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AC      Adenylyl cyclase 

mAC     membrane bound adenylyl cyclase 

GPCR     G-protein coupled receptor 

TM     Transmembrane (domain)  
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Zusammenfassung 

Humane Adenylylcyclasen (ACs) spielen eine entscheidende Rolle in der 

Signalübertragung zwischen dem extrazellulären und intrazellulären Raum. 

Molekulare Botenstoffe werden von G-Protein-gekoppelten Rezeptoren (GPCRs) auf 

der Zelloberfläche erkannt, wo sie binden und G-Proteine aktivieren, die das Signal 

aus dem extrazellulären Raum in das Zytoplasma weiterleiten. Dieses Signal wird an 

ACs übertragen, die daraufhin den sekundären Botenstoff cyclisches 

Adenosinmonophosphat (cAMP) erzeugen. cAMP übermittelt das Signal an 

zytosolische Proteine und löst so eine zelluläre Reaktion aus. 

ACs sind pseudo-heterodimere Proteine, die aus einer Transmembran- (TM) 

Domäne und einer katalytischen (zytosolischen) Domäne bestehen. Die 

Umwandlung von ATP in cAMP erfolgt, wenn die beiden katalytischen Untereinheiten 

zusammenkommen und das aktive Zentrum bilden. Der TM-Bereich, der aus zwei 

hexahelikalen Untereinheiten (TM1 und TM2) besteht, macht etwa 40 % der 

Proteinstruktur aus. Obwohl eine Funktion darin besteht, als Membrananker zu 

dienen, deuten neuere Erkenntnisse darauf hin, dass er eine komplexere Funktion 

haben könnte. Die evolutionäre Konservierung signalübertragender Elemente, die die 

TM- und katalytischen Domänen verbinden, die erfolgreiche Übertragung anderer 

Rezeptordomänen auf AC und Substanzen im Serum, die selektiv AC Isoformen 

hemmen, weisen alle auf eine potenzielle Rezeptorfunktion hin. 

Ziel meines Projekts war es, zu untersuchen, ob die TM-Domänen eine 

Rezeptorfunktion innehaben, indem ein physiologischer Ligand identifiziert wird. Wir 

stellten fest, dass Glycerophospholipide die Gsα-stimulierte AC-Aktivität auf eine 

nicht isoform-spezifische Weise in allen neun membranständigen AC-Isoformen 

verstärken. Unsere Daten deuten darauf hin, dass Glycerophospholipide direkt auf 

die katalytische Domäne wirken könnten, anstatt auf den TM-Bereich. Ähnlich wurde 

festgestellt, dass Häm B mehrere Klasse III ACs, einschließlich aller neun 

menschlichen Isoformen, unspezifisch hemmt. Obwohl diese Moleküle nicht die 

gesuchten Liganden waren, offenbarten sie neue Ebenen der AC-Regulation. 
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Freie, ungesättigte Fettsäuren wie Ölsäure und Arachidonsäure beeinflussen die 

Gsα-stimulierte AC-Aktivität isoform-spezifisch. So stimuliert Ölsäure die Isoformen 2, 

3, 7 und 9, während Arachidonsäure die Isoformen 1 und 4 hemmt. Durch den 

Austausch der TM-Domänen der Isoformen 3 und 5 konnten wir zeigen, dass 

Rezeptorfunktionen austauschbar sind: Die Hemmung von Isoform 5 durch das 

Endocannabinoid Anandamid, das auch die Isoformen 1, 4 und 6 hemmt, wurde 

erfolgreich auf Isoform 3 übertragen. Zudem ging die stimulierende Wirkung der 

Ölsäure verloren beim Austausch der TM-Domänen. 

Zusammenfassend haben wir einen neuen Mechanismus der AC-Regulation über 

ihre TM-Domäne identifiziert. Die Regulation durch Fettsäuren und ihrer Derivate 

beweist die regulatorische Rolle der TM-Domänen. Die Ergebnisse positionieren 

menschliche ACs an einem Knotenpunkt zwischen schneller Neurotransmitter-

Signalübertragung (phasische Signaltransduktion) und langsamer, direkter, 

lipidvermittelter Signalübertragung (tonische Signaltransduktion). 
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Summary 

Human adenylyl cyclases (ACs) play a critical role in signal transduction from 

extracellular to intracellular compartments. Extracellular signals are recognized by G-

protein-coupled receptors (GPCRs) on the cell surface, where they bind and release 

intracellular G-proteins. The Gsα subunit of the trimeric G-protein binds and activates 

ACs, which generate cAMP, initiating cellular responses. 

ACs are pseudo-heterodimeric proteins composed of transmembrane and cytosolic 

components. The conversion of ATP to cAMP occurs when the two catalytic 

subdomains associate and form an active site. The TM region comprises two 

hexahelical subdomains (TM1 and TM2) and accounts for approximately 40% of the 

protein. Although the role of the TMs is thought to be membrane anchoring, recent 

studies suggest additional, possibly more complex functions. Evolutionary 

conservation of signal-transducing elements connecting TM1 and TM2 and 

respective catalytic domains, the successful graft of other receptor domains on to 

ACs, and the rather selective inhibition by serum compounds of ACs with a TM 

domain are indicative of potential receptor functions. 

The aim of my project was to examine whether the TM domains might function as 

membrane receptors by identifying physiological ligands. Initially, we discovered that 

glycerophospholipids enhance Gsα-stimulated AC activity in a non-isoform-specific 

manner. The data suggest that glycerophospholipids may act directly on the catalytic 

dimer. Similarly, heme B was found to inhibit multiple class III ACs, including all nine 

human isoforms. Although these molecules are not the ligands we intended to 

identify, they revealed new layers of AC regulation. 

Using acid extracts of bovine lung lipids, we identified unsaturated fatty acids, such 

as oleic and arachidonic acid, to affect Gsα-stimulated AC activity in a rather isoform-

specific manner. Oleic acid enhanced isoforms 2, 3, 7, and 9, whereas arachidonic 

acid attenuated isoforms 1 and 4. By swapping the TM domains of isoforms 3 and 5, 

we demonstrated that receptor functions are transferable: the inhibition of isoform 5 
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by the endocannabinoid anandamide (which inhibits isoforms 1, 4, 5, and 6) was 

successfully grafted onto isoform 3. Additionally, the enhancing effect of oleic acid 

vanished. 

In conclusion, we identified a novel mechanism of AC regulation, involving its own 

membrane domains as receptors for fatty acids. This positions mammalian ACs at a 

crucial junction between rapid neurotransmitter signaling (phasic signaling) and 

slower, direct lipid-mediated signal transduction (tonic signaling). 
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1.Introduction 

1.1 Signal transduction 

Communication is key. This frequently cited phrase in human interactions holds true 

for all forms of life, whether we are discussing humans, animals, other eukaryotes, or 

even prokaryotes. Since all cells are enclosed by membranes, the transmission of 

signals (communication) across these membranes is a fundamental necessity. This 

process requires membrane-embedded proteins, such as receptors/sensors, to 

detect signals from the cell's external environment. These signals are conveyed 

through the binding of ligands (first messengers). 

1.2 cAMP-dependent pathway 

Since 1958, when Sutherland and Rall first described the presence of cAMP, our 

understanding of signal transduction expanded significantly [1]. The cAMP-

dependent signaling pathway can be summarized in three major steps: First, the 

binding of a first messenger (such as hormones, neurotransmitters, chemokines) to 

GPCRs. They constitute the largest class of membrane-embedded proteins involved 

in signal transduction, with approximately 2% of all human genes coding for these 

receptors [2]. The sheer number of genes, and consequently proteins, hints at the 

vast array of ligands that interact with GPCRs. This diversity of ligands leads to a 

wide range of physiological effects, including roles in neurotransmission, blood 

pressure regulation, glucose and lipid metabolism, immune responses, and more [2]. 

Given their widespread influence, it is no surprise that GPCRs play a pivotal role in 

both health and disease, with about 35% of FDA-approved drugs targeting these 

receptors [3]. 

In the next step, the signal (the binding of the ligand) is relayed to the associated G-

proteins, which are directly coupled to the GPCRs. G-proteins consist of an α subunit 

and a βγ dimer subunit. When a ligand binds to the GPCR, the GDP molecule 

attached to the α subunit is replaced by GTP, resulting in the dissociation of the GTP-

bound α subunit from the βγ dimer. G-protein α subunits can be classified into four 
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subfamilies: Gαs, Gαi, Gαq, and Gα12 [2]. In the final step, the α subunit binds to a 

specific site on ACs C2. In the case of Gαs, this binding activates ACs, while Gαi, 

binding to C1, inhibits their activity. ACs then convert ATP into cAMP. This creates a 

uniform second messenger that transmits a wide variety of signals within the cell. 

One of the key effects of cAMP is its activation of protein kinase A (PKA). Once 

activated, PKA phosphorylates and regulates the activity of several target proteins 

[4]. Besides PKA, cAMP also interacts with cyclic nucleotide-gated ion channels [5] 

and exchange proteins activated by cAMP (EPAC) [6].  

 

 

 

 

 

  



9 
 
 

 

 

 

1.3 Adenylyl cyclases 

As previously mentioned, ACs catalyze the conversion of ATP to cAMP. It would be 

logical to assume that all ACs share a common ancestor, but this is not the case. ACs 

are classified into six distinct and unrelated groups, labeled as classes I through VI. 

To date, most research has focused on proteins from class III, primarily because the 

other classes are predominantly found in a limited range of prokaryotic species [7]. 

Class III stands out as the most diverse, both functionally and structurally, the largest 

in number, and the most pharmacologically significant, as it is the only group present 

in animals [8].  

Class III is further subdivided into four subclasses, labeled IIIa to IIId, based on 

similarities in the sequences of their catalytic domains [8]. An overview of the 

evolutionary relationships between the subclasses is shown in Figure 1. This thesis 

mainly deals with subclass IIIa ACs. 
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Figure 1. Evolutionary relationship between the catalytic domains of class III 
ACs. 
Dotted lines: remote homology to other protein families. Solid lines: relations between 
major subgroups. Line thickness indicates diversity of domain architecture within a 
branch. (from [8]) 
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All class III ACs share a common requirement for dimerization in order to become 

active. In bacteria, this occurs through homodimerization, where two identical 

domains come together. In eukaryotes, however, ACs form what is known as a 

pseudoheterodimer, in which two complementary domains are linked within the same 

protein [8]. The catalytic mechanism at the core of these enzymes has been well-

characterized and confirmed through computational, biochemical, and structural 

studies [9-11]. Three pairs of residues are essential for the successful conversion of 

ATP: two aspartate residues that coordinate a divalent metal ion cofactor (Mn2+ or 

Mg2+), which facilitates a nucleophilic inline attack by the ribose's 3’-OH group on the 

α-phosphoryl group of ATP. An arginine and asparagine residue help stabilize the 

resulting transition state. Lastly, a lysine and aspartate pair plays a crucial role in 

distinguishing ATP from GTP as substrates [7]. 

 

 

Figure 2. Dimeric structure of class III adenylyl cyclase catalytic domains. 
Cyclase homology dimers form heterodimers with one catalytic center (A) or 
homodimers with two catalytic centers (B).  Ad: adenosine; P: phosphate group; Me: 
divalent cation. The transition state stabilizing arginine and the two metal-cofactor 
coordinating aspartate residues are provided by the opposite catalytic domain. 
(Figure adapted from [7]) 
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1.4 Mammalian adenylyl cyclases: 

ACs catalyze the conversion of ATP into cAMP through a cyclization reaction. The 

human genome encodes nine membrane-bound AC isoforms and one soluble AC. 

While the overall structure of membrane-bound ACs (mACs) is similar across 

isoforms, they vary in sequence and length [12]. These pseudoheterodimeric proteins 

are composed of a TM domain, which consists of two hexahelical transmembrane 

subdomains. These are connected to two cytosolic subdomains, C1 and C2, which 

are further divided into four subdomains (C1a, C1b, C2a, C2b) (figure 3). The 

catalytic site is formed by the two catalytic subdomains, each providing key residues 

necessary for ATP binding and stabilizing the transition state during the cyclization 

process. 

The transition state is further stabilized by two divalent cations, either magnesium or 

manganese, with magnesium being the likely physiological cofactor, while 

manganese acts as a more potent cofactor [13].  

The various mAC isoforms are grouped into four classes based on similarities in their 

membrane domains [8]. Group I is formed by the isoforms 1, 3, and 8, group II by 2, 

4, and 7, group III by 5 and 6, and group IV consists of only isoform 9. 
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Figure 3. Cryo-EM structure of bovine AC isoform 9 as a model for mammalian 
AC structures (resolution approximately 3.6 Å). 
Depicted structural AC elements: TM: transmembrane domain; HD: helical domain 
(including the cyclase transducing elements described in [14]); C1a/C2a :subdomains 
of the two catalytic domains C1/C2. (modified after [15]). 
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1.5 Transmembrane domains as potential receptors 

In 1989, when Krupinski et al. published the first amino acid sequence of an adenylyl 

cyclase (AC), questions arose regarding the role of the relatively large 

transmembrane (TM) domain, suggesting it might serve more than just a membrane-

anchoring function. In their publication, Krupinski et al. hypothesized that the TM 

domain might function as an ion channel or transporter [16]. Other proposals included 

a potential role as a voltage sensor [17] or a factor involved in dimerization [18], 

though none of these ideas have been confirmed to date. 

However, when Tang & Gilman demonstrated the creation of a forskolin- and Gsα-

sensitive soluble AC by directly linking the cytosolic domains of AC1 and AC2, 

effectively omitting the entire TM domain, it led to the prevailing view that the TM 

domain did not influence enzyme activity and was solely responsible for membrane 

anchoring [19].   

On the other hand, bioinformatic studies have revealed significant variability in the 

TM domains across all nine human AC isoforms, pointing toward a possible receptor 

function and different regulatory mechanisms or ligands for each isoform. 

Remarkably, these TM domains exhibit isoform-specific evolutionary conservation 

spanning over 0.5 billion years [8, 20]. If the TM domains merely served as 

membrane anchors, why would such a high degree of conservation persist for so 

long? 

In 2016, Beltz et al. described a chimera comprising the quorum-sensing receptor 

from Vibrio harveyi (CqsS) and the mycobacterial class IIIa AC Rv1625c, which 

represents one half of the structure of human ACs, featuring a 6-TM domain linked to 

a cytosolic, catalytic domain. For activity, this chimera requires dimerization, forming 

a homodimer comparable to the pseudoheterodimeric structure of human ACs [21, 

22]. The lipophilic compound (S)-3-hydroxy-tridecan-4-one, also known as Cholerae 

AutoInducer-1, acts as a ligand for CqsS. Cholerae AutoInducer-1 concentration-
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dependently increased cAMP production, suggesting that inputs from the TM domain 

can affect the catalytic domain [22].  

To facilitate signal transduction between the TM and catalytic domains, a transducer 

element is essential. In 2017, Ziegler et al. identified a cyclase transducer element 

(CTE) in various class IIIa/b ACs, further supporting the potential receptor function of 

the TM domains[14]. 

Following the functional characterization of the CqsS-Rv1625c chimera, Seth et al. 

engineered a chimera of CqsS and mammalian AC2, replacing the two hexahelical 

TM domains of AC2 with the TM domain of CqsS. Although this chimera was not 

directly regulated by Cholerae AutoInducer-1, Gsα stimulation was inhibited. 

Additionally, they found that unidentified compounds in human serum inhibited Gsα 

activation in various AC isoforms and reduced AC activity in rat brain cortical 

membranes [23]. Based on these results, they proposed a three-state model of AC 

regulation via its TM domains (figure 4). 

 

Figure 4. Hypothetical three-state model of AC regulation. 
The model shows three basal states of the enzyme present in a thermodynamic 
equilibrium. A and B represent inactive states while C represents an active state. A 
and B differ in conformation stability of the catalytic C1/C2 domains. Gsα binding on 
the cytosolic side leads to a conformationally stabilized active state (right). The 
potential ligand binding on the other hand leads to a conformationally stabilized 
inactive state (left) (figure from [23]). 
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The forthcoming elucidation of AC structures yields more insights on where potential 

ligand binding sites can be found in TM domains. Cryo-EM structures of human AC 

isoforms 5, 8, 9 and the mycobacterial AC Rv1625c revealed extracellular cavities at 

the TM dimers interface, that resemble potential binding sites for potential ligands like 

small molecules, ions, peptides or lipids [15, 24-26]. 
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2. Objective 

The evolutionary conservation, the presence of signal-transducing elements, the 

ability to transfer receptor properties of quorum-sensing receptors onto ACs, the 

compounds in serum that affect holoenzyme ACs but not the CqsS-AC chimera, and 

the identification of potential ligand-binding sites through structural analysis, all 

suggest an orphan receptor function for the TM domain of ACs. My task was to 

identify (physiological) ligands that bind directly to the TM domain and regulate the 

enzyme’s activity. The research question was clearly defined, allowing me to stay 

focused on this main objective without being sidetracked by other, albeit interesting, 

data. From the outset, it was understood that this project was not solely about 

analyzing different starting materials and identifying their components, but rather a 

bioassay-guided identification of potential ligands. 

Naturally, some follow-up questions arose alongside the main one: 

a) What would be a suitable starting material to use? 

b) If ligands are found, are they exclusively inhibitory? 

c) Do the ligands bind in an isoform-specific manner? 

d) Do they directly regulate ACs, or is the regulation coupled to GPCR/Gsα? 

e) Do potential ligands regulate cAMP formation in vivo? 

f) Do they regulate cAMP formation in mammalian tissues? 
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3. Results and discussion 

3.1. Publication I: 

Seth, A., Landau, M., Shevchenko, A., Traikov, S., Schultz, A., Elsabbagh, S., 

Schultz, J. E. (2022). Distinct glycerophospholipids potentiate Gsα-activated 

adenylyl cyclase activity. Cellular signalling, 97,110396. 

https://doi.org/10.1016/j.cellsig.2022.110396 

 

Position in list of authors: 2 (contributed equally with first author Seth A.) 
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and figure 4. Also contributed data for supplementary figure 3. 

Maintained cell culture and harvested membranes for testing. 

 Revised and edited the manuscript together with all authors. 
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Supplemental Material 
 
Appendix Figure 1 
 

 
 

Lipid class composition of MTBE / methanol extracts. MonoQ-purified fractions were 
extracted at pH 1.0 and pH 6.0. Expectantly, the extract recovered under acidic conditions 
was enriched with PA. Y-axis: total abundance of lipid classes, pmol/L (n=2). 
 
Appendix Figure 2 
 
 

 
 
Molecular composition of PA species extracted by MTBE / methanol from the fractions with 
pH 6.0 and pH 1.0. Acidic extraction increased the recovery of PA by more than 2-fold and 
also enriched the extract with the molecular species comprising long polyunsaturated fatty 
acid moieties. Y-axes: molar abundance of lipid species, in pmol/L (n=2).  
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Appendix Table 1:  
 
List of lipids tested: 
 
from Avanti lipids: 
 

 131303P  Cerebrosides 
 131305P  Sulfatides 
 800818C-1-stearoyl-2-arachidonoyl-sn-glycerol 
 800819 --stearoyl-2-docosahexaenoyl-sn-glycerol  
 830855C 1,2-dipalmitoyl-sn-glycero-3-phosphate  
 840051P L-α-phosphatidylcholine (Egg, Chicken)  
 840055C L-α-phosphatidylcholine (Liver, Bovine)  
 840065C 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phospho-L-serine 
 840101C L-α-phosphatidic acid (Egg, Chicken) (sodium salt)  
 840859C 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphate (sodium salt) 
 840860C 1-palmitoyl-2-docosahexaenoyl-sn-glycero-3-phosphate (sodium salt) 
 840862C 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphate (sodium salt) 
 840863C 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphate (sodium salt) 
 840864C 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphate (sodium salt) 
 840875C 1,2-dioleoyl-sn-glycero-3-phosphate (sodium salt)  
 840885C 1,2-dilinoleoyl-sn-glycero-3-phosphate (sodium salt)  
 840886C 1,2-diarachidonoyl-sn-glycero-3-phosphate (sodium salt)  
 840887C 1,2-didocosahexaenoyl-sn-glycero-3-phosphate (sodium salt)  
 850469C 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine  
 850472C 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine  
 850804C 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphoethanolamine 
 850806C 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphoethanolamine 
 850852C 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N,N-dimethyl 
 857130P 1-oleoyl-2-hydroxy-sn-glycero-3-phosphate (sodium salt) 
 857328P 1-oleoyl-sn-glycero-2,3-cyclic-phosphate (ammonium salt) 
 860053P total ganglioside extract (Brain, Porcine-Ammonium Salt) 
 860492  Sphingosine-1-phosphate; D-erythro-sphingosine-1-phosphate 
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 LIPOID (Heidelberg) donated the following lipids: 
 

 30. 556200 Lipoid PC 14:0/14:0; 1,2-Dimyristoyl-sn-glycero-3-
phosphatidylcholine (DMPC) 

 31. 556300 Lipoid PC 16:0/16:0;1,2-Dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC) 

 32. 556500 Lipoid PC 18:0/18:0; 1,2-Distearoyl-sn-glycero-3-phosphocholine 
(DSPC) 

 33. 556600 Lipoid PC 18:1/18:1; 1,2-Dioleoyl-sn-glycero-3-phosphocholine 
(DOPC) 

 34. 556400 Lipoid PC 16:0/18:1; 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC) 

 35. 557100 Lipoid PC 22:1/22:1; 1,2-Dierucoyl-sn-glycero-3-phosphocholine 
(DEPC) 

 36. 566300 Lipoid PA 16:0/16:0; 1,2-Dipalmitoyl-sn-glycero-3-phosphate, mono-
sodium salt (DPPA-Na) 

 37. 567600 Lipoid PS 18:1/18:1; 1,2-Dioleoyl-sn-glycero-3-phosphoserine, sodium 
salt (DOPS-Na) 

 38. 560200 Lipoid PG 14:0/14:0;  1,2-Dimyristoyl-sn-glycero-3-phospho-rac-
glycerol-Na (DMPG) 

 39. 560300 Lipoid PG 16:0/16:0; 1,2-Dipalmitoyl-sn-glycero-3-phospho-rac-
glycerol-Na (DPPG) 

 40. 560400 Lipoid PG 18:0/18:0; 1,2-Distearoyl-sn-glycero-3-phospho-rac-glycerol-
Na (DSPG) 

 41. 565600 Lipoid PE 14:0/14:0; 1,2-Dimyristoyl-sn-glycero-3-
phosphoethanolamine (DMPE) 

 42. 565300 Lipoid PE 16:0/16:0; 1,2-Dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE) 

 43. 565400 Lipoid PE 18:0/18:0; 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine 
(DSPE) 

 44. 565600 Lipoid PE 18:1/18:1; 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE) 
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Appendix Table 2 
 

mAC activities in HEK293 cell membranes 
transfected with human mAC isoforms 

 
 
                    nmol cAMP•mg-1•min-1 

 

 basal activity     + 0.6 µM Gsα 
 
HEK293 0.02     0.19 (10-fold) 
 
HEK293 AC1   0.16     0.71 (4-fold) 
 
HEK293 AC2  0.34     5.17 (15-fold) 
 
HEK293 AC3   0.03     0.55 (16-fold) 
 
HEK293 AC4  0.02     0.2 (9-fold) 
 
HEK293 AC5  0.07     2.46 (37-fold) 
 
HEK293 AC6  0.08     1.41 (18-fold) 
 
HEK293 AC7  0.03     0.19 (7-fold) 
 
HEK293 AC8  0.15     1.08 (7-fold) 
 
HEK293 AC9  0.03     1.87 (71-fold) 

 
HEK293ΔAC3,6 0.006     0.06 (10-fold) 
 
(n= 5-12) 
 

  



31 
 
 

 

 

 

Appendix Figure 3 

 

 

Concentration-response curves for SDPA potentiation of mAC isoforms 7, 9, 6, 1, and 2. 
Basal and Gsα-activated activities are listed in Appendix table 2. n=2-5. 
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Appendix Figure 4: 

 

 

Forskolin concentration-response curves for the nine human mAC isoforms expressed in 

HEK293 cells. Error bars denote S.E.M. The calculated EC50 concentrations are listed at right. 

n = 2-4. 
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Appendix Table 3 
 
With hAC3 transfected HEK293 cells in a 396 well plate were incubated and stimulated at 
37°C for 45 min by adenosine, isoproterenol and prostaglandin E2 ± 10 µM SDPA.  
 
n = 3 to 4, mean ± S.E.M. Incubations were stopped by addition of detection and lysis buffer 
of the cAMP assay kit (10 µl/well; Cisbio).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Please note that isolated HEK293 membrane preparations did not respond to adenosine, 
isoproterenol or PGE2] 
 
 

 

 

 

 

 

 

 pMoles cAMP/ 
    104 cells 

  
basal 0.06 ± 0.02 
SDPA, 10 µM 0.02 ± 0.01 
2.5 µM isoproterenol 0.24 ± 0.03 
2.5 µM isoproterenol + 10 µM SDPA 0.25 ± 0.03 
1 µM prostaglandin E2 0.10 ± 0.01 
1 µM prostaglandin E2 + 10 µM SDPA 0.11 ± 0.02 
10 µM adenosine 0.17 ± 0.07 
10 µM adenosine + 10 µM SDPA 0.07 ± 0.01 
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Additional, unpublished data 

Since Seth et al. published the three-state-model of AC regulation, we wanted to 

directly address the question of correlation between potential ligands and the 

regulation via GPCRs by adding Gsα to the assays [23]. To determine a suitable 

concentration of Gsα I carried out concentration-response experiments for all 9 

human isoforms (Figure 5). Since we were expecting ligands with predominantly 

inhibitory influence, I decided to use 600 nM Gsα since this is not a maximal 

concentration, so there is room for potential activity-enhancing ligands, but also a 

concentration bigger than the EC50 for each isoform (except mAC9) which should be 

stimulating sufficiently to clearly identify inhibitory effects of potential ligands (EC50 

values are shown in table 1). After seeing enhancing effects of potential ligands on 

Gsα-stimulated ACs, I decided to reduce the Gsα concentration to 300 nM. 

Isoform (approximate) EC50 (nM) for Gsα 
mAC1 273 

mAC2 475 

mAC3 518 

mAC4 553 

mAC5 390 

mAC6 363 

mAC7 466 

mAC8 175 

mAC9 ~ 700 

 

Table 1. Approximate Gsα EC50 for mAC isoforms. 
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Figure 5. Concentration-response curves of Gsα for all nine mAC isoforms. 
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Docosahexaenoic acid (C22:6), which is the fatty acid at position 2 of SDPA, is a 

poly-unsaturated ω3 fatty acid. It is found in nearly all human tissues, but most 

prominently in neural tissues [27]. The number one docosahexaenoic acid source for 

humans is marine food but it can also be synthesized from α-linolenic and linoleic 

acid by multiple elongation and desaturation steps [28]. Next, we examined whether 

the fatty acid itself would enhance mAC3 activity or if the glycerol backbone, the 

phosphate group and the second fatty acid is necessary. Figure 6 shows 

docosahexaenoic acid is not enhancing Gsα-stimulated AC3 activity in comparison to 

SDPA in terms of potency and efficiency. 

 

Figure 6. Effect of SDPA and docosahexaenoic acid (DHA) on 600 nM Gsα-
stimulated mAC3 
Basal and Gsα activities of mAC3 were 0.03 and 0.26 nmol cAMP•mg-1•min-1, 
respectively. n= 1. EC50 value of SDPA was 0.8 µM. 
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The diterpene forskolin is a potent stimulator of AC activity [12]. In publication I it is 

only mentioned that SDPA is not further enhancing forskolin-stimulated AC activity, 

but I also wanted to investigate whether the synergistic effect of forskolin plus Gsα 

can be enhanced by SDPA. The results showed, strikingly, that 25µM forskolin and 

600nM Gsα alone are indeed stimulating mAC3 activity. The addition of both together 

increased the activity of mAC3 from a basal level of 0.011 to 6.49 nmol cAMP•mg-

1•min-1. This enormous stimulation could not be further enhanced by the presence of 

up to 10 µM SDPA (figure 8), which might be explained by a potential similar way of 

enhancing Gsα action or by reaching the maximum of mAC3 activity that cannot be 

enhanced any further. The fact that I was able to measure mAC3 activities higher 

than 6.49 nmol cAMP•mg-1•min-1 is indicating that SDPA and forskolin might share a 

similar mechanism of enhancing Gsα stimulation, although the chemical and 

structural differences of forskolin and SDPA are virtually excluding a shared binding 

site (figure 7).  

 

 

Figure 7. Structures of forskolin and SDPA. 
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Figure 8. Effect of SDPA on 600 nM Gsα-, 25 µM Forskolin- (FSK-) and 600 nM 
Gsα + 25µM FSK- stimulated mAC3.  
Basal and Gsα, FSK, and Gsα + FSK activities of mAC3 were 0.01 and 0.32, 0.18, 
and 6.49 nmol cAMP•mg-1•min-1, respectively. N=2. 100% corresponds to Gsα-, FSK- 
and Gsα + FSK- activity, respectively. Error bars are not shown for clarity. 
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3.2 Publication II: 

Elsabbagh, S., Landau, M., Gross, H., Schultz, A., & Schultz, J.E. (2023). 

Heme b inhibits class III adenylyl cyclases. Cellular signalling, 103, 110568. 

https://doi.org/10.1016/j.cellsig.2022.110568 

 

Position in list of authors: 2 

 

Personal contributions: 

Designed, carried out and analyzed experiments for the data represented in 

figure 8B in the main manuscript. 

Maintained cell culture and harvested membranes for testing. 

 Revised and edited the manuscript together with all authors. 

 Estimated contribution: 10%. 
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3.3 Publication III: 

Landau, M., Elsabbagh, S., Gross, H., Fuchs, A., Schultz, A., Schultz, J.E. 

(2024). The membrane domains of mammalian adenylyl cyclases are lipid 

receptors. 

Elife 2024 Vol. 13  

https://doi.org/10.7554/eLife.101483.3 

 

Position in list of authors: 1 

 

Personal contributions:  

Designed, carried out and analyzed experiments for the data represented in 

figures 4, 6, 7, 9 B-E and 10 and in part for figure 1D. 

Maintained cell culture, transfected cell lines and harvested membranes for 

testing. 

Extraction and fractionation of lung tissue. 

 Revised and edited the manuscript together with all authors. 

 Estimated contribution: 50%. 
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Additional, unpublished data 

In the fractionation scheme in appendix 1 of publication III one can see that fraction F 

is having an enhancing effect on Gsα-stimulated mAC3 while it is slightly inhibiting 

mAC5. The fact that it shows by eye visible opposite effects on different isoforms 

leads to the assumption, that this fraction might contain compounds that regulate ACs 

in an isoform-specific manner.  

Indeed, fraction F (dissolved in DMSO) is strongly enhancing Gsα-stimulated mAC3 

activity in a concentration-dependent manner up to 0.5 µg/10µl. With increasing 

concentrations, the stimulation decreases and at high concentrations (> 4 µg/10µL) 

the fraction is inhibiting (Figure 9).  

 
Figure 9. Concentration-response curve of fraction F on Gsα-stimulated mAC3. 
Basal and 600 nM Gsα (corresponds to 100%) activities of mAC3 were 0.02 and 0.36 
nmol cAMP•mg-1•min-1, respectively. Error bars denote S.E.M. with n= 1-2. 10 
µg/10µL equals a final DMSO concentration of 2%.  
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Obviously, fraction F itself was heterogenous. The next step was to further 

subfractionate. RP-HPLC resulted in 5 subfractions, F-1 to F-5 (Figure 10) 

 
Figure 10. RP-HPLC chromatogram of fraction E. 
UV-absorbance at 210 nm. MeOH/H20 gradient indicated in blue. Flow rate: 1.5 
mL/min. Column: Eurospher II 100-5 C18P, 250x8 mm (Knauer). 

 

Next, I examined the effect of the subfractions on mAC3 and mAC5 activity, 

stimulated by Gsα. Subfraction F-1 was slightly enhancing mAC3 activity while it 

showed nearly no effect on mAC5. F-2, -3, and -4 were showing similar effects. 

Enhancement of mAC3 at certain concentrations, followed by a decrease of activity, 

like fraction F. The extent of enhancement differs between F-4 and the others. F-4 

enhances mAC3 activity up to 700% compared to Gsα-stimulation alone, while F-2 

and F-3 were enhancing up to 400%. The forementioned three subfractions were all 

inhibiting mAC5 activity similarly starting at concentrations higher than 1 µg/10µL 

assay volume. Subfraction F-5 enhances mAC3 activity up to 400% compared to 

Gsα-stimulated activity but lacks the decrease of activity at higher concentrations. 

The inhibitory effect on mAC5 is extenuated in comparison to F-2, -3, and -4 (Figure 

11).  
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Figure 11. Effect of subfractions F-1 to F-5 on 600nm Gsα-stimulated mAC3 and 
mAC5. 
  



81 
 
 

 

 

 

The main reasons why I continued working on subfraction F-5 were the missing 

decrease of activity with higher concentrations and the isoform-specific enhancement 

of mAC3. Further, the RP-HPLC chromatogram (Figure 9) did show one major peak 

in this fraction, indicating the probability of dealing with a limited number of 

compounds in this fraction. NMR studies undertaken and analyzed by Prof. Dr. 

Harald Groß (Pharmaceutical Institute, University Tübingen) identified 7-

ketocholesterol in subfraction F-5. 7-Ketocholesterol is an oxysterol associated with 

disease states, most prominently found in arterial plaques of coronary artery disease 

patients [29]. Surprisingly, 7-ketocholesterol did not affect Gsα-stimulated mAC3 in 

any way. The reduced form 7-hydroxycholesterol did also not affect Gsα -stimulated 

mAC3 activity, excluding loss of function through oxidation processes of the 

compound (Figure 12).  

 
Figure 12. Effect of subfraction F-5, 7-keto- and 7-hydroxycholesterol on Gsα-
stimulated mAC3. 
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The NMR data and some very minor peaks in the RP-HPLC chromatogram (Figure 9) 

were already indicating that the subfraction F-5 is not solely composed of 7-

ketocholesterol but contains one or more unknown compounds. Together with Dr. 

Norbert Grzegorzek (Organic chemistry, University Tübingen) I performed GC/MS 

studies after trimethylsilylation according to publication III. The mass spectra were 

then compared to the NIST database for identification. It was no surprise that we 

identified 7-ketocholesterol in subfraction F-5. However, it was surprising to identify 

palmitic, stearic and oleic acid (Figure 13), the same fatty acids we identified in 

subfraction E-2. Therefore, I further cooperated with Dr. Sherif Elsabbagh 

investigating the effects of fatty acids. 

 

 
 
Figure 13. GC-chromatogram with respective mass spectra of subfraction F-5. 
Compounds were identified via comparisons with the NIST data base as their 
respective trimethylsilyl derivatives. 
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In addition to the chimeric protein mAC5-3, we also generated a chimera in which the 

transmembrane domain of mAC3 is fused to the cytosolic domain of mAC5 (mAC3-

5). The expression was confirmed via in-gel fluorescence, performed by Dr. Adrian 

Fuchs (MPI Tübingen) (Figure 14). Gsα concentration-response curves revealed that 

this chimera was no longer regulated, exhibiting an activity at 300 nM Gsα that was 

22 times higher than that of mAC5 at the same concentration (Figure 15). Due to this 

outcome, I decided not to pursue further research on this protein.  

 

 
Figure 14. Detection of mAC3(membr)-mAC5(cat) and mAC5(membr)-mAC7(cat) 
chimeras. 
Proteins were detected by in-gel fluorescence via the N-terminal Connectase-tag 
according to [30]. 
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Figure 15. Gsα concentration response curves for mAC3-5 and mAC5. 
Basal activities of mAC3-5 and mAC5 were 0.03 and 0.05 nmol•mg-1•min-1, 
respectively. EC50 were 264 and 245 nM, respectively. N=1, in technical duplicates. 
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Additionally, we designed and expressed a chimera combining the transmembrane 

domain of mAC5 with the cytosolic domain of mAC7 (mAC5-7). The expression was 

again confirmed through in-gel fluorescence (Figure 14). Anandamide concentration-

response curves showed that the activity of this chimera, when stimulated by 300 nM 

Gsα, was attenuated comparable to mAC5. In contrast, mAC7 stimulated by Gsα 

remained unaffected by anandamide, even at concentrations up to 100 µM (Figure 

16). These findings undermine the membrane receptor hypothesis by indicating that 

the anandamide receptor property of mAC5 is transferable not only to mAC3 but to 

another, anandamide-insensitive, isoform too. 

 
Figure 16. Anandamide attenuates mAC5-7 but not mAC7. 
Basal and 300 nM Gsα-stimulated activities were 0.07 ± 0.01 and 1.78 ± 0.10 (AC5), 
0.02 ± 0.01 and 0.09 ± 0.01 (AC7) and 0.02 ± 0.01 and 0.20 ± 0.02 nmol•mg-1•min-1 

(AC5-7), respectively. Calculated IC50 values were 45 and 140 µM for mAC5 and 
mAC5-7, respectively. Error bars are not shown for clarity, N=4-8. 
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Outlook and discussion 

Not so many years ago, the TM domain of ACs was dismissed as a membrane  

anchor without further function. Bioinformatical, structural, and biochemical studies of 

the last couple of years indicated that the TM domains might be a novel class of  

receptors. On the search for potential ligands proofing this hypothesis, we came   

across some very interesting findings.  

 

One major open question is dealing with the missing regulator specific for mAC8 

activity. For all other isoforms we identified specific ligands. While we were focusing 

on the extraction of lipids from bovine lung at pH 1, preliminary data indicate that, yet 

unidentified, compounds extracted at pH 7 and pH 14 might have a stimulatory effect 

on mAC8. Further, the recently published cryo-EM structure of mAC8 indicates that 

there is a cavity in the TM domain at the interface of the TM1-7 helices formed by the 

TM4 helix and the loop between TMs 3-4,  which is partially negatively charged and 

therefore a potential binding site for positively charged ligands [25]. This matches 

with the promising, but preliminary data of the pH 7 and pH 14 extraction data. mAC8 

is best studied for its role in the brain, where it takes part in synaptic regulation and 

also in the heart, specifically in the sinoatrial node, where overexpression of AC8 

increased heart rate [31, 32]. That given, using brain or heart tissue as starting 

material for ligand finding might be worthwhile. 

 

Another aspect of the regulation via the TM domains that we did not directly address 

yet is, if the divalent cations nature is of importance for this kind of regulation. It is 

well known that Mn2+ is a more potent co-factor than Mg2+ but to this day it is not yet 

solved what exactly causes this difference in activity based on the cation’s nature. 

Preliminary data suggest that the influence of the cation on AC regulation via its TM 

domain is at least given for the effect of oleic acid on mAC3. Membrane preparations 

incubated with Mn2+ instead of Mg2+ are not further enhanced by oleic acid, while the 

inhibiting effect of arachidonic acid and anandamide is not affected by exchanging 

the cations. This is something that needs to be investigated further. 
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The biochemical data that we generated over the last years are only the beginning of 

understanding how ACs are precisely regulated by their TM domains. Structural 

studies could be useful to identify the potential binding pocket of the ligands. Once 

the binding pocket is identified, bioinformatic studies could speed up the search for 

more potent ligands. The fatty acids that were described as potential ligands might 

not be the most potent ligands and presently, the existence of more specific ligands 

cannot be excluded. Predictions based on bioinformatic studies could then bear 

drugs with increased potency and/or efficacy. 

 

Another question is where these lipophilic ligands come from. For GLPs it is known 

that the ones with ethanolamine-, choline-, and serine-headgroups are hydrolyzed by 

phospholipase D, resulting in phosphatidic acids [33]. 

Concentrations of heme b in blood are usually low but are reported to increase 

strongly upon hemolysis induced by pathologies like sickle cell disease, sepsis, 

malaria attacks but also after transfusion of packed red blood cells [34, 35].  

While solute signaling is studied intensively, lipid signaling is less examined. The 

question of how the free fatty acids are getting to the TM domain of the ACs is 

something that, at this point, we cannot answer. It is described that free fatty acids 

actually bind to so called free fatty acid receptors, which are mostly, but not all 

GPCRs, but the authors also cannot explain how the fatty acids get there [36]. 

 

In publication III we put ACs at the crossing of direct, tonic lipid signaling and indirect 

phasic signaling via the GPCR/Gsα pathways. So, what is the tonic state that is 

constantly monitored by the mACs? The first thing that comes to mind is a general 

sensor system for the nutritional state, but this needs further investigation. 
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The second important finding described in publication III is the idea of two basal 

ground states, one Gsα-responsive state and one Gsα-unresponsive state (figure 

17). The ligands then might shift the equilibrium from one state to the other. For 

example, mAC3, which seems to favor the Gsα-unresponsive state is shifted to the 

opposing state by oleic acid, seemingly an activating input. The opposite might be the 

case for mAC5. Arachidonic acid or anandamide, inhibitory inputs, shift the 

equilibrium to the Gsα-unresponsive state. So, we modified the model first described 

by Seth et al. a little bit, but the general idea is still the same: Ligands bind to the TM 

domain of ACs and then regulate the effect of Gsα without directly increasing or 

decreasing activity, somehow comparable to the pedals of a piano. Pressing the 

pedals of the piano is changing the way the piano will sound like, but one is unable to 

identify what changed until you start pressing the keys. In our case the TM domains 

are like the pedals, the keys represent the catalytic domains, the feet that are 

pushing the pedals are the ligands and the fingers playing the keys represent Gsα 

binding.  

 
Figure 17. Two-state-model modified after [23]. 
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An intriguing aspect of this research is the interconnectedness of 

glycerophospholipids, fatty acids, and endocannabinoids. Fatty acids and 

endocannabinoids are already recognized as ligands for receptors [37, 38]. 

Glycerophospholipids are described as “a reservoir for second messengers” [39] and 

therefore ligands. Two potential pathways of anandamide synthesis directly link these 

three substance classes. Anandamide can either be formed from arachidonic acid 

and ethanolamine or through the breakdown of N-arachidonoyl 

phosphatidylethanolamine, a membranous glycerophospholipid, by 

phosphodiesterase directly within the membrane [40]. The fact that all three 

substances can be formed into each other gives a hint, that mAC regulation might be 

controlled by a complex system of synthesis and degradation of lipophilic 

compounds. 

 

Without any doubt, the results presented here are not describing the whole 

mechanism of AC regulation via its TM domains, but like my supervisor used to tell 

me at one of the first days in the lab: “Good science is not only answering questions, 

but also raises many more that are worth to investigate”. And this is the case here. 

There are so many open questions that are more than worth to go after. 

 

  



90 
 
 

 

 

 

1. Sutherland, E.W. and T.W. Rall, Fractionation and characterization of a cyclic adenine 
ribonucleotide formed by tissue particles. J Biol Chem, 1958. 232(2): p. 1077-91. 

2. Heldin, C.H., et al., Signals and Receptors. Cold Spring Harb Perspect Biol, 2016. 8(4): p. 
a005900. 

3. Casado, V. and V. Casado-Anguera, What are the current trends in G protein-coupled 
receptor targeted drug discovery? Expert Opin Drug Discov, 2023. 18(8): p. 815-820. 

4. Meinkoth, J.L., et al., Signal transduction through the cAMP-dependent protein kinase. 
Mol Cell Biochem, 1993. 127-128: p. 179-86. 

5. Kaupp, U.B. and R. Seifert, Cyclic nucleotide-gated ion channels. Physiol Rev, 2002. 
82(3): p. 769-824. 

6. Bos, J.L., Epac proteins: multi-purpose cAMP targets. Trends Biochem Sci, 2006. 31(12): 
p. 680-6. 

7. Linder, J.U. and J.E. Schultz, The class III adenylyl cyclases: multi-purpose signalling 
modules. Cell Signal, 2003. 15(12): p. 1081-9. 

8. Bassler, J., J.E. Schultz, and A.N. Lupas, Adenylate cyclases: Receivers, transducers, and 
generators of signals. Cell Signal, 2018. 46: p. 135-144. 

9. Hahn, D.K., et al., Catalytic Mechanism of Mammalian Adenylyl Cyclase: A 
Computational Investigation. Biochemistry, 2015. 54(40): p. 6252-62. 

10. Tesmer, J.J. and S.R. Sprang, The structure, catalytic mechanism and regulation of 
adenylyl cyclase. Curr Opin Struct Biol, 1998. 8(6): p. 713-9. 

11. Yan, S.Z., et al., The conserved asparagine and arginine are essential for catalysis of 
mammalian adenylyl cyclase. J Biol Chem, 1997. 272(19): p. 12342-9. 

12. Dessauer, C.W., et al., International Union of Basic and Clinical Pharmacology. CI. 
Structures and Small Molecule Modulators of Mammalian Adenylyl Cyclases. Pharmacol 
Rev, 2017. 69(2): p. 93-139. 

13. Mitterauer, T., et al., The C2 catalytic domain of adenylyl cyclase contains the second 
metal ion (Mn2+) binding site. Biochemistry, 1998. 37(46): p. 16183-91. 

14. Ziegler, M., et al., Characterization of a novel signal transducer element intrinsic to class 
IIIa/b adenylate cyclases and guanylate cyclases. FEBS J, 2017. 284(8): p. 1204-1217. 

15. Qi, C., et al., The structure of a membrane adenylyl cyclase bound to an activated 
stimulatory G protein. Science, 2019. 364(6438): p. 389-394. 

16. Krupinski, J., et al., Adenylyl cyclase amino acid sequence: possible channel- or 
transporter-like structure. Science, 1989. 244(4912): p. 1558-64. 

17. Reddy, R., et al., Voltage-sensitive adenylyl cyclase activity in cultured neurons. A 
calcium-independent phenomenon. J Biol Chem, 1995. 270(24): p. 14340-6. 

18. Cooper, D.M. and A.J. Crossthwaite, Higher-order organization and regulation of adenylyl 
cyclases. Trends Pharmacol Sci, 2006. 27(8): p. 426-31. 

19. Tang, W.J. and A.G. Gilman, Construction of a soluble adenylyl cyclase activated by Gs 
alpha and forskolin. Science, 1995. 268(5218): p. 1769-72. 

20. Schultz, J.E., The evolutionary conservation of eukaryotic membrane-bound adenylyl 
cyclase isoforms. Front Pharmacol, 2022. 13: p. 1009797. 

21. Guo, Y.L., et al., Adenylyl cyclase Rv1625c of Mycobacterium tuberculosis: a progenitor 
of mammalian adenylyl cyclases. EMBO J, 2001. 20(14): p. 3667-75. 

22. Beltz, S., J. Bassler, and J.E. Schultz, Regulation by the quorum sensor from Vibrio 
indicates a receptor function for the membrane anchors of adenylate cyclases. Elife, 
2016. 5. 



91 
 
 

 

 

 

23. Seth, A., et al., Gsalpha stimulation of mammalian adenylate cyclases regulated by their 
hexahelical membrane anchors. Cell Signal, 2020. 68: p. 109538. 

24. Mehta, V., et al., Structure of Mycobacterium tuberculosis Cya, an evolutionary ancestor 
of the mammalian membrane adenylyl cyclases. Elife, 2022. 11. 

25. Khanppnavar, B., et al., Regulatory sites of CaM-sensitive adenylyl cyclase AC8 revealed 
by cryo-EM and structural proteomics. EMBO Rep, 2024. 25(3): p. 1513-1540. 

26. Yen, Y.C., et al., Structure of adenylyl cyclase 5 in complex with Gbetagamma oƯers 
insights into ADCY5-related dyskinesia. Nat Struct Mol Biol, 2024. 31(8): p. 1189-1197. 

27. Diau, G.Y., et al., The influence of long chain polyunsaturate supplementation on 
docosahexaenoic acid and arachidonic acid in baboon neonate central nervous system. 
BMC Med, 2005. 3: p. 11. 

28. Park, H.G., et al., The fatty acid desaturase 2 (FADS2) gene product catalyzes Delta4 
desaturation to yield n-3 docosahexaenoic acid and n-6 docosapentaenoic acid in 
human cells. FASEB J, 2015. 29(9): p. 3911-9. 

29. Anderson, A., et al., 7-Ketocholesterol in disease and aging. Redox Biol, 2020. 29: p. 
101380. 

30. Fuchs, A.C.D., Specific, sensitive and quantitative protein detection by in-gel 
fluorescence. Nat Commun, 2023. 14(1): p. 2505. 

31. Ostrom, K.F., et al., Physiological roles of mammalian transmembrane adenylyl cyclase 
isoforms. Physiol Rev, 2022. 102(2): p. 815-857. 

32. Moen, J.M., et al., Overexpression of a Neuronal Type Adenylyl Cyclase (Type 8) in 
Sinoatrial Node Markedly Impacts Heart Rate and Rhythm. Front Neurosci, 2019. 13: p. 
615. 

33. Jang, J.H., et al., Understanding of the roles of phospholipase D and phosphatidic acid 
through their binding partners. Prog Lipid Res, 2012. 51(2): p. 71-81. 

34. Immenschuh, S., et al., Heme as a Target for Therapeutic Interventions. Front 
Pharmacol, 2017. 8: p. 146. 

35. Pietropaoli, A.P., et al., Total plasma heme concentration increases after red blood cell 
transfusion and predicts mortality in critically ill medical patients. Transfusion, 2019. 
59(6): p. 2007-2015. 

36. Kimura, I., et al., Free Fatty Acid Receptors in Health and Disease. Physiol Rev, 2020. 
100(1): p. 171-210. 

37. Grundmann, M., et al., Pharmacology of Free Fatty Acid Receptors and Their Allosteric 
Modulators. Int J Mol Sci, 2021. 22(4). 

38. Estrada, J.A. and I. Contreras, Endocannabinoid Receptors in the CNS: Potential Drug 
Targets for the Prevention and Treatment of Neurologic and Psychiatric Disorders. Curr 
Neuropharmacol, 2020. 18(8): p. 769-787. 

39. Farooqui, A.A., L.A. Horrocks, and T. Farooqui, Glycerophospholipids in brain: their 
metabolism, incorporation into membranes, functions, and involvement in neurological 
disorders. Chem Phys Lipids, 2000. 106(1): p. 1-29. 

40. Sugiura, T., et al., Biosynthesis and degradation of anandamide and 2-
arachidonoylglycerol and their possible physiological significance. Prostaglandins 
Leukot Essent Fatty Acids, 2002. 66(2-3): p. 173-92. 

 



92 
 
 

 

 

 

Disclaimer AI-systems 

I utilized OpenAI’s ChatGPT language model to improve the quality of the language. I 
confirm that the AI was used exclusively for this purpose, and no information or data 
presented in this thesis was obtained through ChatGPT.  


