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SUMMARY  

Nine membrane bound mammalian isoforms of adenylyl cyclase (mACs) 

convert ATP into cAMP, an important second messenger in signal transduction. 

Previous data have supported the notion that mACs membrane anchors could be 

regarded as orphan receptors for unknown ligands that could establish a new way of 

regulating the activity of mACs. Herein, I describe the work been done attempting to 

isolate and identify a ligand that can modulate the activity of mACs via binding to its 

membrane domain. 

In the first study, lipids -expected as ligands- were isolated from fetal bovine 

serum at different pH values. Lipidomic analysis identified glycerophospholipids (GPL) 

as major constituents. Surprisingly, 1-stearoyl-2-docosahexaenoyl-phosphatidic acid 

(SDPA) enhanced Gsñ activation of mAC3. Examining the specificity of the fatty acyl 

substituents and head group of phosphatidic acid demonstrated a notable specificity. 

We also showed the GPLs’ capability to affect other mACs differently, indicating a 
modest specificity. Further data suggested SDPA binding to a cytosolic site. SDPA 

enhanced mAC activity in mouse brain cortical membranes indicating its physiological 

importance. Collectively, this study identified GPLs as intracellular effectors of mACs, 

settling a new way of regulating mAC activities, and opening the door to looking for 

other paths of mACs regulation.  

In the second study, extraction and fractionation of bovine lung tissue 

identified heme b that attenuated Gsñ-stimulated activities of all mAC isoforms. 

Likewise, heme b attenuated class III bacterial ACs with similar efficacy to mACs. In 

addition, it decreased cAMP accumulation in HEK293 cells and attenuated Gsñ-

stimulated AC activities in brain cortical membranes. Data suggested its direct binding 

to the catalytic dimer. The study adds a new facet to the distinct physiological and toxic 

actions played by heme b and evokes the possible linkage between the second 

messenger cAMP and pathological conditions where heme b levels are elevated. 

In the last study, we identified aliphatic lipids as mACs potential ligands. 

Initially, oleic acid enhanced mAC2, 3, 7, and 9 activities with distinct efficacies. In a 

cellular context, it enhanced cAMP accumulation in HEK293-mAC3. Exploring the 

ligand space for those mACs identified other stimulating fatty acids with remarkable 

specificity. Further analysis revealed the attenuation of mAC1 and 4 by arachidonic 

acid and mAC5 and 6 by anandamide. To prove the specific ligand interaction with 

mAC membrane domains, we generated an mAC5TM-mAC3cat chimera which was not 

affected by oleic acid and attenuated by anandamide. The study validates a novel 

receptor role for mAC membrane anchors and establishes a new way of cAMP 

regulation; an interplay between rapid solute and tonic lipid signaling.  



Zusammenfassung 

Neun membrangebundene Isoformen der Säugetier-Adenylylcyclase (mAC) 

wandeln ATP in cAMP um, einen wichtigen sekundären Botenstoff der 

Signaltransduktion. Frühere Daten haben die Annahme gestützt, dass die 

Membrananker der mACs als Waisenrezeptoren für unbekannte Liganden betrachtet 

werden könnten, die einen neuen Weg zur Regulierung der Aktivität von mACs 

etablieren könnten. Hier beschreibe ich die Isolierung und Identifikation eines 

Liganden, der die Aktivität von mACs durch Bindung an deren Membrandomäne 

modulieren kann. 

In der ersten Studie wurden Lipide, die als Liganden dienen sollten, aus 

fötalem Kälberserum bei verschiedenen pH-Werten extrahiert. Eine Lipidomanalyse 

identifizierte Glycerophospholipide (GPL) als Hauptbestandteile. 

Überraschenderweise verstärkte 1-Stearoyl-2-docosahexaenoylphosphatidsäure 

(SDPA) die Gsα-Aktivierung von mAC3. Die Untersuchung der Spezifität der 

Acylsubstituenten und der Kopfgruppe der GPLs zeigte eine bemerkenswerte 

Spezifität. Wir haben auch gezeigt, dass die GPLs andere mACs unterschiedlich 

beeinflussen, was auf eine weniger ausgeprägte Isoform-Spezifität hinweist. Weitere 

Daten deuten darauf hin, dass SDPA an eine zytosolische Domäne bindet. SDPA 

verstärkte die mAC-Aktivität in kortikalen Membranen des Gehirns von Mäusen, was 

ihr eine physiologische Bedeutung verleiht. Zusammenfassend identifizierte diese 

Studie GPLs als intrazelluläre Effektoren von mACs, etablierte eine neue Art der 

Regulierung der mAC-Aktivität und öffnete die Tür für die Suche nach anderen 

Möglichkeiten der mAC-Regulierung. 

In der zweiten Studie wurde durch Extraktion und Fraktionierung von 

Rinderlungengewebe Häm b identifiziert, welches die Gsα-stimulierten Aktivitäten aller 

mAC-Isoformen abschwächte. Ebenso schwächte Häm b bakterielle ACs der Klasse 

III mit ähnlicher Wirksamkeit ab. Darüber hinaus verringerte es die cAMP-

Akkumulation in HEK293-Zellen und schwächte Gsα-stimulierte AC-Aktivitäten in den 

kortikalen Membranen des Gehirns von Mäusen ab. Die Daten deuten auf eine direkte 

Bindung mit dem katalytischen Dimer hin. Die Studie fügt den unterschiedlichen 

physiologischen und toxischen Wirkungen von Häm B eine neue Facette hinzu und 

weist auf einen möglichen Zusammenhang zwischen dem sekundären Botenstoff 

cAMP und pathologischen Zuständen hin, bei denen der Häm b-Spiegel erhöht ist. 

In der letzten Studie haben wir aliphatische Lipide als potenzielle Liganden 

der mACs identifiziert. Ölsäure steigerte die Aktivitäten von mAC2, 3, 7 und 9 mit 

unterschiedlicher Wirksamkeit. In vivo steigerte es die cAMP-Akkumulation in 

HEK293-mAC3. Bei der Untersuchung des Ligandenraums für diese mACs wurden 



andere stimulierende Fettsäuren mit beachtlicher Spezifität identifiziert. Weitere Tests 

ergaben die Abschwächung von mAC1 und 4 durch Arachidonsäure und mAC5 und 

6 durch Anandamid. Um die spezifische Ligandeninteraktion mit den mAC-

Membrandomänen nachzuweisen, haben wir eine mAC5TM-mAC3cat-Chimäre 

konstruiert, die nicht durch Ölsäure beeinflusst aber durch Anandamid abgeschwächt 

wurde. Die Studie validiert eine neuartige Rezeptorrolle für den mAC-Membrananker 

und etabliert eine neue Art der cAMP-Regulation; ein Zusammenspiel zwischen der 

schnellen Signalübertragung durch lösliche Stoffe und der tonischen (lipid-

gesteuerten) Signalübertragung. 
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1. INTRODUCTION  

 

1.1 cAMP-dependent pathway 

The cAMP-dependent pathway is a GPCR driven signaling pathway used in 

cell communication. In this cascade, GPCRs are cell membrane receptors that detect 

extracellular molecules and translate them into intracellular responses. About 2% of 

human genome encode GPCRs, representing the largest receptor family. GPCR 

family members regulate a wide range of key physiological functions, including 

neurotransmission, blood pressure, cardiac activity, glucose and lipid metabolism, 

sensory perception, etc. (Pierce, Premont and Lefkowitz 2002, Heldin, Lu et al. 2016). 

A group of membrane associated proteins, termed G-proteins, interacts with an 

effector enzyme, adenylyl cyclase (AC), thus transducing the ligand-receptor 

interaction into an intracellular response (Taylor 1990). G-proteins bind both GDP and 

GTP. GDP is bound in the inactive state, and when activated, G-proteins exchange 

GTP for GDP. G-proteins are known to be heterotrimers composed of three subunits, 

ñ, ò, and  that are structurally distinct. ò, and   subunits are associated together, 

acting as one functional unit. The α subunit has a GTPase activity to terminate AC 

activation (Syrovatkina, Alegre et al. 2016).  

Earl Sutherland's discovery more than 60 years ago that hormone-induced 

glycogen breakdown in the liver is mediated by cAMP resulted in the formulation of 

the core idea of the intracellular second messenger (Sutherland and Rall 1958). cAMP 

signals are transmitted into action by various effector proteins mainly, but not 

exclusively protein kinase A (Walsh, Perkins and Krebs 1968), the exchange protein 

directly activated by cAMP (de Rooij, Rehmann et al. 2000), and cyclic nucleotide–

gated ion channels (Fesenko, Kolesnikov and Lyubarsky 1985). Many biological 

processes, such as hormone secretion, glycogen breakdown (Hardman, Robison and 

Sutherland 1971), smooth muscle relaxation (Andersson and Nilsson 1972), cardiac 

contraction (Post, Hammond and Insel 1999, Okumura, Kawabe et al. 2003) are 

implicated in the functions of cAMP, according to biochemical and genetic data. In 

bacteria, cAMP activates catabolite activator protein, regulating metabolism (Gancedo 

2013). Protein secretion, virulence and phototaxis are further cAMP dependant 

responses (Iseki, Matsunaga et al. 2002, McDonough and Rodriguez 2011).  



1.2 Adenylyl Cyclases 

Despite having a similar function, ACs don’t descend from the same ancestor. 

Instead, they are split into six distinct classes, of which five classes (I, II, IV, V, VI) 

haven’t been subjected to extensive research mostly as they are confined to a narrow 

range of prokaryotic species (Linder and Schultz 2003, Bassler, Schultz and Lupas 

2018). Class II ACs stand out among them because pathogenic bacteria such as 

Bordetella pertussis and Bacillus anthracis release them as toxins that disrupt the 

levels of cAMP in their hosts (Rogel, Schultz et al. 1989, Barzu and Danchin 1994, 

Paccani, Finetti et al. 2011). Class III is the most numerous structurally, functionally 

diversified, and pharmacologically significant AC class and it is the only class that is 

present in animals. The conserved catalytic domain defines this family and shares 

similarities with the bacterial diguanylate cyclases’ catalytic GGDEF domain (Pei and 

Grishin 2001). Class III ACs are further subdivided into four subclasses termed IIIa-

IIId based on sequence similarity between homologous catalytic subunits (Figure 1) 

(Linder and Schultz 2003).  

 

Figure 1. Evolutionary relationships between class III ACs’ catalytic domains. Major 
subdivisions’ relations are shown as solid lines. Line thickness depicts the divergence of 
domain architectures within a branch. Remote homology is indicated by dotted lines. (From 
(Bassler, Schultz and Lupas 2018)). 



Dimerization is necessary for class III AC activity. At the subunit interface, two 

catalytic centers are formed by bacterial AC homodimers. In eukaryotic ACs, the so-

called pseudo heterodimers are made up of two complementary catalytic units linked 

together to create a single catalytic centre at the interface. Biochemical and structural 

studies have clarified the catalytic mechanism (Tesmer and Sprang 1998). Three pairs 

of residues are crucial: A divalent metal cofactor, Mn2+ or Mg2+, is coordinated by a 

pair of aspartate residues to allow a nucleophilic attack of the ribose 3′-hydroxyl group 

on the α-phosphate of ATP. One arginine and one asparagine side chains stabilize 

the resultant transition state. The third pair of residues, aspartate and lysine are 

important for substrate specificity. Eukaryotic ACs have relatively little structural 

variation, and the domain architectures of these structures are usually preserved 

across major clades. For instance, two architectural types of ACs and three types of 

guanylate cyclases were found in all animal species. Some of these, like the mACs 

have experienced considerable lineage-specific expansion, resulting in several 

genetic copies of the same kind (mACs 1-9;). Later, it was shown that the membrane 

domains of mACs 1, 3, and 8, as well as isoforms 2, 4, and 7, and 5 and 6, have 

commonalities. mAC9's membrane anchor domains are unique compared to all others 

(Bassler, Schultz and Lupas 2018). 

1.3 Mammalian Adenylyl Cyclases 

Mammalian ACs belong to class III, with nine membrane bound isoforms which 

participate in GPCR signaling pathway and one soluble AC (termed AC10) that is not 

directly linked to GPCR (Khannpnavar, Mehta et al. 2020). mACs share similar 

architecture (Figure 2), having two repeats of a membrane-spanning domain (TM 

domain), two linkers of about 80 residues containing a stretch of 19 amino acids that 

form a cyclase transducing element (CTE) (Ziegler, Bassler et al. 2017) , termed by 

others as helical domains (HD) ,that connect the TM domains to two conserved 

catalytic domains and a variable N-terminus in common (Sadana and Dessauer 2009). 

The two cytoplasmic domains (C1 and C2) both contain a region with around 230 

amino acid residues that are similar, which causes pseudosymmetry (C1a and C2a). 

At their interface, they combine to create a catalytic dimer. The N and C-termini of C1 

and C2 domains, known as C1b and C2b are the most variable among the various 

isoforms (Sadana and Dessauer 2009). A substrate-binding site and a corresponding 



forskolin (FSK) site are created along the domain interface by the pseudosymmetry. 

Based on their regulatory characteristics, mACs are frequently classified into four main 

types. Group I is made up of Ca2+-stimulated mAC1, 3, and 8, group II includes Gß-

stimulated mAC2, 4, and 7, group III involves Giñ/Ca2+-inhibited mAC5 and 6, and 

group IV is the FSK-insensitive mAC9 (Sadana and Dessauer 2009).  

The topic of why different mAC isoforms are required and what functional tasks 

are regulated by each isoform emerged. The specificity shown in mAC function is 

mostly defined by tissue distribution. Most of the data for tissue distribution rely on 

PCR or Northern blotting due to the low abundance of mAC expression and the poor 

quality of the available antibodies. Nonetheless, it is evident that most cells express 

two or more mAC isoforms, and the brain expresses almost all of them (Sadana and 

Dessauer 2009). It has been shown that mACs play important roles in mammalian 

physiology. For example, mAC1 and 8 have been linked to learning and memory. 

mAC3 has been implicated in diabetes and obesity. mAC5 and 6 have been 

extensively studied in relation to cardiac function (Dessauer, Watts et al. 2017). 

Figure 2. Structure of bovine AC9 (Qi, Sorrentino et al. 2019) depicting general ACs 
architecture. TM; Transmembrane domain, HD; Helical domain, C1 and C2; Catalytic 
domains 1 and 2, respectively. 

 



1.4 TM domains are orphan receptors. 

Two related C1 and C2 domains and two different membrane anchors, TM1 

and TM2, were found in the initial amino acid sequence of a mammalian AC (Krupinski, 

Coussen et al. 1989). TM domains were thought to have channel- or transporter-like 

capabilities; however, these claims were never proven (Krupinski, Coussen et al. 

1989). The surprising finding that the independently expressed C1/C2 catalytic 

domains are regulated by Gsñ has been employed in the majority of biochemical 

experiments, i.e. the membrane anchoring appeared unnecessary for catalysis and 

regulation (Tang and Gilman 1995). Why then do we need 2x6 TM spans when just 1 

or 2 would have been enough to bind into the membrane? Searching for a 

physiological role other than membrane-anchoring can be justified by the evolutionary 

conservation of the membrane domains for more than half a billion years (Beltz, 

Bassler and Schultz 2016, Ziegler, Bassler et al. 2017, Bassler, Schultz and Lupas 

2018). In addition, the size of the TM domains exceeds 30% of the whole protein size 

which surpasses the demand for just membrane attachment. Notably, TM1 and TM2 

are different and alignment between these domains failed owing to low conservation. 

Besides, lack of conservation among the membrane anchors of different mACs was 

observed regardless of their classification to similarly regulated groups (Seebacher, 

Linder and Schultz 2001). However, TM domains of an individual mAC isoform are 

highly conserved among different species (Schultz 2022). Random mutations within 

the membrane domains were shown to attenuate or even abrogate mAC activity (Levin 

and Reed 1995). All these deliberations would raise the question of whether the role 

of the mAC TM domains is only limited to the protein anchoring or not.  

Previously, the hexahelical cholera quorum-sensing receptor CqsS from Vibrio 

was substituted for the mycobacterial Rv1625c 6TM domain to create the CqsS-

Rv1625c chimera (Beltz, Bassler and Schultz 2016). Cholera auto inducer-1 (CAI-1), 

the CqsS ligand, enhanced the chimera activity. A family of CTEs that are essential 

for signal transduction were also characterized (Ziegler, Bassler et al. 2017). The fact 

that they are isoform-specifically conserved in mACs reinforced the idea that the mAC 

membrane domains might serve as ligand receptors. Further information provided a 

proof-of-concept experiment to show how a 2x6 anchor domain can control the activity 

of mAC2 catalytic dimer (Seth, Finkbeiner et al. 2020). Prospective ligands were 

expected to be present in the body extracellular fluid. Indeed, data showed that human 



serum substantially and concentration-dependently attenuated the activity of mAC2 

stimulated by Gsñ. Fetal bovine serum (FBS) had no effect on the basal and Gsñ-

stimulated activities of CqsS-mAC2 chimera ruling out the possibility of serum having 

an impact on the catalytic domains or its activation by Gsñ and indicated that the 

observed effect was dependent on the presence of the mAC2 membrane anchor. Data 

demonstrated a new level of mAC regulation, through the TM domains, that is spatially 

distinct from the catalytic dimer. Moreover, regulatory input via the membrane domains 

readily suggested a possible explanation for their remarkable evolutionary 

conservation in an isoform-specific manner (Bassler, Schultz and Lupas 2018). The 

receptor function of mACs TM domains is further supported by the recently solved 

cryo-EM structures for mAC5, 8, 9, and the mycobacterial AC Rv1625c/Cya featuring 

an extracellular cavity at the TMs interface that differs in size and electrostatic potential 

among the aforementioned structures, suggesting possible interactions with potential 

ligands i.e. small molecules, ions, peptides, lipids (Figure 3) (Qi, Sorrentino et al. 2019, 

Mehta, Khanppnavar et al. 2022, Khanppnavar, Schuster et al. 2024, Yen, Li et al. 

2024).  

 

Figure 3. Top view of TM domains of AC5, 8, 9, and Rv1625c/Cya revealing putative extracellular 
ligand binding sites. Structures are shown in surface representation, coloured based on the 
electrostatic potential. 

 

In 2020, a three-state model for mAC regulation was hypothesized (Seth, 

Finkbeiner et al. 2020) . At equilibrium, there are three different ground states of mAC: 

state A (inactive), state B (inactive), and state C (active) (Figure 4). State A and state 

B differ in the conformational flexibility of the C1/C2 catalytic domains. In state A, the 

catalytic domains are structurally restricted and unable to form an active dimer. In state 



B, the catalytic domains are structurally unconstrained but rarely collapse into active 

dimers (state C) due to their low affinity for each other. The 'C' state is responsible for 

the very low basal activity observed in all mACs. Restricting conformational flexibility 

by binding ligands outside the cell shifts the equilibrium to the inactive 'A' state, 

attenuating basal and Gsα-stimulated activities of mAC. The 'C' state is further 

stabilized by Gsα binding to cytosolic dimers, activating mAC. The proposed model 

offers the possibility that ligands may be binding at the membrane anchors. In this 

binding, membrane anchors act as receptors, relaying extracellular signals across the 

cell membrane to catalytic dimer. In this way, each mAC isoform is individually 

targeted by extracellular ligands and primed for physiologically measured GPCR/Gsα 

responses. Such a regulatory network would explain the mystery why multiple Gsα-

stimulated mAC isoforms are often expressed in a single cell.  

 

Figure 4. Three-state model of mAC regulation. (From (Seth, Finkbeiner et al. 2020)).  



2. OBJECTIVE 

The role played by the TM domain of membrane bound ACs apart from 

anchoring is not yet clear. Data generated by our group supported a hypothesis that 

they could be regarded as orphan receptors for unknown ligands.  

In this context, searching for ligands that bind to mACs membrane anchors has 

become a major query that needs to be addressed. First, we need to determine a 

potential source of these ligands. Is the serum the only source? Then, the chemical 

nature of the ligands must be identified (protein, lipid). Studying how a certain ligand 

regulates various mAC isoforms and the degree of its specificity is important.  Proving 

that an identified ligand exerts its action by interacting with the mAC membrane 

domains is of utmost importance. Additionally, probing for the effect of the prospective 

ligands in vivo, thereby indicating its physiological relevance is crucial.  

To address these aspects, various analytical (Lipidomics, Chromatography, 

GC-MS, NMR) approaches have been utilized in conjunction with biochemical assays. 

This led to the identification of lipid compounds that were found to regulate mAC 

activity. This work establishes a new perspective towards direct mACs regulation 

along with the indirect regulation by GPCR.  

  



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 
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for prospective membrane and intact cell assays. I performed intact cell 
assay of SDPA against mAC3. I contributed to manuscript revising and 
editing (with all authors). I estimate my contribution by 15%. 

 

  



 

  



 













 



 

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).  



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 

 

  



• 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) 

 

  



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) 

 

  



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. 

 

 

 

 

  



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. 

 

  



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 



Additional Experiments (not shown in the publication) 
 

A- Effect of SDPA on cAMP accumulation in HEK293-mAC3 
 

In chapter  SDPA was shown to enhance Gsñ-stimulated activity of mAC3. To 

examine its effect in vivo, I tested the effect of SDPA on HEK293 cells permanently 

transfected with mAC3. 14000 cells/well were seeded into 384 well plates, and cAMP 

generation was triggered by 10 M isoproterenol. As shown in Figure 1, SDPA up to 

50 M had no effect on cAMP accumulation on mAC3 intact cells.  

 

 

Figure 1. Effect of SDPA on HEK293-mAC3 stimulated by 10 µM isoproterenol. Basal and 
isoproterenol stimulated (set as 100%) activities were 0.11 ± 0.03 and 2.75 ± 0.36 pmol cAMP/14000 
cells. Error bars denote SEM of n = 2 done in triplicates. 
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Additional Experiments (not included in the publication) 
 

A- Hormones as ligands? 

 
In the beginning of this work, we had no clue about the possible chemical nature of 

the ligands. Serum, which demonstrated inhibitory effect on mAC activity is a complex 

mixture of many constituents such as proteins, lipids, hormones, nutrients, antibodies, 

carbohydrates, etc. In a preliminary investigation, a group of hormones listed in Table 

1 were screened against 600 nM Gsñ stimulated mAC3 and 5 transfected expressed 

in Sf9 cells in the presence and absence of 2.5% exosome depleted FBS (FBSexo).  

 

Table 1. List of screened hormones and their concentrations used in assays. All 
concentrations are within normal physiological concentrations. 
 DHEA: Dehydroepiandosterone 

Hormone Assay concentration 

Cortisol 700 nM 

Corticosterone 45 nM 

Deoxycorticosterone 0.3 nM 

Estradiol 1300 pM 

Progesterone 10 nM 

Aldosterone 600 pM 

Testosterone 42 nM 

DHEA 3.95 M 

T3 (total) 3 nM 

T4 (total) 215 nM 

 

Deoxycorticosterone significantly inhibited mAC3 activity by 50% in the absence of 

FBSexo (Figure 1A). Cortisol enhanced mAC3 activity about three and 2.5-fold (not 

significant) in the absence and presence of FBSexo, respectively (Figure 1A and 1B). 

In the presence of FBSexo, corticosterone, testosterone and T3 enhanced mACs 

activity two-fold (Figure 1B).  



 
Figure 1. Effect of hormones on mAC3 stimulated by 600 nM Gsa in the absence (A) and 
presence (B) of 2.5% FBSexo. (A) Basal and Gsa-stimulated (100%) activities of mAC3 were 
0.02  0.004 and 0.91  0.09 nmol cAMP/mg/min. (B) Basal and Gsa-stimulated activities of 
mAC3 in presence of FBSexo (set as 100%) were 0.06  0.04 and 0.57  0.25 nmol 
cAMP/mg/min. One sample t test: *P < 0.05 compared to 100%. Error bars denote SEM. n= 
1-3 each done in triplicates.  
 
With mAC5, no significant effect was observed with the tested hormones (Figure 2).  
 
 

 
Figure 2. Effect of hormones on mAC5 stimulated by 600 nM Gsa in the absence (A) and 
presence (B) of 2.5% FBSexo. (A) Basal and Gsa-stimulated (100%) activities of mAC5 0.06 
were 0.02  0.03 and 7.72  2.46 nmol cAMP/mg/min. (B) Basal and Gsa-stimulated activities 
of mAC3 in presence of FBSexo (set as 100%) were 0.12  0.04 and 3.24  0.77 nmol 
cAMP/mg/min. Error bars denote SEM. n= 1-3 each done in triplicates.  
 

  



B- Serum effect on mACs transfected in HEK293 cells 

We previously showed that human serum and FBS could attenuate mACs activity 

expressed in Sf9 cells (Seth, Finkbeiner et al. 2020). I wanted to examine the effect of 

serum on mACs expressed in HEK293 cells. Indeed, FBSexo concentration-

dependently attenuated 300 nM Gsñ stimulated mAC2 activity with an IC50 of 1.2%. 

At 20%, mAC2 activity was inhibited by 80 % (Figure 3).  

 
Figure 3. FBSexo attenuates 300 nM Gsα-stimulated mAC2 activity. Basal and Gsα-
stimulated (100%) activities were 0.24 ± 0.07 and 2.57 ± 0.55 nmol cAMP/mg/min. Error bars 
denote SD of n= 2-4.  
 

Using mAC3 permanently expressed in HEK293 cells (HEK-mAC3), the effect of 

FBSexo was examined in vivo (Figure 4). 10000 HEK-mAC3 cells/well were seeded 

into 384 well plates, and cAMP generation was stimulated by addition of 100 M 

isoproterenol. Addition of FBSexo attenuated HEK-mAC3 activity in a concentration 

dependent manner. 20% FBSexo inhibited mAC3 activity by 20% (not significant). 

Higher concentrations of FBSexo might be needed to achieve higher inhibition.  

  

 
 



 

Figure 4. Effect of FBSexo on HEK293-mAC3 stimulated by 100 µM isoproterenol. Basal 
and isoproterenol stimulated (set as 100%) activities were 0.11 ± 0.02 and 1.15 ± 0.17 pmol 
cAMP/10000 cells. Error bars denote SEM of n = 3. 

 
C- Hemin effect on soluble catalytic dimer 

In publication  we proposed that heme b might bind to the catalytic dimers of mAC 

affecting its activity, evidenced by the attenuation of bacterial ACs devoid of TM 

domain (Appendix Fig. 6). To further support this notion, I tested the effect of hemin 

on the basal and Gsñ-stimulated activities of a soluble catalytic dimer (mAC1-

C1:mAC2-C2). 10 M hemin attenuated both activities implying that its effect is not 

dependent on the presence of membrane anchors (Figure 5). 



 

Figure 5. Hemin effect on the 300 nM Gsα-stimulated (A) and basal (B) activities of the 

soluble catalytic dimer. (A, B) Basal and Gsα-stimulated activities were 0.01 ± 0.002 and 
0.05 ± 0.009 nmol cAMP•mg-1•min-1, respectively. Error bars denote SEM of n=2-3. One 
sample t test: *P < 0.05; ***P < 0.001 compared to 100%. 

 
D- mAC5 kinetics  hemin 

In this experiment, the effect of 10 M hemin on the kinetics of mAC5 was investigated 

(Figure 6). Michaelis-Menten curve was hyperbolic indicating absence of cooperativity. 

According to a Hanes-Woolf plot, in the absence and presence of hemin, Km of ATP 

was 86 and 171 µM, respectively. Additionally, hemin decreased Vmax from 0.98 to 

0.57 nmol cAMP/mg/min.  

 

 

 

 



 

Figure 6. Enzyme kinetics of mAC5 ± 10 µM hemin. (A) Michaelis-Menten curve. (B) Hanes-
Woolf plot. The assay was performed at 37°C, 15 min.  
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Abstract  
 

The biosynthesis of cAMP by mammalian membrane-bound adenylyl cyclases 

(mACs) is predominantly regulated by the cytosolic Gsα subunit of trimeric G-proteins. 

We proposed a model in which the two mAC membrane anchors operate as a 

dodecahelical receptor controlling Gsα activation. Here, we validate this model. We 

identify aliphatic fatty acids and anandamide as receptor ligands of mAC isoforms 1 to 

7 and 9. The ligands enhance or attenuate Gsα-activated mACs in vitro and in vivo. 

Substitution of the stimulatory receptor of mAC3 by the inhibitory receptor of mAC5 

results in a ligand attenuated mAC5-mAC3 chimera. Thus, we discovered a new class 

of membrane receptors which set the stage for tonic lipid and transient GPCR-Gsα 

signaling in cAMP biosynthesis.   

 

 

 

 

 

 



Introduction 
 

The second messenger cAMP is present in virtually all mammalian cells and 

mediates diverse cellular processes (Dessauer, Watts et al. 2017, Ostrom, LaVigne et 

al. 2022). Hence, the regulation of cAMP biosynthesis is critical. Nine membrane-

embedded, pseudoheterodimeric adenylyl cyclase isoforms (mACs) with an identical 

domain composition are encoded in mammals (Dessauer, Watts et al. 2017). The two 

hexahelical membrane domains, TM1 and TM2, form a tight dodecahelical membrane 

complex (Gu, Sorkin and Cooper 2001, Qi, Sorrentino et al. 2019, Qi, Lavriha et al. 

2022). The catalytically active center is assembled at the interface of two 

complementary cytosolic domains (C1 and C2), both contributing catalytic residues 

(Tesmer and Sprang 1998). The currently prevailing consensus is that mACs are 

regulated via cytosolic effectors. The major input is activation by the Gsα subunit of 

the trimeric G-proteins released upon stimulation of GPCRs (Dessauer, Watts et al. 

2017). Additional reported regulatory inputs are phosphorylation (Beazely and Watts 

2006), calmodulin-binding (Diel, Beyermann et al. 2008), Giα (Dessauer, Tesmer et 

al. 1998) and G³´ (Dessauer, Watts et al. 2017). Considering the isoform-specific 

conservation of the membrane anchors in mACs for about 0.5 billion years we 

expected and searched for a contribution to function and regulation which goes 

beyond mere membrane anchoring (Bassler, Schultz and Lupas 2018, Schultz 2022). 

In 2016, we replaced the hexahelical membrane anchor of the mycobacterial 

AC Rv1625c, a progenitor of mACs (Guo, Seebacher et al. 2001, Bassler, Schultz and 

Lupas 2018), by the hexahelical quorum-sensing receptor from V. cholerae, CqsS, a 

histidine kinase (Beltz, Bassler and Schultz 2016, Ziegler, Bassler et al. 2017). The 

CqsS-Rv1625c chimera was activated by the cholera-autoinducer-1, (S)-3-

hydroxytridecan-4-one (Beltz, Bassler and Schultz 2016). This suggested that the 

quorum-sensing receptor functioned as a receptor for AC Rv1625c (Beltz, Bassler and 

Schultz 2016). Next, we replaced both hexahelical domains of the human mAC2 with 

the CqsS quorum-sensing receptor. The cholera-autoinducer-1 attenuated Gsα-

activated mAC2 activity indicating that signal transduction through the CqsS 

membrane receptor to mAC2 was operational (Seth, Finkbeiner et al. 2020). Based 

on these data we proposed a model of mAC regulation in which the membrane anchor 

serves as a receptor (Seth, Finkbeiner et al. 2020). The mAC receptor domain is 

envisaged to transduce extracellular signals to the cytosolic catalytic dimer and 



determine the extent of Gsα activation (Seth, Finkbeiner et al. 2020). Based on this 

concept, we searched for mAC ligands. In this paper we identify aliphatic lipids as 

ligands for mAC isoforms 1 to 7 and 9. Isoform-dependently, these ligands either 

attenuate or enhance Gsα-activation in vitro and in vivo. Receptor-properties are 

transferable by interchanging the membrane anchor between mAC3 and 5. The results 

define a new class of membrane receptors and establish a new level of regulation of 

cAMP biosynthesis in which tonic and phasic signaling processes are combined. 

 

Oleic acid enhances Gsα-stimulated mAC3, but not mAC5 activity 

Based on the results cited above we expected lipids as ligands (Tews, 

Findeisen et al. 2005, Abdel Motaal, Tews et al. 2006, Beltz, Bassler and Schultz 2016, 

Seth, Finkbeiner et al. 2020). We used bovine lung as a starting material because 

lipids are important for lung development and function (Anggard and Samuelsson 

1965, Dautel, Kyle et al. 2017). Lipids were extracted from a cleared lung homogenate, 

acidified to pH 1, with dichloromethane/methanol (2:1). The dried organic phase was 

chromatographed on silica gel (employing vacuum-liquid-chromatography) and 

fractions were assayed (fractionation scheme in suppl. mat.). Fraction E enhanced 

Gsα-stimulated mAC3 activity four-fold, while mAC5 activity was unaffected (Fig.1A). 

Fraction E was separated by RP-HPLC into five subfractions (E1 – E5; Fig. S1). The 

mAC3 activating constituents appeared in fraction E2. It enhanced Gsα-stimulated 

mAC3 four-fold but had no effect on mAC5 (Fig. 1B). 1H and 13C-NMR spectra of E2 

indicated the presence of aliphatic lipids (Fig. S2). Subsequent GC/MS analysis 

identified palmitic, stearic, oleic and myristic acid in E2 (Fig. 1C). Concentration-

response curves were established for these compounds with mACs 3 and 5 activated 

by 300 nM Gsα (Fig. 1D). 20 µM oleic acid enhanced Gsα-activated mAC3 activity 

three-fold (EC50 = 10.4 µM) and 20 µM palmitic acid two-fold (EC50 = 6.4 µM), while 

stearic or myristic acid had no significant effect. None of these fatty acids affected 

mAC5 activity. 

The action of oleic acid on mAC3 was instantaneous and linear for >25 min 

(Fig. S3). The Km of mAC3 for ATP (335 µM) was unaffected. Vmax was increased 

from 0.62 to 1.23 nmol cAMP/mg/min (Fig. S4). Oleic acid did not affect the activity of 

a soluble, Gsα activated construct formerly used for generating a C1 and C2 catalytic 

dimer from mAC1 and 2, ruling out spurious detergent effects (Tang and Gilman 1995) 



(Fig. S5). The isoform specificity for oleic acid was further evaluated by Gsα 

concentration-response curves of mAC3 and 5 ± 20 µM oleic acid (Fig. 1E, left and 

center). For mAC3 EC50 for Gsα in presence and absence of oleic acid were 549 and 

471 nM, respectively. Over the Gsα concentration range, the enhancement by 20 µM 

oleic was uniformly about 3.4-fold (Fig. 1E, Right). In the case of mAC5, Gsα 

stimulation was not enhanced by oleic acid.  

Using HEK293 cells permanently transfected with mAC3 (HEK-mAC3) or 

mAC5 (HEK-mAC5) the effect of oleic acid was probed in vivo. Intracellular cAMP 

formation via Gsα was triggered via stimulation of the endogenous ß-receptor with 2.5 

µM of the ³-agonist isoproterenol, a submaximal concentration (Pillay, Nagiah et al. 

2020). Addition of oleic acid enhanced cAMP formation in HEK-mAC3 1.5-fold (Fig. 

1F). Stearic acid was inactive. Under identical conditions, cAMP formation in HEK-

mAC5 cells was unaffected. The EC50 for oleic acid in HEK293-mAC3 cells was 0.5 

µM, i.e., the potency appeared to be increased compared to respective membrane 

preparations whereas the efficiency was reduced, possibly reflecting the regulatory 

interplay within the cell. To exclude experimental artifacts, transfection efficiencies 

were tested by PCR. mAC3 and mAC5 transfections were similar (Fig. S6). Taken 

together, the results suggest that the enhancement of Gsα-activated mAC3 activity by 

oleic acid might be due to binding of oleic acid to or into an mAC3 membrane receptor 

(Beltz, Bassler and Schultz 2016, Schultz 2022). 

To explore the ligand space, we tested 18 aliphatic C12 to C20 lipids (Table S1). 

At 20 µM, elaidic, cis-vaccenic and linoleic acids were efficient enhancers. Palmitic, 

palmitoleic, linolenic, eicosapentaenoic acids and oleamide were less efficacious; 

other compounds were inactive (Fig. 1G). Notably, the saturated C18 stearic acid was 

inactive here and throughout, albeit otherwise variations in chain length, and the 

number, location, and conformation of double bonds were tolerated to some extent, 

e.g., cis-vaccenic, linoleic, and linolenic acids. The relaxed ligand specificity was 

anticipated as aliphatic fatty acids are highly bendable and bind to a flexible 

dodecahelical protein dimer embedded in a fluid lipid membrane. The ligand space of 

mAC3 somewhat resembled the fuzzy and overlapping ligand specificities of the free-

fatty-acid receptors 1 and 4 (Kimura, Ichimura et al. 2020, Grundmann, Bender et al. 

2021, Samovski, Jacome-Sosa and Abumrad 2023).  

 



 



Fig. 1. Identification of mAC3 activating fatty acids. (A and B) Effect of 1 µg/assay of 
fractions E (A) and E2 (B) on 300 nM Gsα-stimulated mACs 3 and 5. Activities are shown as 
% compared to 300 nM Gsα stimulation (100%; n=2, each point represents two technical 
replicates). (A) Basal and Gsα-stimulated activities of mAC3 were 0.01 and 0.07 and of mAC5 
0.06 and 1.32 nmol cAMP•mg-1•min-1, respectively. (B) Basal and Gsα-stimulated activities of 
mAC3 were 0.02 and 0.12 and of mAC5 were 0.09 and 1.1 nmol cAMP•mg-1•min-1, 
respectively. (C) GC-MS chromatogram of fraction E2 (center) and mass spectra of the eluted 
peaks are shown. Fatty acids' identity was confirmed by comparing with their corresponding 
standards. TMS: Trimethylsilyl. (D) Effect of fatty acids identified by GC-MS on 300 nM Gsα-
stimulated mAC3 and mAC5. Basal and Gsα stimulated activities of mAC3 were 0.023 ± 0.02 
and 0.17 ± 0.03 and of mAC5 were 0.08 ± 0.02 and 0.44 ± 0.09 nmol cAMP•mg-1•min-1, 
respectively. n= 3-23. (E) 20 µM oleic acid affects Gsα stimulation of mAC 3 not 5 (left). mAC3 
basal activity ± 20 µM oleic acid was 30 ± 24 pmol cAMP•mg-1•min-1. (Middle) EC50 of Gsα in 
the absence of oleic acid was 245 nM and in the presence of 20 µM oleic acid, it was 277 nM 
(not significant). mAC5 basal activity ± 20 µM oleic acid was 84 ± 60 pmol cAMP•mg -1•min-1. 
n=2-3, each with two technical replicates. (Right) Fold stimulation of mAC3 and 5 activities 
incubated with different concentrations of Gsα + oleic acid. n = 2-3. (F) Effect of oleic acid on 
HEK293 cells permanently transfected with mACs 3 and 5 stimulated by 2.5 µM isoproterenol 
(set as 100%). Basal and isoproterenol-stimulated cAMP levels of HEK-mAC3 were 0.02 ± 
0.006 and 1.35 ± 0.24 and of HEK-mAC5 were 2.13 ± 0.69 and 2.60 ± 0.88 pmol cAMP/10000 
cells, respectively. n= 3-9. (G) Effect of 20 µM lipids on 300 nM Gsα-stimulated mAC3. Basal 
and Gsα-stimulated activities were 0.02 ± 0.001 and 0.17 ± 0.01 nmol cAMP•mg-1•min-1, 
respectively. EPA: Eicosapentaenoic acid; 9-HSA: 9-hydroxystearic acid. 
Data are mean ± SEM (except A and B). One-sample t tests (D, F and G), Paired t test for E 

(left and middle) and one-way ANOVA for E (right).  Significances: *P < 0.05, **P < 0.01, ***P 

< 0.001; ****P < 0.0001. 

 

Oleic acid enhances Gsα-stimulated mAC 2, 7, and 9 activities 

Next, we examined other AC isoforms with oleic acid as a ligand. 20 µM oleic 

acid significantly enhanced Gsα-stimulated activities of isoforms 2, 7, and 9, mAC1 

was slightly attenuated, and isoforms 4, 5, 6, and 8 were unaffected (Fig. 2A).  

Concentration-response curves were carried out for mACs 2, 7, and 9 (Fig. 2B). 

The EC50 concentrations for oleic acid were 8.6, 6.7, and 7.8 µM, respectively 

comparable to that determined for mAC3. Exploration of the ligand space for mACs 2, 

7, and 9 with the panel of 18 aliphatic lipids uncovered more active lipids (Fig. 2C). In 

the case of mAC2, 20 µM cis-vaccenic acid doubled cAMP formation (EC50 = 10.6 µM) 

while other compounds were inactive (Fig. 2C and Fig. S7). For mAC7 the EC50 for 

elaidic was 9.7 µM (Fig. S8). The range of potential ligands for mAC9 was more 

comprehensive: 3-4-fold enhancement was observed with 20 µM palmitoleic, oleic, 

elaidic, cis-vaccenic, and linoleic acid. With 20 µM myristic, palmitic, palmitoleic, 



linolenic, and arachidonic acid, 1.5-2 fold enhancements were observed (Fig. 2C and 

Fig. S9-S10). Concentration-response curves were established for all activating 

compounds. In several instances, EC50 values could not be calculated (Fig. S9-10).  

 

Fig. 2. Fatty acids enhance mAC isoforms 2, 7, and 9 activities. (A) Effect of 20 µM oleic 

acid on 300 nM Gsα-stimulated mACs activities normalized to 100%. Basal and Gsα-

stimulated activities for each isoform are in Table S2. n= 2-23. (B) Oleic acid activates mACs 

2, 7, and 9 stimulated by 300 nM Gsα. n=7-23. (C) Fatty acids activating mACs 2, 7, and 9 at 

20 µM. For basal and Gsα-stimulated activities, see Fig. S7-S10. n= 5-15.  

Data are mean ± SEM. One-sample t tests were performed. Significances: *P < 0.05, **P < 

0.01, ***P < 0.001; ****P < 0.0001. 



Arachidonic acid and anandamide inhibit Gsα-stimulated activities 
of mAC1, 4, 5, and 6 

Testing the panel of lipids at 20 µM with mAC isoforms 1, 4, 5, 6, and 8 we 

found that isoforms 1 and 4 were significantly attenuated by arachidonic acid, and 

somewhat less by palmitoleic acid. Other lipids had no effect (Fig. S11-13). Of note is 

eicosapentaenoic acid which resembles arachidonic acid but for an additional cis-Δ17 

double bond. Despite its structural similarity to arachidonic acid, it had no effect on 

mACs activities (Fig. S11-S12). Concentration-response curves for arachidonic acid 

with Gsα-stimulated mAC1 and 4 yielded IC50 values of 23 and 36 µM, respectively, 

i.e., about two-fold higher compared to the EC50 values of enhancing ligands (Fig. 3A). 

Next, we examined whether arachidonic acid attenuates mAC1 and 4 in intact HEK 

293 cells. Surprisingly, cAMP formation in HEK-mAC1 cells stimulated by 10 µM 

isoproterenol was attenuated with high potency (IC50 = 250 pM), i.e., with higher 

potency compared to membranes prepared from the same cell line. In contrast, mAC4 

activity examined under identical conditions was not attenuated (Fig. 3B). Currently, 

we are unable to rationalize these discrepancies. Possibly, mAC4 has another, more 

specific lipid ligand which is needed in in vivo. In general, the enhancing and 

attenuating effects bolster the hypothesis of specific receptor-ligand interactions and 

divergent intrinsic activities for different ligands. 

At this point we were lacking ligands for mACs 5, 6, and 8 (Fig. S14-16). 

Possibly, the negative charge of the fatty acid headgroups might impair receptor 

interactions. A neutral lipid neurotransmitter closely related to arachidonic acid is 

arachidonoylethanolamide (anandamide) (Mock, Gagestein and van der Stelt 2023). 

Indeed, anandamide attenuated Gsα-stimulation of mAC5 and 6 with IC50 values of 42 

and 23 µM, respectively, i.e. comparable to the effect of arachidonic acid on mACs 1 

and 4, and distinctly less potently than the ligands for mAC 2, 3, 7, and 9 (Fig. 3C). 

mACs 5 and 6 may thus represent new targets for anandamide which is part of a 

widespread neuromodulatory system (Lu and Mackie 2016). The concentrations of 

arachidonic acid and anandamide required for attenuation may be achieved in vivo by 

local biosynthesis and degradation. An interfacial membrane-embedded 

phosphodiesterase cleaves the phosphodiester bond of the membrane lipid N-

arachidonoyl-ethanolamine-glycerophosphate releasing anandamide into the 

extracellular space (Liu, Wang et al. 2006, Simon and Cravatt 2008, Mock, Gagestein 



and van der Stelt 2023). The lipophilicity and lack of charge should enable it to diffuse 

readily. Whether the mACs and this biosynthetic phosphodiesterase colocalize or 

associate with its target mACs is unknown. Degradation of anandamide is by a 

membrane-bound amidase, generating arachidonic acid and ethanolamine (McKinney 

and Cravatt 2005). Therefore, we examined whether anandamide at higher 

concentrations might also affect mAC1 and 4. In fact, anandamide significantly 

attenuated Gsα-stimulated mAC1, but distinctly not mAC4. The IC50 for mAC1 was 29 

µM (Fig. 3D). 

We also tested whether anandamide attenuated cAMP formation in vivo using 

HEK-mAC5 cells primed by 2.5 µM isoproterenol (Fig. 3E and 4C). 100 µM 

anandamide attenuated cAMP formation by only 23 % in HEK293-mAC5 cells, the 

effect was significant (P < 0.01). 

At this point, we were unable to identify a ligand for mAC8, presumably another lipid 

(Fig. S16). 

 



Fig. 3. Arachidonic acid and anandamide attenuate 300 nM Gsα-stimulated activities of 

mACs 1, 4, 5 and 6. (A) Arachidonic acid attenuates Gsα-stimulated mACs 1 and 4. Basal 

and Gsα stimulated activities of mAC1 were 0.12 ± 0.01 and 0.42 ± 0.03 and of mAC4 were 

0.02 ± 0.002 and 0.14 ± 0.02 nmol cAMP•mg-1•min-1, respectively (n= 3-9). (B) Effect of 

arachidonic acid on HEK-mAC1 and HEK-mAC4 cells. Cells were stimulated by 10 µM 

isoproterenol (set as 100 %) in the presence of 0.5 mM 3-isobutyl-1-methylxanthine. Basal 

and isoproterenol stimulated cAMP levels in HEK-mAC1 were 1.03 ± 0.15 and 1.66 ± 0.28 

and in HEK-mAC4 were 0.20 ± 0.04 and 0.86 ± 0.24 pmol cAMP/10000 cells, respectively (n= 

2-11, each with three replicates). (C) Effect of anandamide on Gsα-stimulated mAC5 and 6. 

Basal and Gsα activities of mAC5 were 0.05 ± 0.01 and 0.98 ± 0.12 and of mAC6 0.05 ± 0.01 

and 0.78 ± 0.12 nmol cAMP•mg-1•min-1, respectively (n= 3-32). (D) Anandamide attenuates 

mAC1 but not mAC4 stimulated by Gsα. Basal and Gsα stimulated activities of mAC1 were 

0.12 ± 0.01 and 0.40 ± 0.03 and of mAC4 were 0.02 ± 0.002 and 0.15 ± 0.02 nmol cAMP•mg-

1•min-1, respectively (n = 3-4, each with two technical replicates). (E) Effect of anandamide on 

2.5 µM isoproterenol stimulated HEK-mAC5. Basal and isoproterenol stimulated cAMP levels 

of HEK-mAC5 were 1.8 ± 0.22 and 2.4 ± 0.48 pmol cAMP/10000 cells, respectively. The 

control bar represents 2.5 µM isoproterenol stimulation alone (n=5-6, each with three technical 

replicates).  

Data are mean ± SEM. One-sample t tests (A-D) and paired t test (E) were performed. 

Significances: ns: not significant P > 0.05; *P < 0.05, **P < 0.01, ***P < 0.001;  P < 0.0001. 

For clarity, not all significances are indicated. 

 

Receptor properties are exchangeable between mAC3 and 5 
isoforms 

To unequivocally validate specific mAC-ligand-receptor interactions and 

regulation we generated a functional chimera in which the enhancing membrane 

domains of mAC3, i.e., mAC3-TM1 and 2, were substituted by those of mAC5. The 

intention was to obtain a chimera, mAC5(membr)-AC3(cat), with a loss of receptor function, 

i.e., no enhancement by oleic acid, and a gain of another receptor function, i.e. 

attenuation of activity by anandamide. Successful expression and membrane insertion 

of the chimera in HEK293 cells was demonstrated by specific conjugation to Cy5.5 

fluorophore, using the protein ligase connectase (Fig. S17) (Fuchs 2023). cAMP 

synthesis of isolated membranes from these cells was stimulated up to 10-fold by 

addition of 300 nM Gsα, comparable to membranes with recombinant mAC3 or mAC5 

proteins (Fig. S18 and Fig. 1E). mAC activity in the mAC5(membr)-AC3(cat) chimera was 

not enhanced by oleic acid, i.e., loss of receptor function, but was attenuated by 

anandamide, i.e., gain of receptor function. The attenuation was comparable to results 

obtained with mAC5 membranes (Fig. 4, A and B, Fig. S19-S20). This means that the 



attenuating receptor property of mAC5 was grafted onto the mAC3-catalytic dimer. We 

take this to support the hypothesis that the mammalian mAC membrane domains 

operate as receptors using lipid ligands. The data virtually rule out unspecific lipid 

effects such as disturbance of membrane integrity by intercalation and surfactant or 

detergent effects. In addition, the data demonstrated that the signal most likely 

originates from the receptor entity and is transmitted through the subsequent linker 

regions to the catalytic dimer.  

The findings were further substantiated in vivo using HEK293-mAC5(membr)-

mAC3(cat) cells. cAMP formation primed by 2.5 µM isoproterenol was attenuated by 

anandamide by 66%, (Fig. 4C), by far exceeding the anandamide attenuation in 

HEK293-mAC5 cells of 23 %. In HEK293-mAC5(membr)-AC3(cat) cells oleic acid was 

ineffective, i.e., loss of function (Fig. 1F and S21). The results support the notion that 

mAC isoforms are receptors with lipids as ligands.  

Lastly, we prepared membranes from mouse brain cortex in which 

predominantly mAC isoforms 2, 3 and 9 are expressed, isoforms with demonstrated 

enhancement of Gsα stimulation by oleic acid (Sanabra and Mengod 2011). In cortical 

membranes 20 µM oleic acid enhanced Gsα stimulated cAMP formation 1.5-fold with 

an EC50 of 5 μM, almost identical to the one determined for mAC2, 3, 7 and 9 (Fig. 

S22). This suggests that mACs in brain cortical membranes are similarly affected by 

fatty acids. 

 

Fig. 4. Receptor properties are exchangeable between mAC isoforms. (A) Effect of 20 

µM oleic acid on 300 nM Gsα-stimulated mACs 3, 5, and 5-3. Basal and Gsα stimulated 

activities of mACs 3, 5, and 5-3 were 0.02 ± 0.003 and 0.11 ± 0.02, 0.05 ± 0.01 and 0.98 ± 

0.12, and 0.01 ± 0.004 and 0.2 ± 0.02 nmol cAMP•mg-1•min-1, respectively. n=7-33. (B) Effect 



of 100 µM anandamide on 300 nM Gsα-stimulated mACs 3, 5, and 5-3. Basal and Gsα 

activities of mACs 3, 5, and 5-3 were 0.02 ± 0.002 and 0.19 ± 0.02, 0.05 ± 0.01 and 0.98 ± 

0.12 and 0.02 ± 0.003 and 0.23 ± 0.04 nmol cAMP•mg-1•min-1, respectively. n=6-9. IC50 for 

mAC5 and mAC5-3 were 42 and 29 µM, respectively. (C) Effect of anandamide on HEK-mAC5 

and HEK-mAC5-3 cells stimulated by 2.5 µM isoproterenol (set as 100 %). Basal and 

isoproterenol stimulated cAMP levels in HEK-mAC5 were 1.80 ± 0.22 and 2.29 ± 0.39 and in 

HEK-mAC5-3 (+ 0.5 mM IBMX)  were 0.17 ± 0.02 and 3.11 ± 0.55 pmol cAMP/10000 cells, 

respectively. n= 4-11. IC50 for HEK-mAC5 and HEK-mAC5-3 were 133 and 60 μM, 

respectively. Anandamide had no effect on the basal activity of HEK-mAC5 and stimulated 

HEK-mAC3 cells in concentrations up to 100 µM (data not shown). 

Data are mean ± SEM. One-sample t tests were performed. Significances: *P < 0.05, **P < 

0.01, ***P < 0.001; ****P < 0.0001. 

 

Discussion and Outlook 

In the past, the biology of the membrane anchors of mACs, highly conserved in 

an isoform-specific manner, remained unresolved. Our data are a transformative step 

toward resolving this issue and introduce lipids as critical participants in regulating 

cAMP biosynthesis in mammals. The first salient discovery is the identification of the 

membrane domains of mACs as a new class of receptors for chemically defined 

ligands which set the level of stimulation by the GPCR/Gsα system. This conclusion 

is based on (i) the dodecahelical membrane domains of the nine mAC receptors have 

distinct, conserved isoform-specific sequences (Schultz 2022); (ii) the receptors have 

distinct ligand specificities; (iii) isoform dependently ligands either enhance or 

attenuate Gsα-activated mAC activities; (iv) receptor properties are transferable 

between isoforms by interchanging membrane domains; (v) isoproterenol-stimulated 

formation of cAMP in vivo is affected by addition of extracellular ligands. (vi) Gsα-

stimulated cAMP formation in mouse cortical membranes is enhanced by oleic acid. 

Therefore, the results establish a new class of receptors, the membrane domains of 

mACs, with lipids as ligands. The data question the utility of the currently used mAC 

sub-classification, which groups mAC1, 3, and 8, mAC2, 4, 7, mACs 5, 6, and mAC9 

together (Dessauer, Watts et al. 2017). At this point, mAC 1, 4, 5, and 6 which are 

ligand-attenuated, may be grouped together and a second group may consist of mACs 

2, 3, 7, and 9 which are ligand-enhanced. Our data do not contradict earlier findings 

concerning regulation of mACs, cellular localization of mAC isoforms or regional cAMP 

signaling (Dessauer, Watts et al. 2017). Instead, the data reveal a completely new 



level of direct mAC regulation in conjunction with the indirect regulation via the 

GPCR/Gsα circuits. 

The second, potentially important finding is the observation that the extent of 

enhancement of mAC3 activity by 20 µM oleic acid is uniform up to 1000 nM Gsα (Fig. 

1F). We suppose that in mAC3 the equilibrium of two differing ground states favors a 

Gsα unresponsive state and the effector oleic acid shifts this equilibrium to a Gsα 

responsive state (Seth, Finkbeiner et al. 2020). In contrast, the equilibrium of ground 

states of mAC5 probably is opposite, i.e. the one accessible to Gsα stimulation 

predominates and stimulation by Gsα is high. Addition of oleic acid has little effect 

because the mAC5 receptor domain does not bind oleic acid (Fig. 1E). Addition of an 

mAC5 ligand, e.g., anandamide or arachidonic acid, would then stabilize a Gsα 

inaccessible ground state and inhibit stimulation. The biological balance of ground 

states appears to be an intrinsic property which are isoform-specifically imprinted. 

Probably, it defines a major element of mAC regulation and enables distinct inhibitory 

or stimulatory responses to extracellular ligands. These ground states probably are 

separated by a low transition energy and are stabilized by receptor occupancy. 

Hitherto available structures required Gsα and/or forskolin for stabilization and 

probably did not capture a ground state. Mechanistically, tonic levels of lipid ligands 

probably affect the balance of ground states and thus set the bounds of cAMP 

formation elicited by phasic GPCR/Gsα-stimulation. As such lipid signaling through 

the mAC membrane receptors appears to represent a higher level of a systemic 

regulatory network reflecting the physiological and nutritional environment of an 

organism.  

Lipid signaling is much less characterized than solute signaling (Eyster 2007). 

The highly functionalized ligands for GPCRs are storable in vesicles and the release, 

inactivation and removal are strictly controlled. On the other hand, the very nature of 

lipids, i.e., high flexibility of aliphatic chains, low water solubility, propensity for 

nonspecific protein binding, membrane permeability and potential effects on 

membrane fluidity complicate discrimination between extra- and intracellular lipid 

actions (Samovski, Jacome-Sosa and Abumrad 2023). Yet, viewed from an 

evolutionary perspective, lipids possibly are primordial signaling molecules because 

the emergence of the first cells required lipids to separate an intra- and extracellular 

space. Possibly, lipids, derived from membrane lipids were used for regulatory 

purposes early-on. In conjunction with the evolution of bacterial mAC progenitors, lipid 



ligands may have persisted in evolution and regulation by GPCR/Gsα in metazoans 

was acquired and expanded later.  

The concentrations of free fatty acids in serum or interstitial fluid usually are 

rather low (Ulven and Christiansen 2015, Huber and Kleinfeld 2017, Grundmann, 

Bender et al. 2021). This raises the question of the origin of lipid ligands. One 

possibility is that the lipid ligands are acutely extracted from membrane lipids by 

integral membrane hydrolases as known for anandamide and arachidonic acid (Liu, 

Wang et al. 2006, Muccioli 2010). Additional potential lipid sources usable for ligand 

generation may be, among other exosomes, serum lipids, chylomicrons, blood 

triglycerides and even lipids of microbial origin. The lipid ligands for mACs thus 

broaden the basis of regulation of cAMP generation with potentially wide-ranging 

consequences in health and disease.  
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Appendix: 

 

MATERIALS AND METHODS 

Reagents and materials 

ATP, creatine kinase, and creatine phosphate were from Merck-Sigma. Except for 

lauric acid (Henkel) and 1,18-Octadecanedicarboxylic acid (ThermoFisher Scientific), 

lipids were from Merck-Sigma. Lipid stock solutions were prepared in DMSO and kept 

under nitrogen. The DMSO concentrations in in vitro and in vivo assays were 

maximally 1%, a concentration without any effect in the assays. The constitutively 

active GsαQ227L mutant was expressed and purified as described earlier (Graziano, 

Freissmuth and Gilman 1989, Graziano, Freissmuth and Gilman 1991, Sunahara, 

Dessauer et al. 1997). 

General Experimental Procedures 

For HPLC analysis, a Waters HPLC system (1525 pump, 2996 photodiode array 

detector, 7725i injector, 200 series PerkinElmer vacuum degasser) was used. 

Solvents were HPLC or LC-MS grade from Merck-Sigma. One-dimensional 1H and 
13C-NMR spectra were recorded on a 400 MHz Bruker AVANCE III NMR spectrometer 

equipped with a 5 mm broadband SmartProbe and AVANCE III HD Nanobay console. 

Spectra were recorded in methanol-d4 and calibrated to the residual solvent signal (H 

3.31 and C 49.15 ppm).  

Lung tissue extraction and fractionation  

1.24 kg bovine lung was minced in a meat grinder, then mixed and homogenized with 

1.2 L 50 mM MOPS, pH 7.5, in a Waring blender (4 °C) resulting in 2.3 L homogenate. 

It was centrifuged (30 min, 4 °C, 7200×g) resulting in 1.2 L supernatant. The pH of the 

supernatant was adjusted to 1 using 7% HCl. Equal volumes of CH2Cl2/MeOH (2:1) 

were mixed with the supernatant in a separatory funnel and shaken 

vigorously. Centrifugation was at 5300×g for 30 min. The lower organic CH2Cl2 layer 

was recovered and the solvent was evaporated affording 2 g of dried 

crude extract. This was dissolved in 100 ml petroleum ether and subjected to normal-

phase silica gel (60 H Supelco) vacuum liquid chromatography. The column was 

eluted stepwise with solvents of increasing polarity from 90:10 petroleum ether/EtOAc 

to 100% EtOAc, followed by 100% MeOH. 17 fractions (A-Q) of 300 mL were collected 

and dried down. Fraction E (eluted with 40:60 petroleum ether/EtOAc) was analyzed 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/creatine-kinase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/centrifugation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/extract


by RP-HPLC using a linear MeOH/H2O gradient from 80:20 to 100:0 (0.1% TFA) for 

15 min, followed by 100:0 for 30 min (Knauer Eurosphere II C18P 100-5, 250 x 8 mm, 

1.2 mL/min flow rate, UV-absorbance monitored at 210 nm) to yield five subfractions; 

E1-E5.  

Fraction E2 was subjected to 1H- and 13C-NMR which indicated the presence of 

aliphatic lipids and fatty acids (Fig. S2).  

GC-MS analysis 

Fraction E2 was analyzed by GC-MS. Acids were acid trimethylsilylated using N,O-

bis(trimethylsilyl)trifluoroacetamide + trimethylchlorosilane (BSTFA + TMCS, 99:1 v/v). 

In brief, 400 µL of was added to the residue of dried fraction E2. The mixture was 

heated for 2 h at 90 °C. After cooling and clearing the sample was transferred into a 

GC vial in 200 µL hexane. 

An Agilent Technologies GC system (8890 gas chromatograph and 5977B mass 

spectrometer equipped with a DB-HP5MS UI column, 30 m x 0.25 mm, film thickness 

of 0.25 µm) was used. Injection volume was 1 µL. The temperature was kept at 100°C 

for 5 min, and then increased at 53 °C/min to 240°C. The rate was decreased to 

3°C/min to reach 305°C. Carrier gas was He2 (99.9%) with a 1.2 mL/min flow rate. 

Ionization was with 70 eV and MS spectra were recorded for a mass range m/z 35-

800 for 35 min. Compounds were identified by comparing the spectra with those in the 

NIST library. Individual compound content is given as a relative % of the total peak 

area.  

Plasmid construction and protein expression 

Full-length human AC sequences were retrieved with NCBI accession numbers; 

ADCY1: NM_021116.3, ADCY2: NM_020546.2, ADCY3: NM_004036.4, ADCY4: 

NM_001198568.2, ADCY5: NM_183357.2, ADCY6: NM_015270.4, ADCY7: 

NM_001114.4, ADCY8: NM_001115.2, ADCY9: NM_001116.3. All mAC genes were 

obtained from GenScript and fitted with a C-terminal FLAG-tag. The chimera 

mAC5(TM)_mAC3(cat) had an N-terminal connectase-tag, 

MPGAFDADPLVVEIAAAGA followed by AC5(1-402)_AC3(250-631)_AC5(761-

1009)_AC3(862-1144). The gene was synthesized by GenScript. HEK293 cells were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal 

bovine serum at 37°C with 5% CO2. Transfection with AC plasmids was with PolyJet 

(SignaGen, Frederick, MD, USA). Permanent cell lines were generated by selection 

for 7 days with 600 µg/mL G418 and maintained with 300 µg/mL For membrane 



preparation, cells were tyrpsinized, collected by centrifugation (3000xg, 5 min) and 

lysed and homogenized in 20 mM HEPES, pH 7.5, 1 mM EDTA, 2 mM MgCl2, 1 mM 

DTT, one tablet of cOmplete, EDTA-free (per 50 mL) and 250 mM sucrose by 20 

strokes in a potter homogenizer on ice. Debris was removed by centrifugation for 5 

min at 1000xg (0°C), membranes were then collected by centrifugation at 100,000xg, 

60 min at 0°C, resuspended, and stored at -80°C in 20 mM MOPS, pH 7.5, 0.5 mM 

EDTA, 2 mM MgCl2.Membrane preparation from mouse brain cortex was according to 

(Schultz and Schmidt 1987, Seth, Finkbeiner et al. 2020). Three cerebral cortices were 

dissected and homogenized in 4.5 ml cold 48 mM Tris-HCl, pH 7.4, 12 mM MgC12, 

and 0.1 mM EGTA with a Polytron hand disperser (Kinematica AG, Switzerland). The 

homogenate was centrifuged for 15 min at 12000 g at 4°C and the pellet was washed 

once with 5 mL 1 mM KHCO3. The final suspension in 2 mL 1 mM KHCO3 was stored 

in aliquots at -80°C. 

DNA extraction 

DNA from 1x106 cells of permanently transfected and non-transfected HEK293 cells 

was extracted using the High Pure PCR Template Preparation Kit (Roche) according 

to the manufacturer’s instructions. DNA concentrations were determined by 

photometry at 260 nm using a sub-microliter cell (IMPLEN) in a P330 NanoPhotometer 

(IMPLEN). Elution buffer (Roche) was used for blanks. 

Polymerase chain reaction 

100 ng of template DNA was mixed with 0.5 µM Forward primer and 0.5 µM Reverse 

primer. 12.5 µL 2X KAPA2G Fast (HotStart) Genotyping Mix with dye and water was 

added to get a total reaction volume of 25 µL according to the KAPA2G Fast HotStart 

Genotyping Mix kit (Roche) protocol. PCR was performed according to the following 

cycling protocol in a Biometra T3000 thermocycler: 

Step Temperature Duration Cycles 

Initial denaturation 95°C 3 min 1 

Denaturation 95°C 15 sec  

35 Annealing 60°C 15 sec 

Extension 72°C 30-60 sec* 

Final extension 72°C 2-4 min* 1 

*Extension and Final extension times were adjusted to the expected amplicon length. 

 



The PCR products were then directly loaded on a 1.5% agarose gel. As a marker, 1 

kb DNA ladder (New England Bio Labs #N3232S) was mixed with Gel Loading Dye 

Purple 6X (New England Biolabs #B7024S) and water then loaded on the gel. After 

running the gel for 15-20 minutes at 90 V in 1X TAE buffer, the gel was stained in an 

Ethidium bromide bath and then left running for another 10-20 minutes. The gels were 

then evaluated under UV light in a UVP GelStudio PLUS (Analytik Jena) gel imager. 

AC 

isoform 

Forward primer (5’-3’) Reverse primer (5’-3’) 

1 GTCAACAGGTACATCAGCCGCC AGCCTCCTTCCCAGCTGCTGC 

2 AGGAGACTGCTACTACTGTGTATCTGGAC GGATGCCACGTTGCTCTGGGA 

3 TTCATCCTGGTGATGGCAAATGTCGT GGAGTTGTCCACCACCTGGTG 

4 CGGGGATGCCAAGTTCTTCCAGGTCATTG GCCTAGGGTAGCTGAAGGAGG 

5 CCTCATCCTGCGCTGCACCCAGAAGCG ACTGAGC 

6 TCCTGAGCCGTGCCATCGA ACTGCTGGGGCCCCCATTGAG 

7 TCCTCGGCGACTGCTACTACTG GTTCAGCCCCAGCCCCTGAAA 

8 ACTTGCGGAGTGGCGATAAATTGAGA TGGCAAATCAGATTTGTCGGTGCC 

9 CGCTGTGCTTCCTCCTGGTG CACACTCTTTGAAACGTTGAGC 

 

 

Adenylyl cyclase assay 

In a volume of 10 μl, AC activities were measured using 1 mM ATP, 2 mM MgCl2, 3 

mM creatine phosphate, 60 μg/mL creatine kinase, and 50 mM MOPS pH 7.5. The 

cAMP assay kit from Cisbio (Codolet, France) was used for detection according to the 

supplier's instructions. A cAMP standard curve was established for each assay.  

cAMP accumulation assay 

HEK293 cells stably expressing mAC isoforms 3, 5, and mAC5(TM)_mAC3(cat) were 

plated at 2500-10000 cells/well into 384 well plates. Cells were treated with varying 

concentrations of lipids and incubated for 10 mins at 37°C and 5% CO2. 2.5-10 μM 

isoproterenol was then added to stimulate cAMP production and cells were further 

incubated for 5 mins. HEK293-AC5-3 was assayed in the presence of the 

phosphodiesterase inhibitor 0.5 mM isobutyl-methyl-xanthine. Addition of Cisbio 

HTRF detection reagents stopped the reaction and cAMP levels were determined.  

 



 

 

Statistical analysis 

All statistical analysis’ and EC50 and IC50 values were calculated by GraphPad Prism 

version 8.4.3 for Windows, GraphPad Software, San Diego, California USA, 

www.graphpad.com. 
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Supplementary Scheme, Figures and Tables: 

 

 

 

Fractionation Scheme. Si-VLC: Silica-Vacuum Liquid Chromatography, RP-HPLC: 
Reversed phase-High-performance liquid chromatography, EA: Ethyl acetate, PE: 
petroleum ether, MeOH: Methanol. % AC3 and AC5 activities compared to 300 nM 
Gsα stimulation (= 100 %; values are means of two experiments carried out in 
triplicates. Fractions were tested at 1 µg/10 μL assay. Basal AC5 and 300 nM Gsα 
activities were 0.05 nmol and 2.1 and for mAC3 0.02 and 0.15 nmol cAMP•mg-1•min-

1, respectively.  
  



 

Fig. S1. RP-HPLC chromatogram of fraction E. UV-absorbance at 210 nm. 

  



 

 

Fig. S2. NMR spectra of Fraction E2 in d4-MeOH. (Top panel) 1H-NMR spectrum. 

(Bottom Panel) 13C-NMR spectrum. 

  



 

Fig. S3. Time-dependent stimulation of mAC3 by oleic acid. mAC3 was incubated 

with 300 nM Gsα ± 20 µM oleic acid at 37°C for the time depicted. Data represent the 
mean of two independent experiments performed in duplicates.  

  



 

Fig. S4. Hanes-Woolf plot of mAC3 ± 20 µM oleic acid. The assay at 37°C, 15 min. 

Km of ATP was 335 and 221 μM ± oleic acid, respectively (not significant). Vmax ± 
oleic acid was 0.62 and 1.23 nmol cAMP•mg-1•min-1, respectively. Lineweaver-Burk 

plots and Eddie-Hofstee plots yielded identical data (not shown). 

  



 

Fig. S5. Oleic acid has no stimulatory effect on the soluble catalytic dimer. Basal 
and 300 nM Gsα activities of the mAC1-C1/mAC2-C2 were 0.02 ± 0.003 and 0.08 ± 

0.02 nmol cAMP•mg-1•min-1, respectively. Error bars within the symbol size (n=3).  
  



 

 

 

Fig. S6. Agarose gels of PCR products from HEK293 cells permanently 
transfected with mAC1-9.  Expected amplicon lengths were 1667, 2266, 1296, 1642, 
1864, 1624, 2270, 1730, and 3614 bp for mAC isoforms 1-9, respectively. As controls, 
the primers pairs for each isoform were tested with DNA isolated from all other eight 
cell lines, resulting in no bands (not shown). Further, the untransfected HEK293 cells 
were tested with the primers specific for each isoform, resulting in no bands (not 
shown; the primer pairs are listed in the experimental section above). 
  



 

 

Fig. S7. Effect of lipids on 300 nM Gsα stimulated mAC2. (Left) Effect of 20 μM 
lipids on mAC2. (Right) Concentration-response curve of cis-vaccenic acid. Basal and 

Gsα-stimulated activities of mAC2 were 0.38 ± 0.04 and 2.79 ± 0.35 nmol cAMP•mg-

1•min-1, respectively. Error bars denote SEM of n=2-7. One-sample t test: *P < 0.05; 
***P < 0.001 compared to 100% (300 nM Gsα stimulation). 
  



 

Fig. S8. Effect of lipids on 300 nM Gsα stimulated mAC7. (Left) Effect of 20 μM 
lipids on mAC7. (Right) Concentration-response curve for elaidic acid. Basal and Gsα-

stimulated activities were 0.01 ± 0.003 and 0.06 ± 0.01 nmol cAMP•mg-1•min-1, 

respectively. Error bars denote SEM of n=2-7. One-sample t test: *P < 0.05; **P < 0.01 
compared to 100% (300 nM Gsα stimulation).  
  



 

 

Fig. S9. Effect of lipids on 300 nM Gsα stimulated mAC9. (Left) Effect of 20 μM 
lipids on mAC9. (Right) Concentration-response curves of elaidic and linoleic acids. 
EC50 for elaidic acid was 5 μM. Basal and Gsα activities were 0.07 ± 0.005 and 0.95 

± 0.06 nmol cAMP•mg-1•min-1, respectively. Error bars denote SEM of n=2-15. One-
sample t test: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 compared to 100% 
(300 nM Gsα stimulation).  
  



 

Fig. S10. Concentration-response curves of fatty acids activating Gsα-
stimulated mAC9. Basal and Gsα-stimulated activities were 0.06 ± 0.005 and 0.92 ± 

0.07 nmol cAMP•mg-1•min-1, respectively. EC50 values for lauric, cis-vaccenic, palmitic 

and arachidonic acids were 13.7, 8.5, 8.6 and 7.5 μM, respectively. Error bars denote 
SEM of n=3-9. Significances were removed for clarity.  
  



 

Fig. S11. Effect of 20 µM lipids on 300 nM Gsα stimulated mAC1. Basal and Gsα-

stimulated activities were 0.18 ± 0.02 and 0.46 ± 0.02 nmol cAMP•mg-1•min-1, 

respectively. Error bars denote SEM of n=2-9. One-sample t test: *P < 0.05; ***P < 

0.001 compared to 100% (300 nM Gsα stimulation).  

  



 

Fig. S12. Effect of 20 µM lipids on 300 nM Gsα-stimulated mAC4. Basal and Gsα-

stimulated activities were 0.03 ± 0.003 and 0.59 ± 0.11 nmol cAMP•mg-1•min-1, 

respectively. Error bars denote SEM of n=2-6. One-sample t test: **P < 0.01; ***P < 

0.001 compared to 100% (300 nM Gsα stimulation). 

  



 

Fig. S13. Palmitoleic acid inhibits mACs 1 and 4 stimulated by 300 nM Gsα. Basal 
and Gsα-stimulated activities of mAC1 were 0.14 ± 0.01 and 0.44 ± 0.02 and of mAC4 
were 0.03 ± 0.002 and 0.25 ± 0.02 nmol cAMP•mg-1•min-1. IC50 for mAC1 and 4 were 
49 and 20 µM, respectively. Error bars denote SEM of n= 3-6. One-sample t test: *P < 
0.05; **P < 0.01 ***P < 0.001; compared to 100% (300 nM Gsα stimulation).    
  



 

 

Fig. S14. Effect of 20 µM lipids on 300 nM Gsα-stimulated mAC5. Basal and Gsα 
activities were 0.07 ± 0.01 and 0.46 ± 0.04 nmol cAMP•mg-1•min-1, respectively. Error 
bars denote SEM of n=2-5.  
  



 

Fig. S15. Effect of 20 µM lipids on 300 nM Gsα-stimulated mAC6. Basal and Gsα 
activities were 0.07 ± 0.01 and 0.50 ± 0.06 nmol cAMP•mg-1•min-1, respectively. Error 
bars denote SEM of n=2-6.  
  



 

Fig. S16. Effect of 20 µM lipids on 300 nM Gsα stimulated mAC8. Basal and Gsα 

activities were 0.19 ± 0.01 and 1.04 ± 0.19 nmol cAMP•mg-1•min-1, respectively. Error 
bars denote SEM of n=2-5.  
  



 

 

 

Fig. S17. Detection of AC5(membr)-AC3(cat) receptor chimeras. AC5(membr)-

AC3(cat) [AC5-3] was expressed in HEK293 cells with an N-terminal tag for labeling 

with the protein ligase Connectase. A membrane preparation was incubated with 

fluorophore-conjugated Connectase and separated by SDS-PAGE. A fluorescence 

scan of the gel detects AC5(membr)-AC3(cat) (right), the reagent (fluorophore-

conjugated Connectase) is detected when using HEK293 membrane (middle) or a 

buffer control (left).    

  



 

Fig. S18. Gsα concentration response curve of mAC5-3. Basal activity for mAC5-

3 was 0.02 pmol cAMP•mg-1•min-1. Error bars denote SEM of n=3, each with two 
technical replicates. 
  



 

Fig. S19. Exchange of TM domains abrogates oleic acid effect on mAC3. Basal 
and Gsα-stimulated activities of mAC3 were 0.02 ± 0.003 and 0.11 ± 0.02 and of mAC5 
were 0.05 ± 0.008 and 0.53 ± 0.1 and of mAC5-3 were 0.01 ± 0.004 and 0.2 ± 0.02 

nmol cAMP•mg-1•min-1, respectively. Error bars denote SEM of n= 6-33. One-sample 
t test: ****P < 0.0001 compared to 100% (300 nM Gsα stimulation).  
  



 
 

 

Fig. S20. Exchange of TM domains transfers anandamide effect on mAC3. Basal 
and Gsα-stimulated activities of mAC3 were 0.02 ± 0.002 and 0.12 ± 0.02 and of mAC5 
were 0.05 ± 0.005 and 0.98 ± 0.12 and of mAC5-3 were 0.02 ± 0.002 and 0.22 ± 0.03 

nmol cAMP•mg-1•min-1, respectively. Error bars denote SEM of n=6-32. One-sample t 
test: ****P < 0.0001 compared to 100% (300 nM Gsα stimulation).  
 

  



 
 

Fig. S21. Effect of oleic acid on HEK293-mAC5-3 cells. Cells were stimulated by 
2.5 µM isoproterenol (set as 100 %). Basal and isoproterenol stimulated cAMP levels 
were 0.17 ± 0.02 and 3.12 ± 0.55 pmol cAMP/10000 cells in the presence of 0.5 mM 
IBMX. Error bars denote SEM of n= 4.         
  



 

 

Fig. S22. Oleic acid concentration-dependently potentiates mAC activity in brain 
cortical membranes from mouse. Basal and 300 nM Gsα-stimulated activities were 

0.4 ± 0.1 and 2.7 ± 0.7 nmol cAMP•mg-1•min-1, respectively. N= 4-6. One-sample t test: 
*P < 0.05; **P < 0.01 compared to 100% (Gsα stimulation).    
  



Tested Compounds 

Lauric (Dodecanoic) acid 

Myristic (Tetradecanoic) acid 

Myristoleic ((9Z)-Tetradec-9-enoic) acid 

Palmitic (Hexadecanoic) acid 

Palmitoleic ((9Z)-Hexadec-9-enoic) acid 

Octadecane 

1,18-Octadecanedicarboxylic acid 

Stearic (Octadecanoic) acid 

9-Hydroxystearic acid 

Oleic ((9Z)-Octadec-9-enoic) acid 

Oleamide ((9Z)-Octadec-9-enamide) 

Methyl oleate 

Elaidic ((9E)-Octadec-9-enoic) acid 

cis-vaccenic ((11E)-Octadec-11-enoic) acid 

Linoleic ((9Z,12Z)-Octadeca-9,12-dienoic) acid 

Linolenic ((9Z,12Z,15Z)-Octadeca-9,12,15-trienoic) acid 

Arachidonic ((5Z,8Z,11Z,14Z)-Icosa-5,8,11,14-tetraenoic) acid 

Eicosapentaenoic ((5Z,8Z,11Z,14Z,17Z)-Icosa-5,8,11,14,17-pentaenoic) 
acid 

 

 

  



Table S1. List of lipids tested against mAC isoforms. 

 

 

 

 

Table S2. Basal and Gsα-stimulated activities of mAC isoforms. Activities are 
listed as mean ± SEM in nmol cAMP•mg-1•min-1. 
 

  

  



4. DISCUSSION and OUTLOOK 

Nine mACs with similar architecture are encoded in mammals and catalyze the 

generation of cAMP from ATP (Dessauer, Watts et al. 2017). The current knowledge 

on the functional importance of its TM domains is poor. Expression of 1C1:2C2 

chimeric protein i.e. no TM domains, resulted in functionally active enzyme, deeming 

TMs unnecessary (Tang and Gilman 1995). However, many conceivable arguments 

have drawn the attention to other possible roles aside membrane anchoring. Our 

group proposed a receptor function for these anchors (Seth, Finkbeiner et al. 2020). 

In this role, TM domains would receive extracellular input signal (ligand) and transduce 

it through cytosolic linkers to the catalytic dimer. We showed that components in the 

serum may bind to the membrane anchors and alter the activity of mACs (Seth, 

Finkbeiner et al. 2020). To validate this novel function, it was necessary to identify the 

potential ligands. This would add a new perspective towards mACs regulation, in 

conjunction with the already established indirect ways of regulation i.e. G-proteins, 

calmodulin, Ca2+, FSK, etc. I embarked on a quest to possibly identify mACs ligands. 

We initiated our work with the anticipation of finding inhibitory compounds, based on 

our earlier results (Seth, Finkbeiner et al. 2020). By eliminating proteins and peptide 

and taking into consideration the hydrophobic nature of the CqsS ligand CAI-1, we 

expected the ligands to be of lipidic nature. For this, we first used FBS as potential 

source of ligands. Lipid extraction followed by lipidomic analysis led to identification of 

GPLs which unexpectedly enhanced mAC activity. A major component of biological 

membranes, GPLs are known to participate in many signaling processes including 

GPCRs and ion channels (Mukhopadhyay and Trauner 2023). No previous reports 

have linked GPLs and mACs. Our study was demonstrated that GPLs can affect 

various mAC isoforms distinctly, their action being similar to that of FSK. Changing the 

acyl groups led to remarkable reduction or loss of potency. Besides, GPLs with 

different head groups showed different efficacies albeit similar potencies. We 

speculate that GPLs most likely bind to the catalytic dimer. Yet, information about how 

their biosynthesis and release is linked to cAMP is still unknown. 

We then tried to isolate lipids, this time using lung tissue as a starting material. We 

identified free heme b as a non-specific inhibitor of mammalian as well as bacterial 

ACs. As a signaling molecule, heme b is known to control the activities of distinct 

regulators (Mense and Zhang 2006). It was shown previously that heme b and cAMP 



are connected (ref. [40-44] in publication ). Interestingly, a heme-binding domain was 

identified in the soluble isoform of AC with activating effect on its activity (Middelhaufe, 

Leipelt et al. 2012). We again assume that heme b would bind to the cytosolic catalytic 

domains. Considering that free heme b levels are elevated in several pathological 

conditions, we speculate that the effect of heme b on cAMP generation might of be of 

medical relevance. Further studies are mandatory to elucidate the exact mechanism. 

Lastly, we reached our primary goal by identifying aliphatic lipids (fatty acids and 

the endocannabinoid anandamide) as mACs ligands. These lipids were able to 

specifically enhance mACs 2, 3, 7, and 9 and attenuate mACs 1, 4, 5, and 6, distinct 

effects which bolster the receptor hypothesis. A ligand for mAC8 could not be 

identified. Generally, constructing chimeras of full-length mAC isoforms is deemed 

difficult due to instability and thereby functional inactivity (Seebacher, Linder and 

Schultz 2001). However, we managed to generate a catalytically active mAC5TM-

mAC3cat chimera which was not affected by the mAC3-enhancing oleic acid and 

attenuated by the mAC5-inhibiting anandamide, proving that specific lipid-TM domain 

interaction is necessary for eliciting a response. Fatty acids serve as signaling 

molecules in numerous physiological processes, e.g. for free fatty acid receptors as 

well as other receptors (Kimura, Ichimura et al. 2020). As a lipid mediator affecting 

cannabinoid receptor 1, anandamide was shown to serve key roles in various 

biological processes in the periphery and central nervous system (Scherma, Masia et 

al. 2019). Previous studies have demonstrated that free fatty acids can have dual 

effects i.e. activation and inhibition on ACs activities, which is in agreement with our 

results (Fain and Shepherd 1975, Orly and Schramm 1975, Ahmad, Alam and Alam 

1990, Nakamura, Okamura et al. 2001). Our study, however, is the first to show that 

these effects can be attributed to the fatty acids’ direct binding to specific mACs 

membrane anchors. Anandamide, on the other hand was shown to inhibit AC activity 

via direct acting on cannabinoid receptor (Vogel, Barg et al. 1993). Our study revealed 

that it can also act directly on mACs, specifically attenuating isoforms 1, 5 and 6.  

Our studies do not cancel or contradict the already established ways of mAC 

regulation. On the contrary, it paves the way towards looking for novel mACs 

regulators that would help to understand its physiological roles. Comprehending the 

specific role and regulation of an individual mAC isoform is hindered by the complexity 

and heterogeneity of mAC expression patterns in different cell types. Most importantly, 



from the pharmacological perspective, mACs constitute important drug targets. 

However, it is difficult until now to develop high-affinity inhibitory or stimulatory 

compounds that would selectively bind to a specific mAC isoform. Here, our work 

comes into play. It could be possible now to achieve these goals i.e. developing 

specific binders to study specific mAC roles and regulation and for pharmacological 

modulation, by targeting the non-conserved mACs membrane anchors. Noteworthy is 

the proposed cytosolic catalytic action of GPLs which also showed specific effects on 

mACs. However, our studies are still lacking structural information. Knowledge of the 

structural basis of mACs-ligand interaction would form the basis for the development 

of selective and potent mAC isoform activators and inhibitors. It goes without saying 

that our work has some unresolved questions which mandate further studies.  
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