treatment 

of obesity. Other than promoting the increase of physical activity and the reduction of 

caloric intake, there is a great necessity to develop novel therapeutic approaches, 

specifically targeting the adipose tissue, which is most fundamentally affected by 

increasing body fat and deeply involved in energy metabolism and homeostasis 

(Kusminski et al., 2016; Scherer, 2019).  

 

1.1.1 Different types of adipose tissue 

1.1.2 White adipose tissue 
White adipose tissue (WAT) primarily serves to store surplus caloric energy in the form of 

lipids, specifically triglycerides. Morphologically, white adipocytes contain a single lipid 

droplet, in which lipids are deposited and that consumes up to 90 % of the cell’s volume 

(Cannon and Nedergaard, 2004). WAT is mostly found in subcutaneous, visceral, 

omental, and mesenteric depots. Obesity leads to an increase in adipocyte number 

(hyperplasia) and adipocyte size (hypertrophy) (White, 2023), which, especially in visceral 

WAT depots, is strongly associated with cardiometabolic disease in humans (Gruzdeva 

et al., 2018). 
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1.1.3 Brown adipose tissue 
Brown adipose tissue (BAT) is activated during cold exposure to counteract hypothermia 

by producing heat through the combustion of carbohydrates and lipids (Christensen et al., 

2006; Cypess et al., 2009; Nedergaard et al., 2010). This process is called non-shivering 

thermogenesis (NST). Morphologically, brown adipocytes contain multiple, small lipid 

droplets and large numbers of mitochondria, which is a crucial feature for their 

thermogenic potential (Cannon and Nedergaard, 2004). The locational distribution of BAT 

in humans varies among individuals but can be categorized into cervical, supraclavicular, 

axillary, paraspinal, mediastinal, and abdominal depots (Leitner et al., 2017).  

 

1.1.4 Brite adipose tissue 
A second type of thermogenic adipose tissue consists of brite (brown-like in white) 

adipocytes, also referred to as beige adipocytes, which derive from white adipocytes (Jung 

et al., 2019). Despite originating from white adipocytes, beige adipocytes possess 

phenotypical characteristics between those of the white adipocyte and the brown 

adipocyte.  Morphologically, beige adipocytes have higher mitochondrial density than 

white adipocytes and multilocular lipid droplets (Ikeda et al., 2018). The formation of beige 

fat is triggered by various external factors such as chronic cold exposure and prolonged 

treatment with peroxisome proliferator-activated receptor gamma (PPARG) agonists 

(Frontini and Cinti, 2010; Hatori et al., 2012; Kajimura et al., 2015; Klepac et al., 2019; 

Ohno et al., 2012; Vegiopoulos et al., 2017).  

 

1.2 Anti-obesogenic potential of BAT 
Contrary to the long-perceived notion that BAT is the main thermoregulatory organ in 

newborns due to their incapacity for shivering and maintenance of core temperature, 

(Dawkins and Scopes, 1965; Ito and Kuroshima, 1967; Silverman et al., 1964), more 

recent studies prove the persistence of metabolically active BAT beyond infancy. Using 
18F-fluorodeoxyglucose positron emission tomography scanning, significant cold-induced 

BAT activity has been detected in cervical and supraclavicular depots in adults (Cypess 
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et al., 2009; Nedergaard et al., 2007; van Marken Lichtenbelt et al., 2009; Virtanen et al., 

2009).  

There is an inverse correlation between obesity and the mass and activity of BAT in 

humans (Matsushita et al., 2014). Also, cold-induced activation of BAT has been 

demonstrated to result in weight reduction even in humans devoid of detectable BAT 

depots under ambient temperatures (Altshuler-Keylin et al., 2016; Hanssen et al., 2015; 

Nedergaard and Cannon, 2014; van der Lans et al., 2013; Yoneshiro et al., 2013). To 

date, attempts to therapeutically stimulate BAT have been unsuccessful due to the 

occurrence of side effects stemming from unintended sympathetic activation. These side 

effects include hypertension, tachycardia, and elevated levels of circulating metabolic 

agents such as glucose, insulin, and thyroid hormones (Cypess et al., 2012; Lynes and 

Tseng, 2015). To design novel therapeutic approaches that activate BAT, it is crucial to 

understand the molecular pathways promoting thermogenesis.  

 

1.3 Signaling pathways underlying thermogenesis in BAT 

1.3.1 Cold-induced BAT activation is mediated by the autonomic nervous system 
The sympathetic nervous system (SNS) functions without conscious, voluntary control and 

plays a crucial role in the maintenance of homeostasis. It innervates different peripheral 

effector organs and, therefore, enables the organism to adapt to changing environmental 

conditions. BAT is one of the main effector organs, enabling the body to maintain core 

temperature under acute thermal stress, such as cold exposure. 

Cold is sensed via peripheral neurons which project to central neural circuits and, in turn, 

activate first-order neurons of the SNS. These synapse on second-order neurons within 

the sympathetic ganglia, innervating effector sites such as BAT, where SNS-terminals 

release the neurotransmitter norepinephrine (NE) (Kajimura et al., 2015; Morrison and 

Madden, 2014). 
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1.3.2 A central player in BAT activation is cAMP 
In BAT, NE activates β-adrenoceptors (β-AR), which are transmembrane Gs-protein-

coupled receptors (GPCRs) (Blondin et al., 2020). Activation of these GPCRs results in 

the dissociation of the attached heterotrimeric Gs-protein into its α-unit and β-γ-complex 

(Simons et al., 2003). The membrane-anchored Gαs-unit moves along the membrane and 

activates adenylyl cyclases (ACs) (Khannpnavar et al., 2020; Reverte-Salisa et al., 2019). 

ACs and Gαs proteins interact via the N-terminus of the AC protein (Dessauer et al., 2017). 

Binding of Gαs induces a conformational change, which aligns the catalytic residues with 

the substrate adenosine triphosphate (ATP) (Dessauer et al., 2017; Tesmer et al., 1997). 

In turn, ATP is converted to 3’,5’ cyclic adenosine monophosphate (cAMP) (Simonds, 

1999; Tesmer et al., 1999).  

 

1.3.3 The thermogenic process 
The main downstream target for the second messenger molecule cAMP is the protein 

kinase A (PKA). In brown adipose tissue, the cAMP-PKA signaling cascade mediates the 

thermogenic process (Figure 1) by promoting the phosphorylation of lipolytic enzymes, 

such as adipocyte triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and the 

lipolysis-associated protein perilipin. This facilitates the liberation of free fatty acids (FFAs) 

from lipid droplets. After being esterified with coenzyme A (CoA) and transported into the 

mitochondrial matrix, the FFAs undergo mitochondrial β-oxidation, leading to the 

generation of acetyl-CoA. Subsequently, acetyl-CoA undergoes processing in the citric 

acid cycle, resulting in the production of reduced electron carriers NADH and FADH2. 

Within the inner mitochondrial membrane, the reduced electron carriers are oxidized via 

the respiratory chain, causing the pumping of protons into the intermembrane space, 

which generates a proton gradient. Uniquely in BAT, the protons can bypass the ATP-

synthase by reentering the mitochondrial matrix via the uncoupling protein 1 (UCP1) in 

the inner mitochondrial membrane. Consequently, UCP1 uncouples the respiratory chain 

from ATP synthesis, dissipating the energy stored in the proton-motive force as heat 

(Cannon and Nedergaard, 2004). 

The activation of the cAMP-PKA-dependent cascade not only results in the fueling of the 

thermogenic process but also enhances UCP1 expression via activation of transcription 



 20 

factors, such as cAMP-responsive element binding-protein (CREB) (Cannon and 

Nedergaard, 2004). In summary, cold exposure activates BAT through the sympathetic 

nervous system, stimulating adrenoceptors, and initiating cAMP-dependent signaling 

pathways, which ultimately lead to heat production.  

 

Figure 1: Signaling pathway underlying thermogenesis in brown adipocytes. 
Modified from Braun et al. (2018). Upon cold exposure, norepinephrine (NE) is released 
from sympathetic nervous system terminals. NE activates Gs-protein-coupled β-
adrenoceptors (β-AR). The Gα unit of the β3-AR activates adenylyl cyclases (ACs), which 
produce cAMP. In turn, cAMP activates the protein kinase A (PKA), which promotes the 
upregulation of the essential thermogenic protein (uncoupling protein 1, UCP 1), as well 
as the phosphorylation of proteins involved in lipolysis (adipose triglyceride lipase (ATGL), 
hormone-sensitive lipase (HSL), and perilipin), leading to the liberation of free fatty acids 
(FFAs) from lipid droplets. The FFAs are transported into the mitochondria, where they 
act as both fuel for mitochondrial β-oxidation and activators of UCP 1. At the end of the 
respiratory chain, UCP 1 allows proton (H+) influx into the mitochondrial matrix, bypassing 
the synthesis of ATP. Thereby, the chemical energy of nutrients is dissipated as heat.  
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1.4 Epigenetic regulation of brown adipose tissue 
Whereas the main molecular players in BAT activation have been identified, their 

regulation, e.g., through epigenetic modification, is not well understood. Epigenetic 

modifications, such as posttranslational modifications of histones, consist of patterns of 

mono-, di-, and trimethylation or acetylation of lysine residues of histone proteins. These 

chromatin modifications are known to alter chromatin structure locally and, thereby, 

regulate the activation or repression of gene transcription (Kouzarides, 2007).  

The epigenomic mark H3K4me3 (tri-methylation (me3) at the lysine (K4) residue in the 

histone protein H3) is a major chromatin modification involved in the regulation of 

thermogenesis in brown adipose tissue (Musri et al., 2010). H3K4me3 generally marks 

transcription start sites (TSSs) of active genes and is associated with the local opening of 

chromatin, activation of promoters, and the initiation of transcription (Barski et al., 2007; 

Bernstein et al., 2005; Kim et al., 2005; Santos-Rosa et al., 2002). 

Using RNA sequencing and ChIP sequencing on BAT in lean and obese mice either kept 

at ambient (22 °C) or exposed to cold temperatures (4 °C) for 24 h, cold-induced histone 

modifications, such as H3K4me3, were mapped by the lab of Jan-Wilhelm Kornfeld 

(University of Southern Denmark) (Engelhard et al., 2022). Amongst other cold-induced 

changes, a cold-induced H3K4me3-marked promoter in intron 2 of the adenylyl cyclase 3 

(Adcy3) gene was detected (Figure 2). In Adcy3, the H3K4me3 domain arising from cold-

induction marked a novel TSS (referred to as TSS-2), which is located downstream of the 

original TSS (referred to as TSS-1) in the 2nd intron of Adcy3. By integrating Illumina short-

read and Oxford Nanopore Technology, comprehensive, full-length RNA-seq analysis of 

cold-activated BAT validated that TSS-2 generates a contiguous 5’ truncated alternate 

transcript (AT) spanning from Exon 2b to Exon 22, termed Adcy3-at (Khani et al., 2024). 

While cold exposure promotes the expression of Adcy3-at, the level of canonical Adcy3 

mRNA (Exon 1-22) expression remained unaffected by cold exposure. Cold-induced 

expression of the truncated AC3-AT protein was also verified in primary brown adipocytes 

by the Kornfeld lab (Khani et al., 2024).  
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Figure 2: Schematic overview of the H3K4me3 pattern in the Adcy3 gene. H3K4me3 
peaks in ChiP-Seq analysis of the Adcy3 gene from mice, which were either kept at (A) 
ambient temperature (22 °C) or (B) exposed to cold temperatures (4 °C). The resulting 
transcription events are shown below. Transcription start site 1 (TSS1) gives rise to Adcy3, 
which comprises Exons 1-22 (E1-E22). Transcription start site 2 (TSS2) gives rise to 
Adcy3-at, which comprises Exons 2b-22 (E2b-E22). 

 

1.4.1 Adcy3 dysfunction is a causal contributor in the pathogenesis of obesity 
and diabetes 

Genome-wide association studies (GWAS) have singled out several genomic risk loci 

linked to adiposity related traits, such as the body-mass index (BMI). Among the most 

notable genomic risk loci are fat mass and obesity-associated gene (FTO), the 

transcription factor 7-like 2 (TCF7L2) and the melanocortin 4 receptor (MC4R) (Goodarzi, 

2018). However, single-nucleotide polymorphisms (SNPs) localized within these genomic 

risk loci explain only a small fraction of the BMI variation or exhibit unclear physiological 

significance (Locke et al., 2015; Tian et al., 2018). Using GWAS, Stergiakouli and 

colleagues investigated the association of SNPs with height-adjusted BMI and identified 

obesity-associated genomic risk loci in the Adcy3 gene (Stergiakouli et al., 2014), 

providing a hint that Adcy3 dysfunction might be implicated in an increased susceptibility 

to obesity. Furthermore, it was shown that several Adcy3 loss-of-function mutations are 

associated with severe obesity in Greenlandic, Pakistani, and Cypriot populations (Grarup 

et al., 2018; Saeed et al., 2018; Toumba et al., 2022). Moreover, studies using genetically 

modified mice identified Adcy3 dysfunction as a causal contributor in the pathogenesis of 
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obesity and diabetes (Pitman et al., 2014; Tian et al., 2018; Tong et al., 2016; Wang et 

al., 2009). This has recently been underlined by studies identifying Adcy3 mutations in 

patients with monogenic severe obesity (Tian et al., 2018). Thus, there is a strong link 

between Adcy3 dysfunction and the development of obesity. An additional role for Adcy3 

in controlling BAT function might provide a new link between obesity and cellular signaling 

in adipocytes. 

 

1.4.2 AC3-AT lacks the majority of the first transmembrane domain  
AC3 is a member of a family of ten related adenylyl cyclase isoforms. Isoforms AC1 to 

AC9 are transmembrane proteins (Ostrom et al., 2022), which typically consist of two 

clusters of six transmembrane domains separated by two intracellular catalytic domains 

(Bakalyar and Reed, 1990; Cali et al., 1994; Feinstein et al., 1991; Gao and Gilman, 1991; 

Glatt and Snyder, 1993; Ishikawa et al., 1992; Katsushika et al., 1992; Krupinski et al., 

1992; Premont et al., 1992; Qi et al., 2019; Wallach et al., 1994; Yoshimura and Cooper, 

1992). Membranous ACs are activated by Gαs and forskolin (Dessauer et al., 2017). There 

are four different families of membranous ACs: calmodulin-stimulated (AC1, AC3, and 

AC8) (Cooper, 2003; Ferguson and Storm, 2004), Gβγ- and Ca2+- inhibitable (AC5, AC6 

and AC9) (Cooper, 2003), Gβγ-stimulated and Ca2+-insensitive (AC2, AC4 and AC7) 

(Cooper, 2003), and forskolin-insensitive (AC9) forms (Premont et al., 1996). AC10 is a 

soluble adenylyl cyclase that localizes in the cytoplasm and is unresponsive to G-protein 

stimulation (Hanoune and Defer, 2001). It functions as a cytoplasmic bicarbonate sensor 

(Chen et al., 2000).  

The full-length AC3 (AC3-FL) is composed of 1144 amino acids. AC3-FL contains two 

transmembrane domains (TM1 and TM2), and the N and C termini are localized 

intracellularly. The two transmembrane domains are linked by a cytoplasmic loop, which 

encompasses the first catalytic domain (C1) with its subdomains C1a and C1b. TM2 is 

followed by a second cytoplasmic loop encompassing the second catalytic domain (C2) 

with its subdomains C2a and C2b (Dessauer et al., 2017). 
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Figure 3: Alignment of the protein sequence AC3-FL vs. AC3-AT and Kyte-Doolittle 
plots of mAC3-FL and mAC3-AT protein sequences. A The N-terminus for both protein 
sequences has been aligned using Clustal Omega (EMBL-EBI). (identical amino acid 
residues are indicated with *, conserved with : or .). B Putative transmembrane segments 
(Sn) of AC3-FL (Bi) or AC3-AT (Bii) are indicated as grey boxes across the lipid bilayer. 
The position of amino acids predicted to be localized in a transmembrane segment is 
numbered underneath each box. The black line represents the amino acid chain of AC3-
FL (Bi) or AC3-AT (Bii). Cytoplasmic domains C1 and C2 with their respective 
subdomains C1a, C1b, and C2a, C2b following each transmembrane domain (TM) are 
indicated. C Kyte-Doolittle hydrophobicity plots of AC3-FL (primary accession number: 
Q8VHH7) (Ci) and AC3-AT (Cii). Each membrane-spanning domain is 21 residues in 
length. AC3-FL is predicted to have 2 TM with 6 transmembrane segments each (TM1: 
79-100, 105-125, 139-159, 173-193, 226-246, 381-401, TM2: 631-653, 664-684, 708-728, 
754-774, 775-795 and 833-853) and AC3-AT 2 TM, with TM1 consisting of 2 membrane-
spanning segments (28-50, 185-204) and TM2 consisting of 6 membrane-spanning 
segments (434-457, 468-488, 512-532, 558-578, 579-599, 637-657). The represented 
data were obtained utilizing the ExPASy ProtScale analysis tool, using a window size of 
9 residues, a window edge relative weight value of 100% and the linear weight variation 
model. 

 

The N-terminally truncated AC3-AT is composed of 948 amino acids. At the N-terminus, 

the sequence of amino acids in AC3-AT is distinct from AC3-FL (Figure 3 A). According 

to Kyte-Doolittle topology prediction (Figure 3 Cii), AC3-AT exposes a cytosolic N-

terminus followed by a transmembrane domain, which comprises only two membrane-

spanning segments. The remaining part of the protein is identical to AC3-FL: the 

cytoplasmic loop containing the C1 catalytic domain, the TM2 domain, the cytoplasmic 

loop containing the C2 catalytic domain, and the intracellular C terminus (Figure 3 B and 
C).  

 

1.5 Interaction of the transmembrane domain and protein dimerization is crucial 
for trafficking and functional assembly of adenylyl cyclases 

According to structure prediction, AC3-AT contains a distinct intracellular N-terminus 

(Figure 3 A) followed by TM1, consisting of only two membrane-spanning segments, 

whereas AC3-FL contains an intracellular N-terminus followed by TM1, which 

encompasses a block of six membrane-spanning segments. Using AC truncations, it has 

been shown that the presence and interaction of both TM1 and TM2 are required for 

protein transport to the plasma membrane (Gu et al., 2001). As AC3-AT lacks the majority 
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of TM1, we hypothesize that the interaction between TM1 and TM2 is disturbed and, 

thereby, transport to the plasma membrane is impaired.  

Furthermore, it is known that the cytosolic domains C1 and C2 must dimerize to form the 

interface for ATP-binding and, ultimately, the site for catalytic activity and regulation by G-

proteins (Sunahara et al., 1996; Zhang et al., 1997). However, more recent studies show 

that the interaction between the two transmembrane domains TM1 and TM2 promotes the 

intramolecular dimerization of C1 and C2 (Figure 4) (Gu et al., 2001). Therefore, 

transmembrane adenylyl cyclases are activated when the two catalytic domains C1 and 

C2 interact, which is promoted by the interaction between the two transmembrane 

domains (Gu et al., 2001). 

Physiologically, the C1 and C2 interaction is evoked when the G-protein subunit Gαs binds 

to the C1 subunit, promoting the interaction with C2. Pharmacologically, the interaction of 

C1 and C2 is stimulated by forskolin. AC3-AT contains both C1 and C2, but whether the 

structural conformation changes that are needed to promote C1-C2 interaction upon Gαs 

or forskolin stimulation are preserved in AC3-AT, particularly because the majority of the 

first transmembrane domain is missing, is not known. Even though AC3-AT contains both 

catalytic subunits, we hypothesize that its ability to synthesize cAMP is impaired because 

the majority of TM1 is missing.  

Adenylyl cyclases form active proteins as dimers (Figure 4). It has been shown that they 

can form either homo- or heterodimers and that protein dimerization is crucial for transport 

from the ER to the plasma membrane (Baragli et al., 2008; Cooper and Crossthwaite, 

2006; Ding et al., 2005; Gu et al., 2002; Gu et al., 2001). Dimerization is facilitated by 

intermolecular interaction via the hydrophobic domains, i.e., via TM2 (Gu et al., 2002). 
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Figure 4: Intramolecular association and intermolecular interaction of adenylyl 
cyclases. Adapted from Cooper and Crossthwaite, Trends in Pharmalogical Sciences, 
2006. 

 

Gu and colleagues proposed that the full function of a dimeric arrangement necessitates 

the integrity of the entire complex, implying that an inactive subunit would have a 

detrimental impact on collective enzymatic activity in a dominant negative fashion. 

Therefore, Gu and colleagues engineered truncated mutants of Adcy8 by deleting part of 

the C1 region. cAMP levels were measured in stimulated HEK293 cells, which were 

transfected with wild-type Adcy8 only or co-transfected with both wild-type Adcy8 and the 

Adcy8 truncated mutant. It was shown that the presence of the truncated mutant 

suppressed the activity of wild-type AC8. This finding is congruent with the assembly of 

multimeric complexes of AC8 (Gu et al., 2002).  

Whether the presence of AC3-AT exerts a similar effect on AC3-FL activity is not known. 

Based on these findings, we hypothesize that AC3-AT forms heterodimers with AC3-FL, 

which in turn affects the function of AC3-FL. 
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1.6 Aim of this thesis 
How cold-induced Adcy3-at expression and function change cellular cAMP signaling and 

its role in regulating thermogenic signaling in BAT is not known. Therefore, I aimed to 

1.) generate and characterize AC3-AT and AC3-FL-specific antibodies to verify 

expression in heterologous systems and ultimately protein expression pattern in 

vivo,  

2.) determine the subcellular localization of AC3-AT and AC3-FL, and  

3.) analyze AC3-AT and AC3-FL activity using cAMP fluorescent assays.
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2. Materials and methods 

All solutions were prepared using double-distilled water (ddH2O). Sterile filtering of 

solutions was achieved by autoclavation for 20 min at 121 °C or using 0.22 μm pore filter 

membranes in a vacuum filtration. 

 

2.1 Materials and reagents 

2.1.1 Devices 
The devices used for experiments performed in this thesis are shown in Table 1.  

Table 1: Devices 

Device Manufacturer Reference 

3 mm (1/8“) Tapered Micro Tip Sonics & Materials Inc., 
Newtown, USA 630-0418 

Centrifuge 5425 Eppendorf AG, Hamburg 
Germany 5405IQ214642 

Centrifuge 5430 R Eppendorf AG, Hamburg 
Germany 5428JJ530672 

Coupler Sonics & Materials Inc., 
Newtown, USA 630-0421 

Converter Model CV26 Sonics & Materials Inc., 
Newtown, USA CV00026 

CO2 Incubator MCO-230AICUV PHC Corporation, Tokyo, 
Germany  191060150 

DynaMag™-Spin Magnetic 
Particle Concentrator 

Invitrogen Dynal AS, Oslo, 
Norway 123.20D 

EVOS™ FL  Thermo Fisher Scientific, 
Waltham, USA AMF4300 

FLUOstar® Omega BMG Labtech GmbH, 
Ortenberg, Germany  S/N 415 2082 

Freezer (-20 °C) Liebherr International AG n.a. 

Fridge (4 °C) Liebherr International AG n.a. 
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Device Manufacturer Reference 

Hinged spacer plates Bio-Rad Laboratories, 
Hercules, USA #1654173 

Hot Plate A3 LABOTECT GmbH, 
Rosdorf, Germany 15668 

Infors HT shaking incubator Infors, Bottmingen, 
Switzerland S-000133247-002 

Mini-PROTEAN Tetra Cell 
System 

Bio-Rad Laboratories, 
Hercules, USA #1658001EDU 

Mini-PROTEAN® Comb, 10 well, 
1.5 mm thick, 66 μL  

Bio-Rad Laboratories, 
Hercules, USA #1653365 

Mr. Frosty™ freezing container Thermo Fisher Scientific, 
Waltham, USA 5100-0001 

NanoDrop™ 2000 
Spectrophotometer 

Thermo Fisher Scientific, 
Waltham, USA 91-ND-2000 

Neubauer counting chamber Paul Marienfeld, Lauda-
Königshofen, Germany 0640010 

Power Supply EV Series 
EV2310 

Carl Roth, Karlsruhe, 
Germany A545.1 

ROCKER 2D digital IKA Werke GmbH, 
Staufen, Germany 100670258 

Safety cabinet Scanlaf Mars 
1200 Runner 

LaboGene, Lillerod, 
Denmark 703620 

Semi-dry blotter Carl Roth, Karlsruhe, 
Germany T788.1 

SeroPAL™ Electronic 
Serological Pipette Controller 

Luna Nanotech, 
Markham, Canada SEP100S 

Ultra Low Temperature Freezer 
MDF-DU502VHW-PE 

PHC Corporation, Tokyo, 
Japan 19070257 

Ultra-Low Temperature Freezer 
MDF-C2156VANW 

PHC Corporation, Tokyo, 
Japan 19100105 

Vibra-Cell™ High Intensity 
Ultrasonic Processor 

Sonics & Materials Inc., 
Newtown, USA 432-0133 
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Device Manufacturer Reference 

Vortex-Genie® 2 Scientific Industries, Inc., 
Bohemia, USA 2E5-254267 

VWR® Tube Rotator with 36 X 1 Andwin Scientific, Tryon, 
USA NC9854190 

Water bath WBT 12 meding Lab, Freital 
Germany 2284719 

 

2.1.2 Software 
The software used for experiments performed in this thesis is shown in Table 2. 

Table 2: Software 

Software Version Supplier 

BioRender 2023 Science Suite Inc., Toronto, Canada 

CiliaQ Plugin v0.1.5 Kindly provided by Jan Niklas Hansen 

ClustalOmega 1.2.2 Des Higgins, Fabian Sievers, Conway 
Institute, UCD, Dublin, Ireland 

CorelDraw 2023 (25) Corel Corporation, Ottawa, Canada 

EndNote X9 X9.3.3 Clarivate Analytics, London, UK 

ExPasy - ProtScale n.a. SIB Swiss Institute of Bioinformatics, 
Lausanne, Switzerland 

Fiji/ ImageJ v2.3.051 Broad Institute, Inc., Cambridge, USA 

GraphPad Prism 9 9.3.0 Dotmatics, Boston, USA 

MotiQ Thresholder n.a. Kindly provided by Jan Niklas Hansen 

Office 365 16.80 Microsoft Inc., Redmond, USA 

SpermQ preparator Plugin n.a. Kindly provided by Jan Niklas Hansen 
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2.1.3 Consumables 
The consumables used for experiments performed in this thesis are shown in Table 3.  

Table 3: Consumables 

Product Company Reference 

0.22 μm filter membranes Merck Millipore, Billerica, 
USA GSWP02500 

1 mL CryoTube™ vials Thermo Fisher Scientific, 
Waltham, USA 377224 

10 cm CELLSTAR® plasticware Greiner bio-one, 
Kremsmünster, Austria 664 160 

13 mm glass coverslips Paul Marienfeld, Lauda-
Königshofen, Germany 117530 

24-well CELLSTAR® plasticware Greiner bio-one, 
Kremsmünster, Austria 662 160 

6-well CELLSTAR® plasticware Greiner bio-one, 
Kremsmünster, Austria 657 160 

96-well CELLSTAR® plasticware Greiner bio-one, 
Kremsmünster, Austria 655 180 

1.5 mL reaction tube with attached 
cap 

Greiner bio-one, 
Kremsmünster, Austria 616201 

2 mL reaction tube with attached 
cap 

Greiner bio-one, 
Kremsmünster, Austria 623201 

Falcon® conical tube 15 mL VWR, Radnor, USA 734-0451 

Falcon® conical tube 50 mL VWR, Radnor, USA 734-0448 

Nunc™ multiplate (4-well plate)  Thermo Fisher Scientific, 
Waltham, USA 176740 

UltraCruz® cell scrapers (39 cm), 
sterile 

Santa Cruz Biotechnology, 
Dallas, USA sc-395250 
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2.1.4 Kits 
The kits used for experiments performed in this thesis are shown in Table 4.  

Table 4: Kits 

Product Company Catalog # 

CatchPointTM cAMP Fluorescent Assay Kit Molecular Devices, 
San Jose, USA #R8089 

NucleoBond® Xtra Midi Macherey-Nagel, 
Düren, Germany 740410.100 

Pierce™ BCA Protein Assay Kit Thermo Scientific™ 23225 

Pierce™ Cell Surface Biotinylation and 
Isolation Kit Thermo Scientific™ A44390 

 
 

2.1.5 Reagents 
The reagents used for experiments performed in this thesis are shown in Table 5.  

Table 5: Reagents 

Product Manufacturer Reference 

2-Mercaptoethanol (β-ME) Sigma Aldrich, St. Louis, 
USA M3148-100ML 

2-Propanol (Isopropanol) Carl Roth, Karlsruhe, 
Germany CN09.3 

3-isobutyl-1-methylxantine (IBMX) Applied biosystems, 
Waltham, USA A0695 

Acrylamide 4K solution Applied biosystems, 
Waltham, USA A1672,0500 

Ammonium persulfate (APS) Sigma Aldrich, St. Louis, 
USA A3678 

Aqua-Poly/ Mount Tebi-Bio, Le Perray-en-
Yvelines, France #07918606-20 

Bromphenolblue Sigma Aldrich, St. Louis, 
USA B0126 
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Product Manufacturer Reference 

Bovine serum albumin (BSA) Thermo Fisher Scientific, 
Waltham, USA B14 

Calcium chloride (CaCl2) Carl Roth, Karlsruhe, 
Germany CN93.1 

ChemiBlocker Merck Millipore, Billerica, 
USA 2170 

Dimethyl Sulfoxide (DMSO) Sigma Aldrich, St. Louis, 
USA D45450 

Disodium hydrogen phosphate 
(Na2HPO4) 

Merck Millipore, Billerica, 
USA 119753 

Dithiothreitol (DTT) Sigma Aldrich, St. Louis, 
USA 43815 

Dulbecco’s phosphate-buffered saline 
(DPBS) Gibco, Amarillo, USA 14190-094 

Egtazic acid (EGTA) Sigma Aldrich, St. Louis, 
USA 324626 

Ethanol (EtOH) Carl Roth, Karlsruhe, 
Germany P075.5 

Ethylene diamine tetra acetic acid 
(EDTA) 

Sigma Aldrich, St. Louis., 
USA E5134 

Forskolin Sigma Aldrich, St. Louis, 
USA # SLBP3308V 

G418 (Geneticin) Thermo Fisher Scientific, 
Waltham, USA 11811 

Glucose Carl Roth, Karlsruhe, 
Germany X997.2 

Glutamic acid monopotassium salt 
monohydrate (C5H8KNO4) 

Sigma Aldrich, St. Louis, 
USA G1501-100G 

Glycerol Sigma Aldrich, St. Louis, 
USA G2289 

Glycine for molecular biology applied biosystems, 
Waltham, USA A1067,5000 
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Product Manufacturer Reference 

HEPES Carl Roth, Karlsruhe, 
Germany X997.2 

Hydrogen peroxide (H2O2) Carl Roth, Karlsruhe, 
Germany 0034.1 

Isoprenaline hydrochloride 
(Isoproterenol) 

Sigma Aldrich, St. Louis, 
USA I5627 

Magnesium chloride (MgCl2) Carl Roth, Karlsruhe, 
Germany KK36.2 

Methanol (MeOH) Carl Roth, Karlsruhe, 
Germany 8388.6 

Monosodium phosphate (NaH2PO4) Sigma Aldrich, St. Louis, 
USA  S3139 

Nonidet® P40 (NP-40) Thermo Fisher Scientific, 
Waltham, USA PIER85124 

Paraformaldehyde, 16% w/v aq. 
Solvent, methanol free (PFA) 

Alfa Aesar, Landau, 
Germany 43368 

Poly-L-Lysine Hydrochloride (PLL) Sigma Aldrich, St. Louis, 
USA P1399 

Potassium acetate (C2H3KO2) Sigma Aldrich, St. Louis, 
USA 529543 

Potassium chloride (KCl) Carl Roth, Karlsruhe, 
Germany P017.2 

Potassium dihydrogen phosphate 
(KH2PO4) 

Carl Roth, Karlsruhe, 
Germany 3904.2 

Sodium chloride (NaCl) Carl Roth, Karlsruhe, 
Germany HN00.2 

Sodium hydroxide (NaOH) Carl Roth, Karlsruhe, 
Germany 6771.1 

Sodium dodecylsulfate (SDS), pellets Carl Roth, Karlsruhe, 
Germany 8029.4 

Sodium Pyruvate 100 mM (100x) Gibco, Amarillo, USA 11360-039 
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Product Manufacturer Reference 

TEMED Applied biosystems, 
Waltham, USA A1148 

Tris-base Merck Millipore, Billerica, 
USA 648310-M 

Tris-HCl Carl Roth, Karlsruhe, 
Germany 9090.3 

Triton-X100 Applied biosystems, 
Waltham, USA 3051.3 

Trypsin-EDTA (0.05%) Gibco, Amarillo, USA 25300062 

Tween® 20 Sigma Aldrich, St. Louis, 
USA P9416 

 

2.1.6 Cell culture materials 
The cell culture materials used for experiments performed in this thesis are shown in 

Table 6.  

Table 6: Cell culture material 

Product Manufacturer Reference 

Dulbecco’s Modified Eagle Medium 
F-12 Nutrient Mixture (Ham) Gibco, Amarillo, USA 31331-028 

Fetal Bovine Serum (FCS) BIOCHROM, Berlin, 
Germany S 0115 

Lipofectamine™ 2000 Reagent Invitrogen, Waltham, USA 11668-027 

MEM GlutaMAX™ Supplement Gibco, Amarillo, USA 41090036 

MEM Non-Essential Amino Acids 
Solution (NEAA) (100x) Gibco, Amarillo, USA 11140-035 

Opti-MEM® Reduced Serum 
Medium Gibco, Amarillo, USA 11058-021 

PBS, pH 7.4 Thermo Fisher Scientific, 
Waltham, USA 10010023 

Polyethylenimine (PEI) Sigma Aldrich, St. Louis, 
USA 408727 
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2.1.7 Antibodies 

2.1.7.1 Primary antibodies 
The following primary antibodies were used for immunocytochemical staining (ICC) and 

Western blot analysis (WB). (Table 7). 

Table 7: Primary antibodies used for ICC and WB analysis 

Antibody kDa Species Type Dilution Producer Reference 

 ICC WB  

b-Tubulin 
2.1 55 ms mAb - 1:10000 Sigma T4026 

AC3 (C 
Terminus) 130 rb pAb 1:200 1:500 Thermo 

Scientific 
PA5-

35382 

AC3 (N 
Terminus) 130 rt mAb 1:200 - 

Kindly 
provided by 
Heinz Gerd 
Körschen  

n.s. 

Calnexin 90 rb pAb 1:500 - Sigma C4731 

Calnexin 90 ms mAb 1:500 - Abcam ab31290 

CRO 3B10 76 ms mAb 1:100 1:500 

Kindly 
provided by 
Heinz Gerd 
Körschen 

n.s. 

Flag M2 - ms mAb - 1:1000 Sigma F1804 

HA (R001 
3F10) - rt mAb 1:1000 1:5000 EKr n.s. 

KOR-AEY2 130 rb pAb 1:500 1:2000 
Davids 

Biotechnolo-
gie 

n.s. 

RFP - rb pAb - 1:1000 Rockland 
Inc. 

600-401-
379 
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2.1.8 Secondary antibodies 
The following secondary antibodies were used for immunocytochemical staining (ICC) 

and Western blot analysis (WB) (Table 8). 

 

Table 8: Secondary antibodies used for ICC and WB analysis 

Antigen Antibody Species Type Dilution Producer Catalog # 

 ICC WB  

ms 
ms 

Alexa 
488 

gt pAb 1:400 - Thermo 
Scientific A11029 

ms ms Cy 3 dk pAb 1:500 - Dianova 715-155-
151 

ms ms Cy 5 dk pAb 1:500 - Dianova 715-175-
151 

ms IRDye 
680RD dk pAb - 1:20,000 LI-COR 

Biosciences 
926-

68072 

ms IRDye 
800CW dk pAb - 1:20,000 LI-COR 

Biosciences 
926-

32212 

rb rb Alexa 
488 gt pAb 1:500 - Thermo 

Scientific A11034 

rb rb Alexa 
647 dk pAb 1:500 - Dianova 711-605-

152 

rb rb Cy 3 dk pAb 1:250 - Dianova 711-165-
152 

rb IRDye 
680RD dk pAb - 1:20,000 LI-COR 

Biosciences 
926-

32223 

rb IRDye 
800CW dk pAb - 1:20,000 LI-COR 

Biosciences 
926-

32213 

rt rt Alexa 
488 dk pAb 1:500 - Dianova 712-545-

153 

rt IRDye 
680 LT gt pAb - 1:20,000 LI-COR 

Biosciences 
926-

32229 
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Antigen Antibody Species Type Dilution Producer Catalog # 

rt IRDye 
800CW gt pAb - 1:20,000 LI-COR 

Biosciences 
926-

32219 

 

 

2.1.9 Fluorescent dyes 
The following fluorescent dye was used for immunocytochemistry (ICC) (Table 9).   

Table 9: Dyes used for ICC 

Dye Dilution Producer Catalog # 

4’,6-Diamidino-2-Phenylindol 
(DAPI) 1:10000 

Life 
Technologies, 
Thermo Fisher 

Scientific, 
Waltham, USA  

D1306 

 

2.2 Escherichia coli culture 

2.2.1 Escherichia coli strains 
The Escherichia coli (E. coli) strain XL1-Blue (#200249, Stratagene, California, USA) was 

used for cloning.  

2.2.2 Generation of competent E. coli cells 
E. coli transformation via CaCl2 was carried out following an adapted protocol derived from 

the method described by Mandel and Higa (1970). The E. coli cells were grown in a flask 

with 50 mL Lysogeny broth (LB)-medium (Carl Roth, Karlsruhe, Germany, X968.1) in a 

shaking incubator at 37 °C. Once the culture attained an optical density (OD) of 0.4 at 600 

nm, equivalent to a cell density of 2 x 108 cells/ mL, the E. coli cells were placed on ice for 

30 minutes before being centrifuged at 5,000 x g for 10 min at 4 °C. After the LB-medium 

was poured off, the remaining pellet was resuspended in 5 mL ice-cold 0.1 M CaCl2 

containing 25 % glycerol (v/v). After an incubation time of 2 h on ice, the cells were 

distributed in 100 μL aliquots into 1.5 mL tubes, then snap-frozen with liquid nitrogen, and 

stored at -80 °C until further use.  
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2.2.3 Transformation of competent E. coli cells using CaCl2 
1 μL of plasmid DNA was mixed with 5 μL 10x CM buffer (100 mM CaCl2/ 400 mM MgCl2). 

The mixture was filled up to 50 μL with ddH2O. 50 μL competent E. coli cells were thawed 

on ice and mixed with DNA. While the mixture was incubated on ice for 20 min, a H2O 

water bath was set to reach 42 °C and LB medium was placed in the bath to warm up. 

Subsequently, the cells were placed for 1 min in the water bath at 42 °C. After the heat-

shock, the cells were immediately put back on ice for 10 min. Subsequently, 150 μL of 

room temperature LB-medium without antibiotics was added to the cells, which were then 

regenerated for 30 to 45 min at 37 °C on a shaker. The bacterial suspension was then 

plated on LB-Agar plates containing the appropriate antibiotic (100 μg/ mL ampicillin, 

Sigma Aldrich, St. Louis, USA, A5354). The plates were incubated overnight at 37 °C. The 

following morning, single colonies were picked and incubated in 5 mL LB-medium at 37 °C 

on an orbital shaker.  

 

2.2.4 Small-scale (Mini) plasmid preparation via alkaline extraction method 
The transformed bacteria were employed for the extraction of amplified plasmids using 

alkaline lysis in a Mini prep according to the protocol of Birnboim and Doly (1979). 1.5 mL 

of the overnight culture was transferred to a fresh Eppendorf tube and centrifuged for 30 

to 60 sec at 20,000 x g at RT. The supernatant was removed, and the pellet was 

resuspended in solution I (Table 10) by vortexing or vigorous pipetting. Next, 60 μL 

solution II (Table 10) was added and mixed by gently vortexing the tube to lyse the cells. 

Subsequently, 75 μL solution III (Table 10) was added and mixed by gently vortexing the 

tube to denature the proteins. The sample was centrifuged for 5 to 7 min at 17,600 x g at 

4 °C. The supernatant was carefully transferred to a fresh Eppendorf tube. The plasmid 

DNA was precipitated by adding 550 μL 100 % ethanol. The solution was centrifuged for 

2 to 3 min at 17,600 x g at 4 °C and the pellet was washed with 500 μL 70 % ethanol. 

After centrifugation, the ethanol was removed, and the DNA pellet was allowed to dry 

shortly at 37 °C. The DNA pellet was then dissolved in 20 μL TE buffer. To verify 

amplification of the plasmid DNA and plasmid integrity, a test digest was performed via 

agarose gel electrophoresis.  
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Table 10: Solutions used for alkaline lysis of bacteria to isolate plasmid DNA 

Solution I Solution II Solution III 

25 mM Tris/ HCl pH 8.0 0.2 M NaOH 3 M CH3CO2K pH 4.8 

10 mM EDTA 1% (w/v) SDS  

50 mM glucose   

 

2.2.5 Large-scale (Midi) plasmid DNA preparation 
Plasmid DNA extractions from E. coli cultures were conducted utilizing the NucleoBond™ 

Xtra Midi kit according to the manufacturer’s protocol. For Midi preparation from a 5 mL 

overnight culture, the E. coli cells were pelleted by centrifugation at 6,000 x g for 15 min 

at 4 °C and the supernatant was discarded completely. The cell pellet was then 

resuspended by pipetting the cells up and down or vortexing in 8 mL resuspension buffer 

supplemented with RNase A, ensuring that no clumps remained in the suspension. The 

cells were lysed by adding 8 mL of lysis buffer to the suspension and the mixture was 

incubated for 5 min at room temperature (RT). The column filter was then equilibrated by 

applying 12 mL equilibration buffer onto the rim of the column filter in a circular motion. 

The column was allowed to empty by gravity flow. Next, 8 mL neutralization buffer was 

added to the suspension and immediately loaded onto the equilibrated filter column and 

the column was allowed to empty by gravity flow. The column was washed by applying 

5 mL equilibration buffer onto the rim of the column filter in a circular motion. After the filter 

was removed from the column, a second washing step was performed by adding 8 mL 

wash buffer. The plasmid DNA was recovered by adding 5 mL elution buffer, precipitated 

through addition of 3.5 mL RT isopropanol, which was followed by thorough vortexing. 

Next, the precipitate was centrifuged at 15,000 x g for 45 min at 4 °C and washed once 

with RT ethanol (70 %). The suspension was then centrifuged at 15,000 x g for 10 to 15 

min at RT. The ethanol was carefully removed completely, and the pellet was air-dried at 

RT. The DNA pellet was then dissolved in an appropriate volume of TE buffer. To verify 

amplification of the plasmid DNA and plasmid integrity a test digest was performed via 

agarose gel electrophoresis.  
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2.3 Mammalian cell culture 

2.3.1 Buffers and media used for cell culture 
The cell lines used and their respective culture media are listed in Table 11. Cells were 

managed in safety cabinets under sterile conditions for both maintenance and transfection 

procedures. All cell lines were cultured on 10 cm or 6-well plates, maintained in medium 

containing 10 % FCS, and kept in an incubator under conditions of 5 % CO2 and 37 °C at 

95 % humidity.  

Table 11: Cell lines 

Cell line Producer Reference Growth medium 

CHO K1 European Collection of 
Cell cultures 85051005 F12 + 10 % FCS 

CHO K1  

AC3-FL-HA 

Lara-Marie Vagliano 
(generated during this 

study) 
n.s. F12 + 10 % FCS 

CHO K1  

AC3-AT-HA 

Lara-Marie Vagliano 
(generated during this 

study) 
n.s. F12 + 10 % FCS 

CHO 
mCherryCAAX 

Kindly provided by Lea 
Wobig n.s. F12 + 10 % FCS 

CHO TM Sibion biosciences 
GmbH 0906001TM F12 + 10 % FCS 

HEK-293 
American Type 

Culture Collection 
(ATCC) 

CRL1573 

MEM Glutamax  

10 % FCS 

1 % NEAA (x100) 

 

For subculture routine, sub-confluent cultures (70-80 %) were split twice a week according 

to the following protocol: Cultured cells were washed once with 5 mL phosphate buffered 

saline (PBS; Table 12) and detached from the plate floor by incubation with 1 mL Trypsin 

(0.05 % + EDTA) for 5-10 min on a hot plate at 37 °C. Trypsinization was stopped by 

adding 9 mL growth medium. Then, cell counting was conducted by adding Trypan Blue 

Stain (0.4 %) (Gibco, Amarillo, USA, 15250-061) and utilizing a Neubauer counting 

chamber. Cultured cells were seeded at a dilution depending on the growth speed of the 

respective cell line. Cells older than passage 15 were discarded.  
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Table 12: Phosphate buffered saline (PBS) 

PBS 

137 mM NaCl 

2.7 mM KCl 

6.5 mM Na2HPO4 

1.5 mM KH2PO4 

adjust to pH 7.4 

sterilize by autoclaving 
 

2.3.2 Cell freezing 
To preserve cells for long-term storage, cultured cells were cryopreserved in their 

respective media supplemented with 10 % dimethyl sulfoxide (DMSO) following the 

outlined protocol: Cultured cells were washed with PBS and trypsinized, as described 

above. 1*106 cells were centrifuged at 300 x g for 5 min to obtain a cell pellet. The 

supernatant was aspirated, and the cell pellet was resuspended in 1 mL DMSO-containing 

culture medium. The cell suspension was then transferred to a cryotube. The vials were 

placed inside a freezing container and frozen at -80°C overnight, with a steady 

temperature decrease of 1 °C per minute. The following morning, the cryotubes were 

transferred to liquid nitrogen cell storage (-196 °C) for long-term preservation.  

2.3.3 Cell recovery 
Thawing of 1 mL frozen cell suspension in cryotubes was carried out at 37 °C in a water 

bath, followed by direct transfer into a Falcon tube containing 20 mL pre-warmed cell 

culture medium. To eliminate DMSO, cells were centrifuged at 300 x g for 5 minutes at 

RT. The resulting pellet was resuspended in 20 mL cell culture medium and evenly 

distributed across two 10 cm cell culture dishes for maintenance. The cells were allowed 

to attach for one day in an incubator at 37 °C with 5 % CO2, and then their medium was 

replaced with fresh, complete medium. 
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2.3.4 Transient transfection using polyethyleneimine 
To achieve transient transfection using polyethyleneimine, the cells were plated one day 

prior to transfection to ensure they reached 90 % confluency at the time of transfection. 

For each transfection sample, as indicated in Table 13, plasmid DNA was diluted in Opti-

MEM® Reduced Serum Medium in a fresh Eppendorf tube. For each transfection sample, 

as indicated in Table 13, branched polyethyleneimine (PEI) stock (1 μg/μL) was added to 

obtain a final concentration of 20 ng PEI per μL OptiMem. The mixture was incubated for 

10 min at RT. The cell culture medium was replaced by the respective medium, which 

contained only 2 % FCS instead of 10 % FCS. After incubation, the DNA/PEI mix was 

added dropwise to the plate/ well, and cells were maintained at 37 °C/5 %-CO2 for 24 to 

48 h before analysis. 

 

Table 13: Pipetting scheme for transient transfection using PEI 

Culture 
vessel 

Surface 
area per 

well (cm2) 

DNA 
(μg) 

OptiMem 
(μL) PEI (μg) 

Volume of 
plating medium 

(μL) 

4-well 2 0.5 50 1 200 

6-well 10 2.35 235 5 940 

5 cm 20 4.5 450 9 1800 

10 cm 60 9.5 950 19 3800 

 

2.3.5 Transient transfection using Lipofectamine™ 2000 
To achieve transient transfection using Lipofectamine™ 2000, cells were seeded on a 

plate one day prior to transfection to ensure 90-95 % confluency at the time of transfection. 

For each transfection sample, as indicated in Table 14, DNA and LipofectamineTM 2000 

were diluted in Opti-MEM® Reduced Serum Medium, separately. After gentle mixing and 

an incubation time of 5 min at RT, the diluted LipofectamineTM 2000 was combined with 

the diluted DNA. This mixture was incubated for 20 min at RT and then added to the cells. 

After incubation for 4-6 h at 37 °C/5 % CO2 the growth medium was replaced with fresh, 

complete medium. 
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Table 14: Pipetting scheme for transient transfection using Lipofectamineä 2000 

Culture 
vessel 

Surface area 
per well (cm2) 

Volume of plating 
medium (μL) 

DNA (μg) and 
dilution volume 

(μL) 

Lipofectamineä 
2000 (μg) and 
dilution volume 

(μL) 

96-well 0.3 100 0.2 in 25 0.25 in 25 

4-well 2 500 0.8 in 50 1.0 in 50 

5 cm 20 5000 0.2 in 25 10 in 500 

10 cm 60 15000 0.2 in 25 30 in 1.500 

 

2.3.6 Generation of stable cell lines 
For generating stable cell lines expressing AC3-FL-HA or AC3-AT-HA, initially CHO-K1 

cells were transiently transfected using PEI, as described above, with a mammalian 

expression vector pcDNA3.1(+) containing a cytomegalovirus (CMV) promotor, a Kozak 

consensus sequence, an HA-tagged Adcy3-fl or Adcy3-at, and a neoR selective 

resistance gene (neomycin resistance, neoR). In the morning preceding the experiment 

1.5x105 cells were seeded onto a 5 cm plate. As a control, a 5 cm plate with 

non-transfected (NT) cells was also included in the forthcoming selection process.  

One day after transfection, the cells were harvested by trypsinization. The obtained cell 

suspension was seeded at dilutions of 1:10, 1:100, and 1:1000 in fresh 10 cm plates. 24 h 

later the selection for transfected cells with the antibiotic G418 (geneticin, selection 

concentration: 1200 ng/ml) was started. G418 is an aminoglycoside antibiotic that acts by 

blocking translational elongation. The neomycin resistance in the transfected vector 

encodes for an aminoglycoside phosphotransferase that can oppress the action of the 

geneticin by phosphorylating it. Thereby, if the vector is successfully introduced into the 

cells, the cells can become G-418-resistant cells.  

After starting the selection process, the medium of the cells was changed every 2-3 days 

to maintain the concentration of G418 and to remove dead cells. The non-transfected cells 

mostly died off in the course of two weeks after starting the selection. After approximately 
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2 weeks, the initially transfected cells were harvested, and only 20 and 200 cells were 

seeded onto fresh 10 cm plates. The cells were kept in a medium containing 1200 ng/ml 

of G418. The colonies forming on these plates were then picked and tested for the 

expression of the respective protein in Western blot analysis (WB) and 

immunocytochemistry (ICC). 

 

2.3.7 Poly-L-lysine coating of glass coverslips 
To optimize cell adhesion, cover slips (13 mm) were coated with poly-L-lysine (PLL). 

Cover slips were placed in a multi-well plate (4-well plate). 500 μL of 0.1 mg/mL PLL per 

well was added. After 30 min of incubation at RT, the wells were washed once with PBS. 

After aspirating the PBS, the coated glass cover slips were either used directly and cells 

were seeded onto the cover slip or the coated glass cover slips were stored in the dark at 

4 °C until further usage.  

 

2.4 Immunocytochemistry 

2.4.1 Fixation of cells 
For fixation of the cells, the medium was removed, cells were washed with PBS, and fixed 

with paraformaldehyde (PFA) for 10 min at RT. To remove the PFA, fixed cells or cell-free 

plasma membrane sheets were washed three times in PBS and either stored at 4 °C in 

PBS until further usage or directly used for immunocytochemical staining.  

 

2.4.2 Immunocytochemical staining 
Samples that did not undergo ultrasound treatment were blocked in 5 % Chemiblocker / 

0.5 % TritonX-100 in PBS for 30 min; sonicated samples were blocked in 5 % 

Chemiblocker in PBS. The sample was then incubated for 60 min with the primary 

antibody prepared in the respective blocking solution. After the removal of the primary 

antibody, the cells were washed three times with PBS. The sample was then incubated 

for 45 min in the dark with the secondary antibody, which was prepared in the respective 

blocking solution in addition to DAPI (1:10.000 of 5 μg/μL stock in H2O). After washing the 

sample three times in PBS, the coverslip was mounted with Aqua Poly/Mount. Slides were 
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then stored at 4 °C for at least 12 h. Imaging was conducted utilizing one of the following 

confocal laser scanning microscopes: Olympus FV1000, Nikon Eclipse Ti, or Leica SP8 

with Lightning. All procedures were carried out at RT. 

 

2.4.3 Preparation of cell-free plasma membrane sheets 
One day after transfection, medium was removed from cells and ice-cold sonication 

(Table 15) buffer was added. The cells were kept on ice until sonification. The coverslips 

were transferred from the wells to a glass bowl containing 5 mL of ice-cold sonication 

buffer, which was prepared according to the protocol established by Sieber et al. (2006). 

The high-intensity ultrasonic processor was assembled by adding a tapered microtip of 3 

mm diameter to the coupler-converter assembly. To ensure maximum energy transfer, the 

sonication device was tuned beforehand. The distance from the coverslip to the end of 

the microtip was set to 3 mm. Cells were then subjected to ultrasound treatment by 

applying up to three 100 ms ultrasound pulses of 10-25 % intensity, depending on the type 

and the confluency of the cells grown on the coverslip. After sonication, a cell-free crater 

on the coverslip was clearly visible. 

 

Table 15: Sonication buffer used for generating cell free plasma membrane sheets 

1x Sonication buffer 

120 mM C5H8KNO4 

20 mM CH3CO2K 

10 mM HEPES 

10 mM EGTA 

adjust to pH 7.2 
 

2.4.4 Quantification of fluorescence intensity in cell-free plasma membrane 
sheets 

Analysis of fluorescence intensity in cell-free plasma membrane sheets was performed 

using custom-written ImageJ plugins (designed by Jan Niklas Hansen) for user-dependent 

membrane sheet selection, image segmentation, and quantification. To avoid preferential 

selection, membrane Sheets were selected for analysis in the mCherryCaaX image. First, 

a Gaussian blur (σ = 2) was performed on the original mCherryCaaX (basal plasma 
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membrane sheet) image and Calnexin (ER-membrane) image (using the SpermQ 

Preparator plugin (Hansen et al., 2018)). mCherryCaaX or Calnexin images derived from 

the previous step were automatically segmented to binary images by application of an 

intensity threshold, which was calculated (“Huang”- or “Otsu” -algorithm, respectively, 

using MotiQ Thresholder (Hansen et al., 2022)) individually for each membrane sheet. 

Binary single-cell images obtained in the previous step were then semi-automatically 

subtracted, using the Image Calculator, ImageJ (𝐵𝐼𝑁(𝑚𝐶ℎ𝑒𝑟𝑟𝑦𝐶𝐴𝐴𝑋) − 𝐵𝐼𝑁(𝐶𝑎𝑙𝑛𝑒𝑥𝑖𝑛)). 

The average fluorescence intensity of the HA image was then analyzed (using the CiliaQ 

plugin (Hansen et al., 2021)) within the 16-bit converted mask.  

 

 

2.5 Protein biochemistry 

2.5.1 Protein lysates of cultured cells 
Transfected cells were washed once with 5 mL PBS. Utilizing a cell scraper, cells were 

harvested from either a 10 cm plate or a 5 cm plate in either 3 mL or 1 mL PBS, 

respectively. Then, the cells were centrifuged at 500 g for 3 min at 4 °C. The cell pellet 

was resuspended in total lysis buffer (Table 16) containing a mammalian protease 

inhibitor cocktail (mPic, Sigma Aldrich, St. Louis, USA, P8340-1ML) in a 1:500 dilution. 

Depending on the size of the cell pellet, the amount of total lysis buffer added varied 

between 50 μL and 200 μL. Cells were lysed for 30 min at 4 °C. After centrifugation at 

10.000 x g for 10 min at 4 °C the supernatant containing the solubilized protein was 

transferred to a fresh tube and stored at 4 °C. Protein concentration was determined in a 

bicinchoninic (BCA) test.  

 
Table 16: Total lysis buffer used for cell lysis 

1x Total lysis buffer 

10 mM Tris/ HCl pH 7.6 

140 mM NaCl 

1 mM EDTA 

1% (v/v) TritonX-100 

1:500 mPic 
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2.5.2 Bicinchinonic (BCA) test 
The Pierce® bicinchoninic (BCA) Protein Assay Kit was used for detection and quantitation 

of total protein, determined by a color change of the sample solution from green to purple, 

which is proportional to the concentration of protein in the sample. This assay combines 

two reactions. In an alkaline BCA solution, the peptide bonds of proteins in the sample 

reduce Cu2+ ions from copper (II) sulfate, which is contained in the BCA solution, to Cu+. 

Then, two molecules of BCA chelate with one Cu+. This purple-colored complex absorbs 

light at a wavelength of 562 nm.  

A bovine serum albumin (BSA) dilution series ranging from 0.125 μg/ μL to 2 μg/μL was 

included in the assay serving as a protein standard for forthcoming interpolation of the 

protein concentration of each sample. 1:10 and 1:20 dilutions of the sample in total lysis 

buffer were prepared. Next, 10 μL of the diluted sample or standard were, in duplicates, 

inserted into each well on a 96-well plate. BCA reagent B was added to reagent A at a 

dilution of 1:50 and 190 μL of diluted BCA solution was inserted into each well. After 

30 min of incubation at 37 °C, the absorption at 562 nm was measured in the FluoStar 

plate reader. The absorption values of the standard were plotted against the respective 

standard concentration to create a standard curve. The absorption values of the unknown 

sample were then interpolated using this curve to calculate protein concentrations in the 

sample.  

 

2.5.3 SDS-Page 

2.5.3.1 SDS-Gels 
Electrophoretic separation of proteins according to their molecular weight was achieved 

via denaturing sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE). 

The separating gel (10 % or 12.5 %) and stacking gel (5 %), were prepared according to 

the pipetting scheme shown in Table 17. SDS sample buffer was added to protein 

samples (diluted to 1x; Table 18). If not stated otherwise, boiling at 95 °C for 5 min was 

omitted. Electrophoretic separation was performed at a current of 15 mA per gel in a 

minigel chamber filled with SDS running buffer (diluted to 1x; Table 18).  
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Table 17: Pipetting scheme to cast gels for SDS-PAGE 

Component Stacking gel (5 %) Separating gel 
(10 %) 

Separating gel 
(12.5 %) 

1.5 M Tris/ HCl 0.5 mL (pH 6.8) 1.5 mL (pH 8.8) 1.5 mL (pH 
8.8) 

10% SDS 20 μL 60 μL 60 μL 

10% APS 40 μL 40 μL 40 μL 

TEMED 3.5 μL 4 μL 4 μL 
Acrylamide/ Bisacrylamide 

30% solution (37.5:1) 340 μL 2 mL 2.5 mL 

ddH2O 1.12 mL 2.42 mL 1.95 mL 
 

Table 18: SDS sample buffer and SDS running buffer 

SDS sample buffer (4x) SDS running buffer (20x) 

200 mM Tris/ HCl pH 6.8 250 mM Tris 

8 % (w/v) SDS 1 % SDS 

5 % (v/v) β-mercaptoethanol 1.92 M glycine 

50 % (v/v) glycerol  

0.04 % (w/v) bromphenol blue  

 

2.5.3.2 Protein marker 
5-10 μL of prestained AppliChem VI (11-245 kDa) protein ladder (AppliChem, Darmstadt, 

Germany, A8889) were loaded per lane as a protein standard, against which to measure 

the molecular weight of the respective protein.  
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Figure 5: Protein standards used for SDS-PAGE. Images were taken and modified from 
the A8889 data sheet (AppliChem). 

 

2.5.3.3 Western blot analysis 
Proteins separated by SDS-PAGE were transferred onto a polyvinylidene difluoride 

membrane (PVDF membrane Immobilon-P, Merck Millipore, Billerica, USA, IPFL00010) 

via traditional semi-dry Western blotting. For the electrophoretic protein transfer, the 

membrane was activated in methanol (MeOH) first and then stripped in anode buffer II 

(Table 19). The SDS-gel and PVDF membrane were placed between filter papers, which 

were stripped in either anode buffer I, anode buffer II, or cathode buffer (Table 19), and 

stacked in a specific order, which is shown in Figure 6. The stacked transfer components 

were then inserted between flat-plate electrodes. A current of 2.4 mA was applied per cm2 

PVDF membrane (8 x 9 cm PVDF membrane) for 50 minutes in total.  

 

 
Figure 6: Setup for electrophoretic protein transfer. Image modified from: BioRad 
Protein Blotting Methods – Electrophoretic transfer setup. 
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Table 19: Buffers used for protein transfer onto PVDF membranes 

Anode buffer I Anode buffer II Cathode buffer 

0.3 M Tris pH 10.4 25 mM Tris pH 
10.4 25 mM Tris pH 9.4 

20 % (v/v) MeOH 20 % (v/v) MeOH 20 % (v/v) MeOH 

  0.04 M glycerin 

 

2.5.3.4 Immunostaining of immobilized proteins 
Before blocking unspecific binding sites, the membrane was activated in MeOH and 

washed in PBS (Table 20). Blocking was performed using a blocking solution containing 

Odyssey® blocking buffer (LI-COR Biosciences, Lincoln, USA 927-40000) for 30 min at 

RT. The membrane was then incubated overnight at 4 °C or for 1 h at room temperature 

with the primary antibody directed against the protein of interest. The primary antibody 

was prepared in a blocking solution (Table 21). Next, the non-bound antibody was 

removed by washing the membrane thrice for 20 min in 10 mL PBS-T (Table 20) at RT. 

The membrane was then incubated for 1 h at RT with the secondary antibody prepared in 

blocking solution (Table 21). The specificity of the secondary antibody was chosen 

depending on the species in which the primary antibody was generated. Again, the 

non-bound antibody was removed by washing the membrane thrice for 20 min in 10 mL 

PBS-T. Then the membrane was transferred to 10 mL PBS for 2 x 5 min. 

Table 20: PBS and PBS-T washing buffer for immunostaining of immobilized proteins 

PBS washing buffer (1x) PBS-T washing buffer (1x) 

130 mM NaCl PBS washing buffer 

7 mM Na2HPO4 0.05 % (v/v) Tween 20 

3 mM NaH2PO4  

adjust to pH 7.4  

sterilize by autoclaving  
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Table 21: Blocking solutions for primary and secondary antibody 

Blocking solution: primary antibody Blocking solution: secondary antibody 

PBS-T washing buffer PBS-T washing buffer 

50 % (v/v) Odyssee Blocking Buffer 
(PBS) 50 % (v/v) Odyssey Blocking Buffer (PBS) 

 0.01 % SDS 

 

2.6 Biotinylation assay 
Transfected cells, cultivated on a 10 cm plate, were subjected to biotinylation using the 

Pierce™ Cell Surface Biotinylation and Isolation Kit according to the manufacturer’s 

protocol. Initially, cells were washed twice with 5 mL of ice-cold PBS. 7 mL of the 

biotinylation reagent Sulfo-NHS-SS-Biotin (0.25 mg/mL prepared in PBS), was then added 

to the cells. After 30 min of incubation at 4 °C on a rocking platform, the biotinylation 

reaction was quenched with 500 μL quenching solution. Cells were scraped from the plate 

using a cell scraper, and the plate was rinsed with 2.5 mL of 1x Tris-buffered saline (TBS) 

(Table 16).  

 

Table 22: Tris-buffered saline used for biotinylation assay 

1x TBS 

150 mM NaCl 

20 mM Tris-HCl 

adjust to pH 7.6 

sterilize by autoclaving 
 

The harvested cells were centrifuged at 500 x g for 3 min at RT. The supernatant was 

removed, and the cell pellet was resuspended in 5 mL TBS and, again, centrifuged at 500 

x g for 3 min at RT. The cell pellet was resuspended in 300 μL total lysis buffer (Table 16) 

containing mPic in a 1:500 dilution. To improve solubilization efficiency, sonication of the 

sample for 30 sec every 10 min and vortexing every 5 min was performed during lysis. 
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After 30 min, the total protein lysate was centrifuged at 10.000 x g for 2 min at 4 °C. The 

clarified supernatant, which contained the solubilized protein, was transferred to a new 

tube. Protein concentration was determined in a BCA test.  

 

300 μL of NeutrAvidin Agarose Slurry was added to a column. The column was then 

equilibrated by adding 300 μL wash buffer and centrifuging at 1000 x g for 1 min at RT. 

The total protein lysate was added to the column, which was incubated overnight 

end-over-end at 4 °C. The next day, the column was centrifuged at 1000 x g for 1 min at 

RT, and the flow-through fraction was collected. The column was then washed three times 

with 500 μL of wash buffer containing mPic at a 1:500 dilution, collecting each wash 

fraction after centrifugation at 1000 x g for 1 min at RT. For elution, 200 μL of SDS sample 

buffer (4x) without bromphenol blue (Table 18) containing 50 mM dithiothreitol (DTT) was 

added to the column, which was then incubated end-over-end for 60 min at RT. After 

centrifugation of the column at 1000 x g for 2 min at RT, the eluate was collected, and a 

trace amount of bromphenol blue (0.04 %) was added. After elution, the beads were 

scraped off the column. 80 μL of standard SDS sample buffer (4x) were added to the 

beads, which were then boiled and centrifuged at 1000 x g for 2 min at RT (Figure 7). 

SDS sample buffer (4x) was added to 40 μL of total protein lysate, flow-through, and wash 

samples. Western blot analysis was then conducted following the protocol shown above. 

 

 
Figure 7: Biotinylation assay workflow. The total protein lysate is transferred to a 
NeutrAvidin column, where biotinylated protein binds to avidin with high affinity. After 
overnight incubation, the column is centrifuged, and the non-bound protein is collected in 
the flow-through fraction. After three washing steps, labeled protein is released using 
SDS-page sample buffer containing 50 mM dithiothreitol (DTT). After elution, beads are 
scraped off the agarose matrix and boiled in conventional 4x SDS-sample buffer. 
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Table 23: Elution buffer (4x) without bromophenol blue 

Elution buffer (4x) 

200 mM Tris/ HCl pH 6.8 

8 % (w/v) SDS 

5 % (v/v) b-mercaptoethanol 

50 % (v/v) glycerol 

50 mM DTT 

 

2.6.1 Densitometric analysis with ImageJ 
The Odyssey Imaging detection system (LI-COR Biosciences) was used to visualize the 

presence of the protein of interest in the respective sample. The output tiff file was 

transformed to grayscale, and image curves were adjusted. The image view was 

converted to 8-bit color graphics. Densitometric quantification of biotinylation assay 

Western blot signals was performed using ImageJ. The protein band with the biggest width 

was used as a reference for defining a rectangular region of interest (ROI) around the 

protein band. For each protein band, a profile plot was obtained. The profile plots showed 

the density of the respective band, with an intense band resulting in a higher peak and a 

faint band resulting in a wider peak. A baseline was drawn at the bottom of each peak. 

The integral (area), measured in arbitrary units (AU), was calculated for each profile plot 

(Figure 8). 

 

 
Figure 8: Quantifying Western blot signals using ImageJ 

 

The obtained area value for each band (input, flow-through, wash 1/2/3, eluate, and 

beads) was multiplied by the ratio between the total volume of the respective sample (see 

above) and the loaded volume (40 μL). Normalization was then performed by dividing the 

area of each band by the calculated area of the input (total lysate) control band.  
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2.7 Co-immunoprecipitation using magnetic beads 
CHO K1 cells grown in 10 cm dishes stably expressing AC3-FL-HA and transfected with 

AC3-AT-Flag or mCherry were subjected to butyrate treatment with sodium butyrate 

(0.5 M) at a dilution of 1:100 for six hours after transfection to boost protein expression. 

The cells were then incubated at 37 °C, 5 % CO2 for 24 hours. The cells were then washed 

twice with 5 mL of ice-cold PBS, harvested, and pelleted by centrifugation at 500 x g for 5 

min and resuspended in 400 μL lysis buffer (Table 23). Proper lysis of the cells was 

achieved by vigorous pipetting during the 1-hour incubation time. Cell debris was then 

removed by centrifugation at 10.000 x g for 5 minutes at 4 °C. The supernatant was 

harvested, and protein concentration was determined using a BCA assay. 545 μg of cell 

lysate was filled up with lysis buffer to a total volume of 545 μL, to obtain a lysate with a 

concentration of 1 μg/ μL. 45 μL of this lysate with 15 μL of standard SDS sample buffer 

were used as the input sample for western blot analysis. The buffer of 75 μL Anti-FLAG® 

M2 Magnetic Beads (Sigma Aldrich, St. Louis, USA, M8823) was removed using a 

magnet. The anti-Flag magnetic beads were then equilibrated using 375 μL of equilibration 

buffer (Table 23). The supernatant after magnetic separation was removed. The resin was 

then equilibrated using 375 μL of lysis buffer. The supernatant after magnetic separation 

was removed. 500 μg of cell lysate in a total volume of 500 μL was added to the beads 

and incubated at 4 °C, over-night, end-over-end mixing. 45 μL of the supernatant after 

magnetic separation was used as a non-bound sample for western blot analysis with 15 μL 

of standard SDS sample buffer. The beads were then washed four times with 300 μL wash 

buffer (Table 23). 45 μL wash sample with 15 μL of standard SDS sample buffer were 

used of each washing step for western blot analysis. The bound protein was eluted in 150 

μL of 0.1 M glycine (pH 3.0). Following magnetic separation, the supernatant was directly 

transferred to 25 μL of 1 M Tris (pH 8.0) for neutralization. 45 μL of the final eluate and 15 

μL of standard SDS sample buffer were used for western blotting. 
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Table 24: Lysis, equilibration, and wash buffer used for co-immunoprecipitation 

Lysis buffer (1x) Equilibration buffer (1x) Wash buffer (1x) 

20 mM Tris/HCl pH 8.0 10 mM Tris/ HCl pH 7.4 20 mM Tris/HCl pH 8.0 

137 mM NaCl 150 mM NaCl 137 mM NaCl 

2 mM EDTA  2 mM EDTA 

1 % NP40  0.2 % NP40 

1:500 mPic  1:500 mPic 

 

2.8 cAMP fluorescent assay 
cAMP formation in CHO K1 WT cells and cells stably expressing AC3-FL or AC3-AT was 

assessed using the CatchPoint™ cAMP Fluorescent Assay Kit. The cells were plated in 

PLL-coated 96 well plates and grown overnight in an incubator at 37 °C with 5 % CO2. On 

the day of the assay, lyophilized cAMP calibrator for the cAMP standard curve was 

dissolved in 5 mL assay buffer. Then, the cAMP calibrator curve was prepared, covering 

a concentration range of 0 to 10 μM.  

The reagents for the following conditions were prepared in ES buffer (Table 24): (1) 

DMSO, 2 μM Forskolin alone, and 2 μM Forskolin + 100 μM IBMX; (2) DMSO, and 1 μM 

Isoproterenol. The culture medium was removed from the 96 well plate, and 100 μL of 

fresh, pre-warmed ES buffer was added to the wells. The ES buffer was then removed, 

and 150 μL ES buffer containing the reagents was added to the wells. After an incubation 

time of 30 min on a tumbler at RT, the reaction was stopped by adding 50 μL of lysis 

buffer. For proper lysis of the cells, the mixture was pipetted up and down. The lysate was 

incubated for 10 min on a tumbler at RT. During the incubation time, the working 

concentration of the antibody and HRP conjugate was prepared. The HRP-cAMP 

conjugate was diluted in a ratio of 1:4 in assay buffer. Likewise, the anti-cAMP antibody 

was diluted in a ratio of 1:4 in assay buffer. After 10 min of incubation, 40 μL of each 

sample (or calibrator) was added in duplicates on the antibody covered assay plate. A 

dilution buffer-only control was included. Then, 40 μL anti-cAMP antibody was added to 

each well. The mixture was incubated on a tumbler for 5 min. Subsequently, 40 μL of 

HRP-cAMP conjugate was added to each well, followed by an incubation time of 2 h at 
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RT on a tumbler. Shortly before the end of the incubation time, the Stoplight red solution 

was prepared, which was kept protected from light at all times. For the preparation of the 

Stoplight red solution, 100x stock substrate was diluted in substrate buffer at a ratio of 

1:100, and 3 % H2O2 was added. After the incubation time of 2 hours, the samples were 

aspirated and washed 4 times with 200 μL wash buffer. Then, 100 μL stoplight solution 

was added to each well. The plate was covered and incubated for at least 10 min at RT 

on a tumbler, while kept in the dark. The fluorescence intensity was measured at 590 nm 

following excitation at 530 nm using the FluoStar plate reader. Lastly, the protein 

concentration of the total lysates was determined using the BCA assay.  

Table 25: Extracellular solution (ES) buffer 

ES buffer (1x) 

120 mM NaCl 

5 mM KCl 

2 mM MgCl2 

10 mM HEPES 

10 mM glucose in H2O 

Adjust to pH 7.4 using 1 M NaOH 
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3. Results 

 

3.1 Generation and characterization of isoform-specific AC3 antibodies 
Cold-induced epigenetic changes in the Adcy3-fl gene in brown adipose tissue result in 

the expression of a truncated transcript, Adcy3-at. To distinguish between AC3-FL 

and -AT expression in vivo, isoform-specific antibodies are needed.  

To this end, monoclonal antibodies were generated in collaboration with Dr. Regina 

Feederle, Helmholtz Center Munich, and polyclonal antibodies were generated with David 

Biotechnologies, Regensburg. The epitopes used for antibody generation are localized at 

the N-terminus of AC3-FL and AC3-AT, where the two proteins show the least similarity 

(see Figure 9, sequence alignment using Clustal Omega, EMBL-EBI). Unfortunately, both 

monoclonal and polyclonal antibodies could only be generated against the epitope for 

AC3-FL but not AC3-AT. In my thesis, I have characterized the specificity of the polyclonal 

antibody (KOR-AEY2). 

 

 
Figure 9: Amino-acid sequence alignment of mAC3-FL and mAC3-AT. The N and C 
termini for both sequences have been aligned using Clustal Omega (EMBL-EBI). Identical 
amino acid residues are indicated with *, conserved with . or :. The epitopes used for 
antibody generation are highlighted in grey (AC3-FL) or yellow (AC3-AT). 
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3.1.1 Characterization by Western blot analysis 
To verify the specificity of the antibody by Western blot, AC3-FL-HA or AC3-AT-Flag were 

transiently expressed in human embryonic kidney (HEK293) cells, and protein expression 

was analyzed using antibodies against hemagglutinin (HA) (Figure 10A)- or Flag-tag 

(Figure 10B). When using the standard electrophoresis protocol, protein migration in the 

gel seemed to be impeded, and proteins were detected at a higher molecular weight than 

their calculated molecular weights of 130 kDa (AC3-FL) and 108 kDa (AC3-AT) (Figure 
10i). Thus, both proteins seemed to aggregate under standard conditions. Thus, I 

changed the protocol and omitted boiling the total protein lysate. In turn, the proteins could 

be detected at their calculated molecular weight (Figure 10ii). However, AC3-AT 

separated into multiple bands. 

 

Figure 10: AC3-AT and AC3-FL aggregate upon boiling. Western blot analysis of total 
protein lysates (60 µg) from HEK293 expressing AC3-AT-Flag or AC3-FL-HA. Protein was 
either boiled (i) or not boiled (ii). Non-transfected cells (NT) were used as controls. 
Proteins were labeled with an anti-Flag antibody (A) or an anti-HA antibody (B). Beta-
tubulin was used as a loading control. 
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Using the optimized protocol, I tested the specificity of the polyclonal antibody 

(KOR-AEY2) by Western blot and could show that the antibody exclusively detected the 

full-length, but not the truncated isoform (Figure 11A). As a control, AC3-FL-HA and AC3-

AT-Flag were detected using an antibody against their respective tags.  

The Western blot protocol was extended by separating the total protein lysate into the 

membrane and cytosolic protein fractions (Figure 11B). Both AC3-FL and AC3-AT were 

detected in the membrane, but not in the cytosolic protein fraction. Additionally, the 

membrane protein fraction was treated with peptide-N-glycosidase F (PNGaseF), an 

enzyme that removes post-translational glycosylation. Western blot analysis revealed 

that, upon removing glycosylation, the protein migrated further in the gel. Moreover, 

AC3-AT separated into fewer bands compared to the glycosylated protein sample. 

 
Figure 11: AC3-FL-specific antibody characterization. (A) Western blot analysis of 
HEK293 total protein lysates from non-transfected cells (NT), cells transiently transfected 
with mAdcy3-at-Flag, or mAdcy3-fl-HA. 60 μg protein per lane was loaded; proteins were 
labeled with an anti-HA (i), anti-Flag (ii) or an AC3-FL-specific (KOR-AEY2) antibody. 
Beta tubulin was used as a loading control. (B) Western blot analysis of membrane 
proteins isolated from HEK293 cells expressing mAC3-FL-HA (i) or mAC3-AT-Flag (ii); 
20 µg of membrane proteins (M) and 13.5 µg of cytosolic proteins (C) were loaded. 
Membrane proteins were treated without (-) or with (+) peptide-N-glycosidase F 
(PNGaseF) to reduce glycosylation. 



 62 

3.1.2 Characterization by immunocytochemistry 
In addition, the expression of AC3-FL and AC3-AT and the specificity of the KOR-AEY2 

antibody were analyzed in transiently transfected HEK293 cells by immunocytochemistry. 

To this end, AC3-FL and AC3-AT were expressed with mCherry in a 2A-peptide-mediated 

mechanism (Figure 12) (AC3-FL-HA-2A-mCherry or AC3-AT-Flag-mCherry) in 

stoichiometric amounts to the respective AC and, thereby, served as a control.  

 
Figure 12: Expression of AC3 isoforms and mCherry using a 2A-peptide-mediated 
mechanism. From one RNA, two separate proteins are expressed in stoichiometric 
amounts: AC3-FL-HA and mCherry (A) or AC3-AT-Flag and mCherry (B). 2A peptide-
mediated cleavage begins after translation. Precisely, the peptide bond between the 
proline and the glycine in the C-terminus of the A2 peptide is cleaved. 

 

In mCherry-positive cells, the AC3-FL-specific antibody detected AC3-FL but not AC3-AT 

(Figure 13), which is in accordance with the results obtained by Western blot analysis.  
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Figure 13: Immunocytochemical characterization of the AC3-FL-specific antibody. 
HEK293 cells expressing either AC3-FL-HA (A) or AC3-AT-Flag (B) and co-expressing 
mCherry in a 2A-peptide-mediated mechanism were stained with the AC3-FL-specific 
KOR-AEY2 antibody and with an anti-Flag or anti-HA antibody as controls (green). 
mCherry fluorescence is indicated in red. DAPI (blue) was used to label the cell nuclei. 
Scale bar: 10 μm. 

 

3.2 Subcellular localization of AC3-FL versus AC3-AT 
Transmembrane adenylyl cyclases form dimers in the endoplasmic reticulum and are then 

incorporated into the plasma membrane. AC3-AT lacks the majority of the first 

transmembrane domain, which might impair dimerization and/or plasma membrane 

transport. Therefore, the subcellular localization of AC3-FL versus AC3-AT, in particular 

the localization in the plasma membrane, was analyzed by different techniques. 

 

3.2.1 Analyzing plasma membrane localization using a biotinylation assay 
For this assay, Sulfo-NHS-SS-Biotin, a membrane-impermeable, amide bond-forming, 

and cleavable biotinylation reagent, was added to intact cells, labeling the ε-amino group 

of accessible lysine residues within extracellular domains of proteins in the plasma 

membrane (Figure 14A). The following work steps are shown in Figure 14B: The biotin 

labeling reaction was quenched by the addition of a buffer containing primary amines. The 
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cells were then harvested and lysed. The total protein lysate was applied to a column, 

where labeled proteins were purified via the Biotin-NeutrAvidin interaction. After 

centrifugation, the non-bound proteins were collected in the flow-through fraction. Labeled 

proteins were eluted using SDS-page sample buffer containing dithiothreitol (DTT), a 

reducing agent that breaks the disulfide bond within the spacer arm of the biotinylation 

reagent. To prevent contamination of the eluate with proteins unspecifically binding to the 

agarose matrix, several washing steps were included before elution. After elution, beads 

were scraped off the agarose matrix and boiled in standard SDS-sample buffer. Subjecting 

cells, which express AC3-FL or AC3-AT, to this assay will reveal whether the proteins are 

localized in the plasma membrane. 

 

 
Figure 14: Labeling of cell surface proteins using Sulfo-NHS-SS-Biotin. (A) When 
added to intact cells, the Sulfo-N-hydroxysuccinimid (Sulfo-NHS) ester linked to the biotin 
via an extended spacer arm, containing a cleavable disulfide bond, reacts with the ε-amino 
group of lysine residues within extracellular domains of proteins (P) on the cell surface. 
As a result, an amide bond is formed. The reaction proceeds at pH 7-9 in an aqueous 
solution and can be quenched by the addition of buffers containing primary amines, 
competing with the biotin labeling reaction. (B) Quenching of the labeling reaction is 
followed by harvest lysis of the cells. The total protein lysate is transferred to a NeutrAvidin 
column, where biotinylated protein binds to avidin with high affinity. After overnight 
incubation, the column is centrifuged, and the non-bound protein is collected in the flow-
through fraction. After three washing steps, labeled protein is released using SDS-page 
sample buffer containing 50 mM dithiothreitol (DTT). After elution, beads are scraped off 
the agarose matrix and boiled in conventional 4x SDS-sample buffer. 
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Two negative control proteins were included in the assay: (1) mCherry to ensure that the 

biotinylation reagent does not label cytosolic protein, and (2) LAPD-HA, an independent, 

HA-tagged protein, to detect unspecific protein binding to the agarose matrix. As a positive 

control, the transmembrane protein CNGA2-TM-HA, a cyclic nucleotide-gated ion 

channel, was included. HEK293 cells were transiently transfected with the respective 

constructs and subjected to the biotinylation assay (Figure 15). mCherry was detected by 

an anti-RFP antibody; CNGA2-TM-HA and LAPD-HA were detected using an antibody 

against the HA-tag.  

Western blot analysis revealed that the negative control protein mCherry was expressed 

(Figure 15A, (I)) and otherwise only detected the flow-through fraction (Figure 15A, (F)), 
which is in accordance with its localization in the cytoplasm. Similarly, LAPD-HA was 

expressed (Figure 15B, (I)) and most of the protein was retrieved in the flow-through 

fraction (Figure 15B, (F)). A small amount of protein was pulled down in the wash fraction 

(Figure 15B, (W1)), indicating unspecific binding to the agarose matrix. No protein was 

detected in the eluate (Figure 15B, E)). CNGA2-TM-HA was expressed (Figure 15C, (I)) 
and was detected in the eluate (Figure 15C, (E)), which suggests specific binding of the 

protein to the NeutrAvidin column. Moreover, CNGA2-TM-HA was also retrieved in the 

flow-through fraction (Figure 15C, (F)) in larger amounts than in the eluate, indicating that 

only a small amount of the total CNGA2-TM-HA protein was incorporated into the plasma 

membrane and was, therefore, biotinylated. This could be due to transient transfection 

and strong and artificial overexpression of the protein, resulting in accumulation in the 

endoplasmic reticulum, which might cause an overload of the protein transport into the 

plasma membrane. 
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Figure 15: Biotinylation assay of control proteins. Western blot analyses of total 
protein lysates of HEK293 cells expressing mCherry (A), LAPD-HA (B), or CNGA2-TM-
HA (C). Cells were treated with the biotinylation reagent Sulfo-NHS-SS-Biotin, harvested, 
and lysed (sample I). 300 µL lysate was transferred to a column containing NeutrAvidin-
agarose-resin and incubated overnight end-over-end mixing. The column was centrifuged, 
and the flow-through (sample F) was collected. The column was washed three times 
(samples W1, W2, W3) with 500 µL wash buffer, and the labeled protein was eluted 
(sample E) using 200 µL 4x SDS sample buffer containing 50 mM dithiothreitol (DTT). 
After elution, beads of the agarose matrix were scraped off the column, boiled in 100 µL 
4x SDS probe buffer, and centrifuged (sample B). 40 µL of the collected samples were 
loaded. Results from densitometric analysis of n = 1 are plotted above each respective 
band. Values were normalized to the respective input sample ((AreaFraction* Volumetotal/ 
Volumeloaded)/AreaInput). 

 

Next, the biotinylation assay was performed using HEK293 cells transiently transfected 

with Adcy3-fl-HA or Adcy3-at-HA (Figure 16). Western blot analysis indicated that both 

proteins were expressed (Figure 16A and B, (I)), but neither AC3-FL-HA nor AC3-AT-HA 

was retrieved in the eluate (Figure 16A and B, (E)). However, this might be due to low 

protein expression in transiently transfected cells (remark: brightness and contrast of 

Western blot images had to be adjusted to make the bands visible). Thus, I aimed to 

generate cell lines stably expressing AC3-FL-HA or AC3-AT-HA.  
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Figure 16: Biotinylation assay of HEK293 expressing AC3-FL-HA or AC3-AT-HA. 
Western blot analysis of total protein lysates of HEK293 cells expressing AC3-FL-HA (A) 
or AC3-AT-HA (B). Cells were treated with the biotinylation reagent Sulfo-NHS-SS-Biotin, 
harvested, and lysed (sample I). 300 µL lysate was transferred to a column containing 
NeutrAvidin-agarose-resin and incubated overnight end-over-end mixing. The column 
was centrifuged, and the flow-through (sample F) was collected. The column was washed 
three times (samples W1, W2, W3) with 500 µL wash buffer, and the labeled protein was 
eluted (sample E) using 200 µL 4x SDS sample buffer containing 50 mM dithiothreitol 
(DTT). After elution, beads of the agarose matrix were scraped off the column, boiled in 
100 µL 4x SDS probe buffer, and centrifuged (sample B). 40 µL of the collected samples 
were loaded. Results from densitometric analysis of n = 1 are plotted above each 
respective band. Values were normalized to the respective input sample. ((AreaFraction* 
Volumetotal/ Volumeloaded)/AreaInput). 

 

To generate stable cell lines, CHO K1 cells were transfected with AC3-FL-HA or AC3-AT-

HA. After antibiotic selection and expansion of clones, protein expression was analyzed 

by immunocytochemistry (Figure 17A) and Western blot (Figure 17B). Immunostaining 

was performed with an antibody against the HA tag. Both analyses revealed that either 

AC3-FL-HA or AC3-AT-HA were expressed. However, immunocytochemical analysis 

showed that not all cells expressed AC3-FL-HA or AC3-AT-HA. Furthermore, expression 

levels between the cells varied. Thus, the selected cell lines were rather polyclonal than 

monoclonal.  
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Figure 17: Expression of AC3-FL and AC3-AT in CHO K1 stable cell lines [A12] and 
[F7]. (A) CHO K1 cells stably expressing AC3-FL-HA (i) or AC3-AT-HA (ii) were labeled 
with an antibody against the HA-tag (green). DAPI (blue) is used to label the DNA. Merged 
images are shown on the right. Scale bar: 40 μm. (B) Western blot analysis using 35 μg 
total protein lysates from CHO K1 cells stably expressing AC3-FL-HA or AC3-AT-HA; non-
transfected cells were used as controls. Protein lysates were incubated with an anti-HA 
antibody. Beta-tubulin served as a loading control. 

 

Next, the biotinylation assay was performed using CHO K1 cells stably expressing 

AC3-FL-HA or AC3-AT-HA (Figure 18, Aii and iv). CHO K1 cells stably expressing 

CNGA2-TM (CHO TM cell line) or transiently transfected with mCherry were included as 

controls (Figure 18, Ai and iii). Western blot analysis revealed that the negative control 

protein mCherry was expressed (Figure 18, Aiii, (I)) and most of the protein was retrieved 

in the flow-through fraction (Figure 18, Aiii (F)), and no protein was detected in the eluate 

(Figure 18, Aiii, (E)). CNGA2-TM-HA was expressed (Figure 18, Ai (I)) and detected in 

the eluate (Figure 18, Ai, (E)), which is in accordance with its localization in the plasma 

membrane. AC3-AT-HA was expressed at higher levels in stable cell lines (Figure 18B, 
Aiv (I)) than in transiently transfected cells (Figure 16B, (I)) and similar to the negative 

control protein mCherry, AC3-AT-HA was mostly retrieved in the flow-through fraction 

(Figure 18, Aiv (F)) and only minor amounts were detected in the eluate (Figure 18, Aiv 
(E)). AC3-FL-HA was expressed (Figure 18, Aii (I)) and, in contrast to AC3-AT-HA, was 

also detected in the eluate (Figure 18, Aii (E)), indicating localization of the protein in the 

plasma membrane.  
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Densitometric analysis was performed for the different protein bands representing 

mCherry, AC3-AT-HA, CNGA2-TM, and AC3-FL-HA (Figure 18, Ai-iv). The ratios eluate/ 

input for each protein are shown in Figure 18B. The ratio (eluate/ input) between mCherry 

and AC3-AT-HA was not different. However, the ratio of CNGA2-TM and AC3-FL-HA was 

significantly higher than the negative control mCherry and also higher than for AC3-AT-

HA. In addition, the ratio for CNGA2-TM and AC3-FL-HA was not significantly different, 

demonstrating that indeed, AC3-FL-HA localizes to the plasma membrane, whereas AC3-

AT-HA does not.  

 
Figure 18: AC3-AT is not localized in the plasma membrane. As published by Khani 
et al. (2024). (A) Representative Western blot analysis of total protein lysates isolated 
from CHO K1 cells stably expressing CNGA2-TM (i), transiently transfected with 
pcDNA3.1zeo_mCherry (iii), stably expressing AC3-FL-HA (ii), or AC3-AT-HA (iv). Cells 
were treated with the biotinylation reagent Sulfo-NHS-SS-Biotin, harvested, and lysed 
(sample I). 300 µL lysate was transferred to a column containing a NeutrAvidin-agarose-
resin and incubated end-over-end overnight. The column was centrifuged and the flow-
through (sample F) was collected. The column was washed three times (samples W1, 
W2, W3) with 500 µL wash buffer, labeled protein was eluted (sample E) using 200 µL 4x 
SDS sample buffer containing 50 mM dithiothreitol (DTT). After elution, beads of the 
agarose matrix were scraped off the column, boiled in 100 µL 4x SDS probe buffer and 
centrifuged (sample B). 40 µL of the collected samples were loaded. Results from 
densitometric analysis of n = 3 (CNGA2-TM, mCherry, AC3-FL-HA) and n = 4 
(AC3-AT-HA) are plotted above the respective samples. Values were normalized to the 
respective input sample. ((AreaFraction* Volumetotal/ Volumeloaded)/AreaInput). Mean + S.D. 
are indicated. Densitometric ratio of elute and input samples [%] shown in (B). Mean ± 
S.D. are indicated; p-values were calculated with unpaired two-tailed Student’s t-test.  
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To examine whether AC3-AT alters AC3-FL transport to the plasma membrane by forming 

heterodimers, the biotinylation assay was performed using CHO K1 cells stably 

expressing AC3-FL-HA and transiently expressing mCherry (control) or AC3-AT-Flag-2A-

mCherry (Figure 19).  

Western blot analysis revealed that AC3-FL-HA was expressed (Figure 19A, (I)) and was 

also detected in the eluate when being coexpressed with AC3-AT-Flag-2A-mCherry 

(Figure 19B, (E)) or mCherry (Figure 19A, (E)). However, densitometric analysis 

revealed that in the presence of AC3-AT-Flag, significantly smaller amounts of AC3-FL-

HA were retrieved in the eluate compared to the control condition in the presence of 

mCherry (Figure 19C). This demonstrates that, indeed, AC3-AT impairs the transport of 

AC3-FL to the membrane. 

 
Figure 19: AC3-AT alters AC3-FL plasma membrane localization. As published by 
Khani et al. (2024). Representative Western blot analysis of total protein lysates isolated 
from CHO K1 cells stably expressing AC3-FL-HA or, transiently expressing (A) mCherry 
or (B) AC3-AT-Flag-2A-mCherry. Cells were treated with the biotinylation reagent 
Sulfo-NHS-SS-Biotin, harvested, and lysed (sample I). 300 µL lysate was transferred to a 
column containing a NeutrAvidin-agarose-resin and incubated end-over-end overnight. 
The column was centrifuged and the flow-through (sample F) was collected. The column 
was washed three times (samples W1, W2, W3) with 500 µL wash buffer, labeled protein 
was eluted (sample E) using 200 µL 4x SDS sample buffer containing 50 mM dithiothreitol 
(DTT). After elution, beads of the agarose matrix were scraped off the column, boiled in 
100 µL 4x SDS probe buffer and centrifuged (sample B). 40 µL of the collected samples 
were loaded. Result from densitometric analysis is plotted above the respective samples. 
Values were normalized to the respective input sample. ((AreaFraction* Volumetotal/ 
Volumeloaded)/AreaInput). Densitometric ratio of elute and input samples [%] of n = 4 
shown in (C). The trend for paired experiments is indicated with a dotted line. Mean ± 
S.D. are indicated; p-value was calculated with unpaired two-tailed Student’s t-test. 
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3.2.2 Analyzing protein-protein interaction using co-immunoprecipitation 
My results demonstrated that in the presence of AC3-AT, AC3-FL membrane trafficking 

is impaired. It is known that transmembrane adenylyl cyclases form dimers in the 

endoplasmic reticulum and are then incorporated into the plasma membrane. Therefore, 

the ability of AC3-FL and AC3-AT to dimerize was assessed using co-immunoprecipitation 

(Figure 20).  

 

 
Figure 20: Co-immunoprecipitation of AC3-AT-Flag and AC3-FL-HA using anti-Flag 
magnetic beads. (A) Co-expression of AC3-AT-Flag and AC3-FL-HA in CHO K1 cells. 
(B) Total protein lysates were prepared and (C) added onto equilibrated magnetic beads 
bound with anti-FLAG antibodies, incubated end-over-end overnight, then washed. The 
bound protein was eluted with 1 M glycine at pH 3.0. 

To analyze the protein-protein interaction of AC3-FL and AC3-AT, CHO K1 cells stably 

expressing AC3-FL-HA were transiently transfected with AC3-AT-Flag or mCherry 

(Figure 21). These cells were then subjected to the Flag-Trap co-immunoprecipitation 

assay. Western blot analysis revealed that AC3-FL-HA was expressed (Figure 21, 
INPUT, 1 and 2) and was also detected in the eluate when being coexpressed with AC3-

AT-Flag (Figure 21, IP, 1), but not detected in the eluate when being coexpressed with 

mCherry (Figure 21, IP, 2) This demonstrates that, indeed, AC3-AT and AC3-FL dimerize 

in vitro.  
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Figure 21: Co-immunoprecipitation of AC3-FL-HA and AC3-AT-Flag. As published by 
Khani et al. (2024). Representative Western blot analysis of the input fraction (INPUT) 
and immunoprecipitates (IP) collected during co-immunoprecipitation of AC3-FL-HA and 
AC3-AT-Flag performed using anti-Flag magnetic beads. For co-immunoprecipitation, 
CHO K1 cells stably expressing AC3-FL-HA were transiently transfected with (1) 
pcDNA3.1 Adcy3-at-Flag or (2) zeo_mCherry. Protein lysates of transfected cells were 
prepared. 500 μg total protein in a total volume of 500 μL were loaded on equilibrated anti-
Flag M2 (mouse) magnetic beads (75 μL (= 1 x CV) bead slurry was used) and incubated 
end-over-end overnight. After incubation, the non-bound supernatant was removed from 
the beads, which were then washed four times with 5 x CV washing buffer. 
Immunoprecipitated protein was eluted using 2 x CV 0.1 M glycine pH 3.0 and neutralized 
in 25 μL 1 M Tris/HCl pH 8.0. In Western Blot analysis, 45 µg of total protein lysates were 
loaded as input (INPUT) and 45 μL of supernatant from non-bound, washing, 
immunoprecipitate (IP) and bead fraction were analyzed. AC3-FL-HA and AC3-AT-Flag 
were detected using Flag (rabbit) - and HA-specific antibodies, respectively.  

 

3.2.3 Analyzing plasma membrane localization using cell-free plasma membrane 
sheets 

To analyze the localization of transmembrane proteins in the plasma membrane using an 

independent, imaging-based approach, unroofing experiments were performed. Here, 

cells were treated with ultrasound (sonication), whereby the majority of the cell is removed 

and only the basal plasma membrane that is attached to the coverslip is left behind (cell-

free plasma membrane sheet) (Figure 22). In combination with antibody labeling, the 

localization of proteins in the plasma membrane can be analyzed.  
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Figure 22: Generation of cell-free plasma membrane sheets. The majority of a cell 
grown on a glass coverslip is removed by ultrasound treatment, which leaves only the 
basal plasma membrane (cell-free plasma membrane sheet). Distal parts of the ER 
membrane fused to the plasma membrane (plasma membrane- endoplasmic reticulum 
contact sites) remain attached to the plasma membrane after sonication. 

 

Also here, CNGA2-TM was included as a positive control. CNGA2-TM-HA was transiently 

expressed in HEK293 cells, which were then sonicated, fixed, and labeled with a CNGA2-

TM-specific antibody (CRO 3B10) and an antibody against the HA-tag. In addition, sheets 

were labeled with an anti-Calnexin antibody, as Calnexin is a transmembrane protein of 

the endoplasmic reticulum (ER), which served as a control to label membrane sheets 

containing ER membranes (Figure 23). The Calnexin staining displayed a pattern of 

prominent spots (Figure 23, top row, cell-free plasma membrane sheet, image on the 
left), most likely representing plasma membrane- endoplasmic reticulum (PM-ER) contact 

sites (Figure 23, top row, cell-free plasma membrane sheet, image on the left, 
arrows). CRO 3B10- and HA-staining largely overlapped (Figure 23, bottom right). The 

majority of labeled CNGA2-TM-HA was evenly distributed in a sharply outlined structure 
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(Figure 23, top right, top middle), indicating the plasma membrane. CNGA2-TM-HA was 

also localized to the prominent spots resembling the Calnexin staining pattern (Figure 23, 
arrows). These spots most likely represent CNGA2-TM-HA accumulating in the ER 

membrane due to overexpression. 

 
Figure 23: Generation of cell-free plasma membrane sheets in HEK293 expressing 
CNGA2-TM. HEK293 cells transiently transfected with CNGA2-TM-HA were sonicated 
and fixed with 4% PFA. Immunocytochemical staining with an anti-Calnexin antibody (ER-
marker, magenta), a CNGA2-TM-specific antibody (red), and an anti-HA antibody (green) 
was performed. An intact cell is shown on the left; a cell-free plasma membrane sheet is 
shown on the right; single channels are shown at the top; merged images are in the bottom 
row. White boxes are shown as a magnified view at the bottom-right. Arrows point to 
endoplasmic reticulum-plasma membrane (ER-PM) contact sites. The results are 
representative of three replicates. Scale bar: 10 μm. 

 

To identify the plasma membrane sheets more clearly, HEK293 cells were transiently co-

transfected with mCherryCaaX, expressing a prenylated mCherry, which inserts into the 

plasma membrane and serves as a plasma membrane marker. The cells were sonicated, 

fixed, and labeled with an anti-Calnexin antibody (ER-marker) and an antibody against the 

HA-tag to analyze the localization of CNGA2-TM-HA (Figure 24). The mCherryCaaX 

fluorescence was detected in a sharply outlined region (Figure 24, cell-free plasma 
membrane sheet, top right) cell devoid of ER contact sites, labeled by the anti-Calnexin 
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antibody (Figure 24, asterixes), thus representing the cell-free plasma membrane sheet. 

The mCherryCaaX fluorescence largely overlapped with the HA staining (Figure 24, 
bottom middle), indicating that the CNGA2-TM-HA also resides in the plasma 

membrane. 

 
Figure 24: Counterstaining of plasma membrane and ER membrane. HEK293 cells 
transiently transfected with CNGA2-TM-HA and CherryCAAX were sonicated and fixed 
with 4 % PFA. Immunocytochemical staining with an anti-Calnexin antibody (ER-marker, 
magenta) and an anti-HA antibody (green). mCherryCAAX fluorescence is indicated in 
red. An intact cell is shown on the left, a cell-free plasma membrane sheet is shown on 
the right, single channels are shown at the top, and merged images are shown at the 
bottom row. White boxes are shown as a magnified view at the bottom right. Arrows point 
to endoplasmic reticulum-plasma membrane (ER-PM) contact sites; asterixes indicate 
contact-free sites within the membrane sheet. The results are representative of three 
replicates. Scale bar: 10 μm. 

 

To analyze the localization of AC3-FL-HA or AC3-AT-HA in the plasma membrane, CHO 

K1 cells stably expressing mCherryCaaX (obtained from Lea Wobig, Caesar, Bonn), were 

transiently transfected with CNGA2-TM-HA, AC3-FL-HA, or AC3-AT-HA (Figure 25). 

Cells were sonicated, fixed, and labeled with an anti-Calnexin antibody (ER-marker) and 

an antibody against the HA-tag to localize CNGA2-TM-HA or the respective AC.  

The Calnexin staining displayed a pattern of prominent spots (Figure 25, A, B and C cell-
free plasma membrane sheet, top middle), which were scattered randomly across an 
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area, also showing evenly distributed endogenous mCherryCaaX fluorescence, clearly 

indicating ER-plasma membrane contact sites (Figure 25, arrows). The CNGA2-TM-HA 

(Figure 25A, cell-free plasma membrane sheet, top right) and the AC3-FL-HA (Figure 
25B, cell-free plasma membrane sheet, top right) staining largely overlapped with the 

mCherryCaaX fluorescence (Figure 25A and B, cell-free plasma membrane sheet, 
bottom middle), indicating that both CNGA2-TM-HA and AC3-FL-HA reside in the 

plasma membrane. Both also showed prominent spots in a pattern resembling Calnexin 

staining (Figure 25A and B, cell-free plasma membrane sheet, bottom right), most 

likely representing the protein accumulating in the ER due to overexpression. However, 

AC3-AT-HA was not detected within the area of evenly distributed mCherryCaaX 

fluorescence (Figure 25C, cell-free plasma membrane sheet, bottom middle). Instead, 

AC3-AT was only detected in the prominent spots resembling the Calnexin staining 

(Figure 25C, cell-free plasma membrane sheet, bottom right), suggesting that AC3-

AT does not localize to the membrane but might be stuck in the ER membrane.  

As a control, CHO K1 cells stably expressing mCherryCaaX were sonicated, fixed, and 

labeled with an anti-Calnexin antibody (ER-marker) and an antibody against the HA-tag. 

The average HA fluorescence intensity due to non-specific binding was quantified (Figure 
25D, empty) and compared with the average HA fluorescence intensity in plasma 

membrane sheets positive for CNGA2-TM-HA, AC3-FL-HA, or AC3-AT-HA. The average 

HA fluorescence of CNGA2-TM-HA and AC3-FL-HA within plasma membrane sheets was 

higher than the intensities measured for AC3-AT-HA and the background (“empty”) 

average HA fluorescence intensity (Figure 25D).



   

 
Figure 25: AC3-FL-HA and AC3-AT-HA are detected in cell-free plasma membrane sheets. CHO K1 cells stably 
expressing mCherryCAAX and transiently transfected with CNGA2-TM-HA (A), AC3-FL-HA (B) or AC3-AT-HA (C) were 
sonicated and fixed with 4% PFA. Afterwards, immunocytochemical staining with an anti-Calnexin antibody (ER-marker, 
magenta) and an anti-HA antibody (green) was performed. mCherryCAAX fluorescence is indicated in red. An intact cell is 
shown on the left, a cell-free plasma membrane sheet on the right; single channels are shown at the top, merged images at 
the bottom row. White boxes are shown as a magnified view on the bottom-right. Arrows point to endoplasmic reticulum plasma-
membrane (ER-PM) contact sites; asterixes indicate contact-free parts within the membrane sheet. Scale bar: 10 μm. (D) 
Quantification of the average HA-signal intensity within contact-free parts of the membrane sheet. Data shown as mean + S.D. 
and are representative of n = 2 (CNGA2-TM-HA), n = 4 (AC3-FL-HA) and n = 3 (AC3-AT-HA, empty) replicates.  
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To verify that the transient expression of AC3-AT-HA does not interfere with its localization 

in the plasma membrane, the same experiments were performed using CHO K1 cells 

stably expressing AC3-FL-HA or AC3-AT-HA that were transiently transfected with 

mCherryCaaX (Figure 26).  

The Calnexin staining displayed a pattern of prominent spots scattered randomly across 

an area (Figure 26A and B, cell-free plasma membrane sheet, top middle), showing 

evenly distributed endogenous mCherryCaaX fluorescence (Figure 26A and B, cell-free 
plasma membrane sheet, top left), indicating a plasma membrane sheet. The AC3-FL-

HA staining largely overlapped with the mCherryCaaX fluorescence (Figure 26A, cell-
free plasma membrane sheet, bottom middle), indicating that AC3-FL-HA resides in 

the plasma membrane. AC3-FL-HA showed prominent spots resembling Calnexin 

staining (Figure 26A, cell-free plasma membrane sheet, bottom right, arrows), most 

likely representing AC3-FL-HA accumulating in the ER due to overexpression. 

Again, AC3-AT-HA was not localized in the area of evenly distributed mCherryCaaX 

fluorescence (Figure 26B, cell-free plasma membrane sheet, bottom middle). Instead, 

AC3-AT was only detected in the prominent spots resembling the Calnexin staining 

(Figure 26B, cell-free plasma membrane sheet, bottom right), demonstrating that 

AC3-AT does not localize to the membrane but only to PM-ER contact sites, which is in 

accordance with the results shown above in Figure 25, C. 

Comparing the background (“empty”) HA fluorescence intensity with HA fluorescence 

intensity recorded within plasma membrane sheets from cells expressing AC3-FL-HA or 

AC3-AT-HA (Figure 26, D) revealed that AC3-FL-HA average HA fluorescence intensity 

was significantly higher compared to AC3-AT-HA and background (“empty”) average HA 

fluorescence intensity. 
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Figure 26: Localization of AC3-AT-HA in cell-free plasma membrane sheets is 
limited to PM-ER contact sites. As published by Khani et al. (2024). CHO K1 cells stably 
expressing AC3-FL-HA (A) or AC3-AT-HA (B) and transiently transfected with mCherry-
CAAX were sonicated. Afterwards, immunocytochemical staining with an anti-Calnexin 
antibody (ER-marker, magenta) and an anti-HA antibody (green) was performed. 
mCherryCAAX fluorescence is indicated in red. Single channels are shown at the top, with 
merged images at the bottom row. White boxes are shown as a magnified view at the 
bottom-right. Arrows point to endoplasmic reticulum-plasma membrane (ER-PM) contact 
sites, and asterixes indicate contact-free parts within the membrane sheet. The results 
are representative of six replicates. Scale bar: 10 μm. (C) Quantification of the average 
HA signal intensity within contact-free parts of the membrane sheet. Data shown as mean 
+ S.D. and are representative of n = 10 (AC3-FL-HA), n = 8 (AC3-AT-HA), and n = 4 
(empty) replicates.  (D) Quantification of normalized HA signal intensity within contact-free 
parts of the membrane sheet. Data shown as mean + S.D. and are representative of n = 
10 (AC3-FL-HA), n = 8 (AC3 AT-HA), and n = 4 (empty) replicates.  P-value was calculated 
with unpaired, two-tailed Student’s t-test. ns: not significant. 

3.3 Analyzing the enzymatic activity of AC3-FL versus AC3-AT 
Transmembrane adenylyl cyclases are activated when the two catalytic domains C1 and 

C2 interact. C1-C2 dimerization is promoted by the interaction between the two blocks of 

transmembrane domains. AC3-AT contains both C1 and C2, but lacks the first block of 

transmembrane domains. Thus, it is not known whether conformational changes that are 

required to promote C1-C2 interaction are preserved in AC3-AT. Thus, the activity of AC3-

AT in comparison to AC3-FL was analyzed.  

Adenylyl cyclases can be pharmacologically activated using isoproterenol or forskolin 

(FSK). Isoproterenol is a β-adrenoceptor agonist, causing the G-protein subunit Gαs to 

bind to the C1 subunit, promoting the interaction with C2. In contrast, forskolin directly 

binds to the catalytic units, promoting the C1-C2 interaction (Figure 27). 
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Figure 27: Mechanism of Action of Isoproterenol and Forskolin. Modified from 
Dessauer et al. (2017). Isoproterenol (blue) increases adenosine 3′, 5′-cyclic 
monophosphate (cAMP) levels through stimulation of a G-protein (Gαs)-coupled receptor 
(β-adrenoceptor), which subsequently activates adenylyl cyclases, whereas forskolin (red) 
causes a dimerization of the catalytic subunits C1 and C2 of the adenylyl cyclase, resulting 
in the conversion of adenosine triphosphate (ATP) to cAMP.  

 

Total cAMP levels after stimulation with isoproterenol or forskolin were measured in CHO 

K1 cells using an ELISA (Enzyme-linked Immunosorbent Assay). 

 

3.3.1 Analyzing the enzymatic activity upon stimulation with forskolin 
Wild-type (WT) CHO K1, CHO K1 cells stably expressing AC3-FL-HA or AC3-AT-HA were 

treated with either 2 μM forskolin (FSK) alone, 2 μM FSK and 100 μM 

3-Isobutyl-1-methylxanthin (IBMX), or dimethyl sulfoxide (DMSO) as a control for 

30 minutes. Total protein lysates were prepared and transferred to an anti-cAMP-covered 

microplate. In the total protein lysates or standard, cAMP competes with a horseradish 

peroxidase (HRP)-cAMP conjugate for binding sites on the anti-cAMP antibody. 

Increasing amounts of cAMP in the respective samples decrease the amount of bound 

conjugate, thus decreasing measured HRP activity (Figure 28). 
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Figure 28: Principles of the ELISA-Assay. Image adapted from Molecular Devices. 
Total protein lysates were prepared and transferred to an anti-cAMP-covered microplate. 
In the total protein lysates or standard, cAMP competes with a horseradish peroxidase 
(HRP)-cAMP conjugate for binding sites on the anti-cAMP antibody. When the amounts 
of cAMP in the sample are small (A), bigger amounts of HRP-cAMP conjugate are bound 
to the anti-cAMP antibody, thus increasing measured HRP activity. High amounts of cAMP 
in the respective samples (B) decrease the amount of bound conjugate, thus decreasing 
measured HRP activity.  

To calculate cAMP amounts in the respective sample, the intensity of chemiluminescence 

was interpolated, and concentrations were determined according to the standard curve. 

The fold change in cAMP concentration was calculated by normalizing the values to the 

respective buffer control (DMSO) and plotted with or without normalization to the 

respective protein amount in Figure 29, A and 29, B.  

FSK stimulation increased total cAMP levels in WT cells (Figure 29, A or B, WT, FSK), 

which reflects the activation of endogenous adenylyl cyclases. Total cAMP levels in cells 

expressing AC3-FL-HA were significantly increased compared to WT cells (Figure 29, A 
or B, AC3-FL, FSK), demonstrating that the over-expressed AC3-FL-HA can be 

stimulated by FSK. However, there was no significant increase in total cAMP levels in 

cells stably expressing AC3-AT-HA (Figure 29, A or B, AC3-AT, FSK), indicating that 

AC3-AT is not active.  

Stimulation with FSK and IBMX further increased total cAMP levels in WT cells compared 

to FSK alone (Figure 29, A and B, WT, FSK and IBMX), reflecting the activation of 

endogenous adenylyl cyclases (FSK) and the inhibition of phosphodiesterases (IBMX). 

Total cAMP levels in cells expressing AC3-FL-HA were significantly increased compared 
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to WT cells (Figure 29, A and B, AC3-FL, FSK and IBMX). However, there was no 

significant increase in total cAMP levels in cells expressing AC3-AT-HA, indicating that 

AC3-AT is not active. 

 
Figure 29: Quantification of intracellular cAMP levels using ELISA. As published by 
Khani et al. (2024). A chemiluminescence-based cAMP assay was performed by adding 
the buffer control DMSO, 2 µM Forskolin (FSK), or 2 µM FSK and 100 µM 3-isobutyl-1-
methylxanthine (IBMX) for 30 min to CHO K1 wild-type (WT) or CHO K1 cells stably 
expressing AC3-AT-HA or AC3-FL-HA. Chemiluminescence is measured on a FluoStar 
fluorescence microplate reader. Values were normalized to the respective buffer control. 
(A) Fold change of absolute cAMP levels [pmol]. (B) Fold change of cAMP levels 
normalized to the respective amount of total protein. Mean ± S.D. for n = 4 (wild-type) and 
n = 5 (AC3-FL, AC3-AT) experiments are indicated. Statistical analyses were performed 
using an unpaired, two-tailed Student’s t-test. ns: not significant. 

 

3.3.2 Analyzing the enzymatic activity upon stimulation with isoproterenol 
The same experiments were performed using WT, CHO K1 cells stably expressing 

AC3-FL-HA, or AC3-AT-HA that were treated for 15 min with 1 μM isoproterenol (Iso) or 

ES buffer as a control. The fold change of cAMP levels with or without normalization to 

the respective amount of protein in the sample is plotted in Figure 30, A and B.  

Isoproterenol stimulation increased the total cAMP concentration in WT cells, which 

reflects the activation of endogenous adenylyl cyclases (Figure 30, A and B, WT, Iso). 

Total cAMP levels in cells expressing AC3-FL-HA were significantly increased compared 

to WT cells (Figure 30, A, AC3-FL, Iso), demonstrating that AC3-FL-HA is sensitive to 

activation by Gαs. However, there was no significant increase in total cAMP levels in cells 
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stably expressing AC3-AT-HA (Figure 30, A and B, AC3-AT, Iso), indicating that AC3-

AT is not activated by Gαs proteins. Furthermore, total cAMP levels in cells stably 

expressing AC3-AT-HA were decreased compared to total cAMP levels in total protein 

lysates of WT cells, suggesting that overexpression of AC3-AT-HA inhibits the basal 

activity of endogenous adenylyl cyclases. 

 
Figure 30: AC3-AT exerts a dominant negative effect on endogenous adenylyl 
cyclases. As published by Khani et al. (2024). A chemiluminescence-based cAMP assay 
was performed by adding ES buffer control or 1 µM isoproterenol (Iso) for 15 min to CHO 
K1 wild-type (WT) and CHO K1 cells stably expressing AC3-FL-HA or AC3-AT-HA. 
Chemiluminescence is measured on a FluoStar fluorescence microplate reader. All values 
were normalized to the respective buffer control. (A) Fold change of absolute cAMP levels 
in pmol. (B) Fold change of cAMP levels normalized to the respective amount of total 
protein. The mean ± S.D. for n = 5 separate experiments is indicated. Statistical analyses 
were performed using unpaired, two-tailed Student’s t-test. ns: not significant. 
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4. Discussion 

 

Here, I investigated the cellular function of the truncated AC3-AT protein. I could 

demonstrate that AC3-FL, but not AC3-AT, localizes to the plasma membrane. 

Furthermore, I showed that AC3-AT is catalytically inactive, demonstrating that the 

truncation renders AC3-AT inactive. I could also demonstrate that AC3-AT 

heterodimerizes with AC3-FL in vitro. Moreover, AC3-AT impaired the transport of AC3-FL 

to the plasma membrane, which could, in turn, reduce AC3-FL levels in the plasma 

membrane, resulting in reduced global cAMP production in the cell. In summary, my 

results indicate that the expression of a truncated AC3 protein isoform provides a 

mechanism to curb intracellular cAMP signaling in brown adipocytes.  

 

4.1 Regulating intracellular cAMP homeostasis and downstream signaling 
Different mechanisms have evolved to regulate intracellular cAMP signaling. They operate 

at the GPCR level, continuing at the AC level, and unceasingly also at cAMP and PKA 

levels.  

One thoroughly studied example of limiting GPCR signaling and ultimately reducing 

intracellular cAMP levels is the desensitization and receptor internalization of GPCRs 

upon repeated or prolonged stimulation. When bound by agonists, G protein-coupled 

receptors (GPCRs) are phosphorylated by G-protein-coupled receptor kinases (GRKs). 

(Pitcher et al., 1998). Ubiquitously expressed β-arrestins bind phosphorylated GPCRs 

(Lefkowitz and Shenoy, 2005). For short-term desensitization, arrestin-binding physically 

obstructs G-protein coupling to the GPCR, whereby the GPCR becomes resistant to 

repeated stimuli and, therefore, less sensitive. For long-term desensitization, arrestins 

function as endocytotic adapters, linking the GPCRs to the clathrin-coated pit machinery. 

More specifically, β-arrestins facilitate the endocytosis of GPCRs by serving as adaptors 

for β2 adaptin (AP2) and clathrin, directing them to clathrin-coated pits. The GPCRs are 

then targeted to lysosomes for degradation. Therefore, GPCRs not only become less 

sensitive but also the GPCR density in the plasma membrane decreases (Harden, 1983; 
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Lohse, 1993; Rajagopal and Shenoy, 2018). Loss of b-arrestin-dependent receptor 

internalization upon depletion of both β-arrestin isoforms in HEK293 cells lead to 

prolonged G-protein-dependent cAMP production and the response was further increased 

upon ligand binding (Jones et al., 2021). In line with this finding, inhibiting GRK activity by 

expressing a dominant negative mutant of GRK2 in CHO cells resulted in increased GPCR 

expression and higher cAMP responses (Horie and Insel, 2000).  

Another thoroughly studied example of regulating GPCR trafficking are receptor 

expression enhancing proteins (REEPs), an evolutionally conserved family of six ER-

shaping proteins (REEP1-6), which are common in various mammalian tissues (Fan et 

al., 2022). REEPs were originally identified in olfactory sensory neurons (Saito et al., 

2004), where they increase ER trafficking of α2-AR to the plasma membrane and thereby 

enhance total α2-AR protein levels in the plasma membrane. This function is not limited to 

GPCR trafficking, but REEPs also seem to control AC trafficking. More specifically, (i) 

REEP6 is highly expressed in murine adipocytes, (ii) Reep6 expression was upregulated 

during cold exposure, (iii) REEP6 knockout mice showed reduced levels of AC3 in BAT, 

and in turn, (iv) REEP6 knockout mice displayed an ablation of cold-induced 

thermogenesis and, in turn, showed increased susceptibility to weight gain (Son et al., 

2022).  

Downstream, intracellular cAMP levels are directly controlled by the activity of 

phosphodiesterases (PDEs). PDEs hydrolyze cAMP to 5’-AMP by cleavage of the 3’,5’-

phosphodiester bond in cAMP (Azevedo et al., 2014), which results in rapid termination 

of the signaling cascade and hence the downstream effects of cAMP. In the past, the 

cAMP second messenger was believed to diffuse freely in the cytosol (Hunter, 2000). 

However, this assumption upsets the notion that different adrenergic receptors expressed 

in the same cell, each evoking distinct physiological output signals, transduce signaling 

via the same second messenger. An emerging view is that cAMP diffusion is rather 

restricted to localized microdomains in certain subdomains of the cell (Kayser et al., 2022), 

generating compartmentalized cAMP signaling, which ensures the specificity of the cAMP 

response. One mechanism contributing to shaping cAMP microdomains are PDEs, which 

provide an enzymatic barrier to cAMP diffusion (Abrahamsen et al., 2004; Jurevicius et 

al., 2003; Mongillo et al., 2004; Mongillo and Zaccolo, 2006; Rich et al., 2001), creating a 
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nanometer-size domain around the place of cAMP origin (Anton et al., 2022; Bock et al., 

2020), resulting in a selective activation of defined subsets of downstream effector targets 

(Di Benedetto et al., 2008). Accordingly, studies using FRET-based imaging techniques 

have shown that inhibition of PDEs disperses cAMP gradients (Terrin et al., 2006), 

pointing out the central role of PDEs in cAMP compartmentalization. An increase in spatial 

resolution of cAMP signaling events was achieved by means of advanced FRET-based 

imaging techniques using FRET sensors targeted to distinct subcellular subdomains 

(Surdo et al., 2017), contributing further evidence for the involvement of PDEs in 

compartmentalized cAMP signaling. Another crucial role in signaling 

compartmentalization is exerted by A-kinase-anchoring proteins (AKAPs), that not only 

tether PKA to specific subcellular localizations of PKA targets (Skroblin et al., 2010), but 

also to other components of the cAMP signaling cascade, such as GPCRs (Malbon, 2007) 

, ACs (Dessauer, 2009), and PDEs (Scott et al., 2013).  

 

4.2 Expression of truncated protein isoforms – a common strategy to regulate 
cell and tissue function? 

Alternative AC protein isoform expression has already been observed in vascular smooth 

muscle cells (VSMCs). VSMCs are the major cell type in blood vessel walls and play a 

fundamental role in the pathophysiology of atherosclerosis. Here, a crucial step is the 

transdifferentiation of VSMCs from contractile (differentiated, quiescent, non-migratory) to 

synthetic (dedifferentiated, proliferative, migratory) phenotypes. The molecular 

mechanisms underlying the transdifferentiation of VSMCs are not fully understood. The 

transdifferentiation of rat VSMCs to the synthetic phenotype is triggered by the 

proinflammatory cytokine interleukin 1β (IL-1β), which is secreted by macrophages 

infiltrating the vascular wall. This enables VSMCs to move from the medial to the intimal 

layer of the blood vessel (Ross et al. 1999, Lusis et al. 2000). The IL-1β signal is then 

potentiated by the production of prostaglandin E2 (PGE2) by VSMCs (Wen et al., 1998; 

Wohlfeil and Campbell, 1999; Yamamoto et al., 1999). In an autocrine manner, PGE2 

triggers VSMCs to transdifferentiate.  

Transdifferentiation has been shown to be dependent on de novo expression of Adcy8 in 

VSMCs (Clement et al., 2006; Keuylian et al., 2012), which in the contractile state only 
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express Adcy 3, 5, and 6 (Webb et al. 2001, Ostrom et al. 2002). However, high levels of 

intracellular cAMP have been shown to inhibit the synthetic properties of 

transdifferentiated VSMCs and antagonize pathological vascular remodeling (McKean et 

al. 2015, Hewer et al. 2011). Vallin and colleagues identified that de novo expressed 

Adcy8 in IL-1b-transdifferentiated VSMCs consists of four short AC8 protein isoforms 

derived from Adcy8 splice variants (Vallin et al., 2018). All isoforms lacked the first five 

transmembrane domains (termed AC8E-H), and AC8E and AC8F represented the two 

isoforms exhibiting the highest levels of expression. Furthermore, AC8E-H isoforms were 

catalytically inactive and did not localize to the plasma membrane, suggesting that AC8E-

H was retained in the rER. Using a FRET based approach, Vallin and colleagues 

demonstrated that AC8E-H downregulate cAMP production in IL1b transdifferentiated 

VSMCs.  More specifically, they revealed that AC8E exerts a dominant negative effect on 

endogenous AC activity. Furthermore, they could show that AC8E and AC3 

heterodimerize, and their data suggested that thereby, AC trafficking to the plasma 

membrane is diminished and, in turn, cAMP levels are reduced. These findings harmonize 

the de novo expression of AC8 with the diminished cAMP levels necessary for the 

emergence of synthetic VSMC characteristics (Vallin et al., 2018). 	

Accordingly, in my thesis, using two independent experimental approaches, I have 

demonstrated that AC3-FL localizes to the plasma membrane, whereas AC3-AT does not. 

This result is in line with the studies of Gu and colleagues, suggesting that two 

transmembrane clusters are necessary for the whole molecule to travel to the plasma 

membrane (Gu et al., 2001). Furthermore, I showed that AC3-AT is catalytically inactive 

(see 3.3.1), demonstrating that the truncation, even though it does not affect the catalytic 

domains, obliterates the enzymatic activity of AC3-AT. This is in accordance with other 

studies, which have shown that the interaction between the two transmembrane domains 

TM1 and TM2 promotes the intramolecular dimerization of C1 and C2, and thereby 

catalytic activity (Gu et al., 2001). My results also demonstrate that AC3-AT impairs the 

transport of AC3-FL to the membrane (see 3.2.1). Using co-immunoprecipitation, I showed 

that AC3-AT heterodimerizes with AC3-FL (see 3.2.2), which is in accordance with 

precedent studies demonstrating the formation of heteromeric assemblies between full-

length ACs and engineered truncation mutants (Ding et al., 2005; Gu et al., 2001). In 
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summary, my results indicate that the expression of truncated AC protein isoforms 

provides a more general mechanism to regulate AC activity in brown adipocytes but also 

in VSMCs, as shown by others. 

Further investigating the regulation of AC3-AT expression, Kornfeld and colleagues have 

shown that, in analogy to Adcy3-at, a 5’-terminally truncated mRNA isoform of Ppargc1a 

(termed Ppargc1a-at) was induced upon cold exposure, whereas the canonical Ppargc1a 

(Ppargc1a-fl) expression remained unchanged. As described above, Ppargc1a 

constitutes a key regulator in cold-induced BAT thermogenesis. Intriguingly, silencing 

Ppargc1a-fl/ Ppargc1a-at did not affect Adcy3-fl expression, but arrested Adcy3-at 

induction upon stimulation with CL316,234, a selective β3-AR receptor agonist (Khani et 

al., 2024). 

 

How the expression of these truncated protein isoforms is induced and regulated needs 

to be further studied. The Kornfeld lab has shown that upon cold induction, the H3K4me3 

domain arises in the Adcy3 gene in brown adipocytes, which marks a novel TSS located 

downstream of the original TSS in the 2nd intron of Adcy3. The novel TSS gives rise to the 

5’ truncated alternate transcript, Adcy3-at. How cold exposure induces the formation of 

H3K4me3 sites in the Adcy3 gene is yet unclear. Epigenetic modification enzymes, like 

histone methyltransferases or histone demethylases, are widely recognized for their role 

in regulating the expression of many genes crucial for biological functions (Wang and Zhu, 

2008). However, only a limited number of factors controlling these enzymes have been 

identified. One factor that has been identified to induce the expression of a histone 

demethylase is the transcription factor cAMP responsive element binding protein (CREB). 

More precisely, Li and colleagues have demonstrated that clenbuterol, a b2-AR agonist, 

upregulates the b2-AR/cAMP/PKA/p-CREB pathway, which in turn upregulates JHDM2a, 

a histone demethylase via direct binding of p-CREB to the CRE site in the JHDM2a 

promotor (Li et al., 2012). Accordingly, cold exposure could activate the b3-AR signaling 

pathway upstream of specific histone methylases or demethylases and CREB may serve 

as an intermediary regulated by cAMP/PKA, triggering the induction of histone methylases 

or the inhibition of histone demethylases to facilitate an increase in H3K4me3 in the Adcy3 

gene.  



 90 
 

4.3 The role of AC3 versus AC3-AT in BAT 
Seminal studies by Granneman and colleagues have shown that in BAT, cold exposure 

and in turn, adrenergic stimulation not only trigger thermogenesis, but dramatically 

reorchestrate the expression of genes encoding for key molecular players involved in the 

thermogenic process, aiming to increase the functional capacity of BAT (Chaudhry et al., 

1996; Granneman, 1995; Granneman and Bannon, 1989; Granneman and Lahners, 

1992).  

Transcriptome-wide gene expression changes in cold-exposed murine adipose tissues 

were monitored by the Kornfeld lab using RNA-sequencing, which showed that mRNA 

levels of Adcy3 were specifically induced during cold exposure in BAT and inguinal WAT 

(iWAT), but not in epididymal WAT (eWAT). This finding is in accordance with earlier 

studies, proposing that (i) thermogenic adipocytes are only present in brown fat and 

subcutaneous, but not visceral white fat (Cohen and Spiegelman, 2016; Guo et al., 2021), 

and most importantly (ii) that AC3 represents a crucial component for proper cold-induced 

cAMP/ PKA signaling in thermogenic tissues (Granneman, 1995; Son et al., 2022). 

Furthermore, the Kornfeld lab analyzed Adcy3 expression in previously published single-

nucleus RNA-Seq (snRNA-seq) datasets from brown adipocytes, isolated from 

interscapular BAT (iBAT) (Sun et al., 2020) under thermoneutral vs. cold conditions. This 

revealed that Adcy3 was lowly expressed under thermoneutral conditions, but its 

expression was induced upon cold exposure. This resembled the expression pattern for 

not only Ucp1, but also other known BAT-markers, such as peroxisome proliferator-

activated receptor gamma coactivator 1-alpha (PPARGC1A) (Chang et al., 2018), 

encoding for the transcriptional coactivator PGC-1α, which increases e.g., mitochondrial 

biogenesis, and fatty acid oxidation, and thereby constitutes a key regulator in cold-

induced BAT thermogenesis (Puigserver et al., 1998; Wu et al., 1999).  

To further elucidate the role of Adcy3 in brown adipose tissue, energy expenditure was 

measured in lean and obese pan-adipocyte-deficient Adcy3 knockout mice. These were 

generated by crossing mice, expressing a Cre recombinase under the control of the 

Adiponectin (Adipoq)-promotor, with loxP-flanked Adcy3 mice (Adcy3-AdcKO). Although 

cAMP levels in BAT of Adcy3-AdcKO mice were significantly reduced, energy expenditure 
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remained unchanged upon cold exposure. Only in the obese state after high fat diet (HFD) 

challenge, energy expenditure was reduced in Adcy3-AdcKO mice (Khani et al., 2024).   

The Kornfeld lab has detected a novel, cold-inducible promotor in the Adcy3 gene in BAT. 

This promotor gives rise to a 5’ truncated Adcy3 isoform, termed Adcy3-at. When 

interrogating their RNA-seq data separately for Adcy3-fl and Adcy3-at, Kornfeld and 

colleagues showed that, while elevated mRNA levels of Adcy3-at failed to appear during 

brown adipogenesis, mRNA levels of Adcy3-at were mainly induced in cold-exposed 

mature thermogenic adipocytes and constituted the main isoform during cold-exposure, 

pointing towards Adcy3-at playing a seminal role in mature thermogenic adipocytes (Khani 

et al., 2024).  

As only Adcy3-at, and not Adcy3, expression is increased, the Wachten and Kornfeld labs 

further elucidated the role of AC3-AT and its effect on cAMP synthesis and energy 

metabolism in vitro and in vivo, by generating a mouse line only lacking Adcy3-at using 

CRISPR-Cas9-mediated gene deletion. First, cAMP levels in Adcy3ΔAT mice were 

measured after β-AR stimulation. It was shown that cAMP levels in brown adipocytes 

lacking mAC3-AT were increased after 24 h, but not 6 h of CL316,243 stimulation, which 

matched the kinetics of mAC3-AT expression, pointing towards mAC3-AT limiting cAMP 

synthesis after prolonged β-AR stimulation. Next, the role of mAC3-AT in regulating 

energy homeostasis was examined in lean mice. While food intake was increased, body 

weight remained unchanged and glucose tolerance was improved, suggesting negative 

energy balance in Adcy3ΔAT mice. To test, whether negative energy balance in 

Adcy3ΔAT mice was due to BAT gain-of-function, qPCR analysis was performed and 

revealed increased Ppargc1a and Prdm16 expression, suggesting increased thermogenic 

activity in BAT of Adcy3ΔAT mice. Based on the induction of thermogenic genes in 

Adcy3ΔAT brown adipocytes, Khani and colleagues theorized that Adcy3ΔAT mice could 

be shielded from diet-induced obesity. Intriguingly, Adcy3ΔAT mice subjected to HFD 

feeding, were protected from HFD-induced gain in body weight. More precisely, obese 

mice deficient in AC3-AT exhibited enhanced glucose tolerance, comparable food intake, 

elevated oxygen consumption in both ambient and cold conditions, and heightened BAT 

activity assessed via subdermal thermometry telemetry probes. These findings suggest 
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that BAT gain-of-function is responsible for the negative energy balance seen in mice 

lacking Adcy3-at (Khani et al., 2024).  

The phenotype of increased BAT activity and a state of negative energy balance observed 

in AC3-AT-deficient mice can be explained by AC3-AT constituting a suppressor of 

thermogenic activity in BAT. As demonstrated in this study, the presence of catalytically 

inactive AC3-AT leads to the heterodimerization of AC3-AT and AC3-FL and in turn, 

reduction of AC3-FL pools in the plasma membrane, subsequently causing diminished 

cAMP production within the cell. Consequently, this would result in reduced thermogenic 

activity. However, absence of AC3-AT results in a disinhibition of the thermogenic 

process, as pools of AC3-FL in the membrane would be increased and consequently, 

cAMP production uncurbed, finally leading to increased thermogenic activity.  

4.4 Targeting BAT to tackle the obesity epidemic 
There is significant interest in enhancing energy expenditure and promoting weight loss 

through pharmacological BAT activation. Various pharmacological agents increasing BAT 

activity at ambient temperatures have been tested in humans. According to their mode of 

action, the pharmacological agents used for drug-induced BAT activation have been 

grouped into four major classes (Mukherjee et al., 2016). The first two consist of 

sympathomimetic agents. In fact, studies in humans investigating the pharmacological 

activation of BAT thermogenesis to date have predominantly concentrated on 

sympathomimetic agents (Astrup et al., 1985; Carey et al., 2013; Cypess et al., 2012; 

Vosselman et al., 2012). Class one consists of drugs that are selective b3-AR agonists. 

Class two consists of drugs such as ephedrine, which increases endogenous NE release 

from SNS terminals and blocks NE reuptake, leading to increased synaptic NE 

concentration (Dulloo et al., 1991). Class three consists of drugs such as glitazones, which 

activate peroxisome proliferator-activated receptor gamma (PPARγ). Class four consists 

of natural products that act on various pathways within the adipocyte. It has been 

hypothesized that chronic treatment with ephedrine in humans induces thermogenesis in 

BAT, resulting in increased BAT activity. However, BAT activity was significantly reduced 

by chronic ephedrine treatment, which has been proposed to be due to decreased 

responsiveness of the b-AR to continuous stimulation with ephedrine, more precisely by 

receptor downregulation (Carey et al., 2015). 
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My study provides experimental evidence for a novel mechanism underlying the 

downregulation of cAMP signaling in brown adipocytes: During BAT thermogenesis, b-AR 

are activated, which in turn, activate adenylyl cyclases, whereby cAMP levels increase. In 

turn, CREB is phosphorylated by PKA and binds to CRE in the promotor region of specific 

histone methylases and demethylases, whereby their expression is regulated. I 

hypothesize that the methylases then catalyze the tri-methylation of H3K4 in the 2nd intron 

of Adcy3, whereby a novel TSS is generated, leading to the expression of the 5’ truncated 

alternate transcript Adcy3-at. This catalytically dead isoform could act in a dominant 

negative fashion by dimerizing with endogenous full length ACs, retaining them in ER and, 

thereby, reducing global cAMP production in the cell, whereby further stimulation of b-AR 

does not result in further thermogenesis. This mechanism could also explain why BAT 

activity is reduced upon chronic ephedrine treatment, which would not only be due to 

receptor desensitization but also to AC3-AT upregulation. 
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5. Summary 

Obesity has become one of the main public health issues in the 21st century.  Targeting 

brown adipose tissue (BAT) activity, which is physiologically induced by cold 

temperatures, has been recognized as a potential therapeutic approach to tackle the 

obesity epidemic. Whereas the main molecular players of BAT activation have been 

identified, their precise regulation through, e.g., epigenetic modification, is not well 

understood. Recently, it was found that cold exposure leads to the formation of novel 

H3K4me3 sites in the adenylyl cyclase 3 gene. In Adcy3, the H3K4me3 domain arising 

from cold induction marks a novel transcription start site, which gives rise to a 5’ truncated 

alternate transcript (AT), termed Adcy3-at. However, the function of AC3-AT in BAT is 

unknown. Here, I demonstrate that AC3-FL, but not AC3-AT, localizes to the plasma 

membrane, suggesting that AC3-AT is retained in the endoplasmic reticulum. I also found 

that AC3-AT itself is catalytically inactive. I could demonstrate that AC3-AT 

heterodimerizes with AC3-FL. Moreover, I found that AC3-AT impairs the transport of 

AC3-FL to the plasma membrane, which reduces AC3-FL levels in the plasma membrane, 

resulting in lower cAMP production in the cell. In summary, my results indicate that the 

expression of truncated AC protein isoforms provides a mechanism to regulate 

intracellular cAMP signaling in brown adipocytes. I anticipate my research to be a starting 

point for more sophisticated pharmacological approaches to activate BAT and thereby 

tackle the obesity epidemic. 
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