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Zusammenfassung

Humane Adenylylcyclasen (ACs) spielen eine entscheidende Rolle in der
Signalubertragung zwischen dem extrazellularen und intrazellularen Raum.
Molekulare Botenstoffe werden von G-Protein-gekoppelten Rezeptoren (GPCRs) auf
der Zelloberflache erkannt, wo sie binden und G-Proteine aktivieren, die das Signal
aus dem extrazellularen Raum in das Zytoplasma weiterleiten. Dieses Signal wird an
ACs ubertragen, die daraufhin den sekundaren Botenstoff cyclisches
Adenosinmonophosphat (CAMP) erzeugen. cAMP ubermittelt das Signal an

zytosolische Proteine und I6st so eine zellulare Reaktion aus.

ACs sind pseudo-heterodimere Proteine, die aus einer Transmembran- (TM)
Domane und einer katalytischen (zytosolischen) Domane 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 konnte. Die evolutionare Konservierung signalubertragender Elemente, die die
TM- und katalytischen Doménen verbinden, die erfolgreiche Ubertragung anderer
Rezeptordomanen 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-Domanen eine
Rezeptorfunktion innehaben, indem ein physiologischer Ligand identifiziert wird. Wir
stellten fest, dass Glycerophospholipide die Gsa-stimulierte AC-Aktivitat auf eine
nicht isoform-spezifische Weise in allen neun membranstandigen AC-Isoformen
verstarken. Unsere Daten deuten darauf hin, dass Glycerophospholipide direkt auf
die katalytische Doméane wirken kénnten, anstatt auf den TM-Bereich. Ahnlich wurde
festgestellt, dass Ham B mehrere Klasse Il ACs, einschlieflich aller neun
menschlichen Isoformen, unspezifisch hemmt. Obwohl diese Molekule nicht die
gesuchten Liganden waren, offenbarten sie neue Ebenen der AC-Regulation.



Freie, ungesattigte Fettsduren wie Olsaure und Arachidonséure beeinflussen die
Gsa-stimulierte AC-Aktivitat isoform-spezifisch. So stimuliert Olsaure die Isoformen 2,
3, 7 und 9, wahrend Arachidonsaure die Isoformen 1 und 4 hemmt. Durch den
Austausch der TM-Domanen der Isoformen 3 und 5 konnten wir zeigen, dass
Rezeptorfunktionen austauschbar sind: Die Hemmung von Isoform § durch das
Endocannabinoid Anandamid, das auch die Isoformen 1, 4 und 6 hemmt, wurde
erfolgreich auf Isoform 3 Ubertragen. Zudem ging die stimulierende Wirkung der

Olsaure verloren beim Austausch der TM-Domanen.

Zusammenfassend haben wir einen neuen Mechanismus der AC-Regulation Uber
ihre TM-Domane identifiziert. Die Regulation durch Fettsauren und ihrer Derivate
beweist die regulatorische Rolle der TM-Domanen. Die Ergebnisse positionieren
menschliche ACs an einem Knotenpunkt zwischen schneller Neurotransmitter-
Signallbertragung (phasische Signaltransduktion) und langsamer, direkter,

lipidvermittelter Signallbertragung (tonische Signaltransduktion).



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 Gsa 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 Gsa-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 Ill 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 Gsa-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



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).



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 a subunit
and a By dimer subunit. When a ligand binds to the GPCR, the GDP molecule
attached to the a subunit is replaced by GTP, resulting in the dissociation of the GTP-

bound a subunit from the By dimer. G-protein a subunits can be classified into four



subfamilies: Gas, Gai, Gag, and Ga1z [2]. In the final step, the a subunit binds to a
specific site on ACs C2. In the case of Gas, this binding activates ACs, while Gai,
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].



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 | through VI.
To date, most research has focused on proteins from class lll, primarily because the
other classes are predominantly found in a limited range of prokaryotic species [7].
Class Il 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 lll is further subdivided into four subclasses, labeled llla to llld, 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 llla ACs.
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Figure 1. Evolutionary relationship between the catalytic domains of class lll

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 Il 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 (Mn?* or
Mg?*), which facilitates a nucleophilic inline attack by the ribose's 3'-OH group on the
a-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].

Heterodimer, 1 catalytic center Homodimer, 2 catalytic centers

Figure 2. Dimeric structure of class Ill 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 | is formed by the isoforms 1, 3, and 8, group Il by 2,

4, and 7, group Il by 5 and 6, and group IV consists of only isoform 9.

12



outside

Figure 3. Cryo-EM structure of bovine AC isoform 9 as a model for mammalian

AC structures (resolution approximately 3.6 A).

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 Gsa-
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 llla 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

Autolnducer-1, acts as a ligand for CgsS. Cholerae Autolnducer-1 concentration-

14



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 llla/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 CgsS. Although this chimera was not
directly regulated by Cholerae Autolnducer-1, Gsa stimulation was inhibited.
Additionally, they found that unidentified compounds in human serum inhibited Gsa
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).

Basal States

* Ligand

+Gsa

conformationally inactive active
stabilized

inactive state

conformationally
stabilized
active state

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. Gsa 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
b

) What would be a suitable starting material to use?
)
c) Do the ligands bind in an isoform-specific manner?
)

)

If ligands are found, are they exclusively inhibitory?

d
e

Do they directly regulate ACs, or is the regulation coupled to GPCR/Gsa?
Do potential ligands regulate cAMP formation in vivo?

f) Do they regulate cAMP formation in mammalian tissues?

17



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 Gsa-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.)

Personal contributions:

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

figures 1, 4, 5, 6 and in part for figure 3 in the main manuscript.

Designed, carried out and analyzed experiments for supplementary tables 2, 3
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.

Estimated contribution: 50%.
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ARTICLEINFO ABSTRACT

Keywords: Nine mammalian adenylyl cyclases (AC) are pseudoheterodimers with two hexahelical b |

Adenylyl cyclase which are isoform-specifically conserved. Previously we proposed that these membrane domains are orphan
Membrane anchor receptors  (https://doi.org/10.7554/eLife.13098;  https://doi.org/10.1016/j.cellsig.2020.109538).  Lipids
mr ipide extracted from fetal bovine serum at pH 1 inhibited several mAC activities. Guided by a lipidomic analysis we
Phosphatidic acd tested glycerophosphohplds as po{en(nl ligands. Contrary to expectations we surprisingly discovered that 1-
Cyclic AMP 1-2-d idic acid (SDPA) p d Gsa-activated activity of human AC isoform

3 seven fold. The specxﬁcu:y of fatty acyl esters at glycerol posmons 1 :md 2 was rather stringent. 1-Stearoyl-2-

idylserine and 1 yl-2-d hatidylethanolamine significantly
potentiated several Gw—acuvated mAC isoforms ro different extents. SDPA appears not interact with forskolin
activation of AC isoform 3. SDPA enhanced Gsa-activated AC activities in membranes from mouse brain cortex.
The action of SDPA was reversible. Unexpectedly SDPA did not affect cAMP generation in HEK293 cells stim-
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1. Introduction

cAMP is a universal regulator of numerous cellular processes
[7,32,36,38]. Its bxo*ynt.hesns is via adenylyl cyclases. This report deals
with the nine b bound pseudoh dimeric ACs
(mACs; reviewed in [2,7,24,32]. Currently, a du'ect regulation of mACs
does not exist. The accepted regulation is indirect and includes (i) the
extracellular activation of G-p in-coupled r (ii) intracellul
release of the Gsut subunit from a trimeric G-protein and, (iii), as a last
step mAC activation by the free a-subunit [7,30]. Secondarily,
calmodulin, Ca®* ions, Gpy and phosphorylation are cytosolic effectors.
In contrast, we recently have d a direct regulatory role mediated
by the membrane domains of mACs acting as receptors [3,34]. In this
proposal, the mAC receptors are comprised of the two hexahelical

domains each connected to a cytosolic catalytic domain, C1 and C2, via
highly conserved cyclase transducing elements [7,34,46]. These trans-
ducing elements, also termed helical domains, are perfectly suited to
mediate signal transduction between membrane anchors and the cata-
lytic dimer as shown by the cryo-EM structure of AC9 holoenzyme [27].
The proposal for a receptor function is based on: (i) the evolutionary
conservation of the membrane anchors in an isoform-specific manner for
>0.5 billion years [2], (i) on highly conserved cyclase-transducing-
elements [46], and (iii) on catalytic domains conserved from cyano-
bacteria to mammals [2,16,18,34], (iv) on a most recent cryo-EM
structure of the mycobacterial cyclase Cya at 3.6A resolution in which
a potential intramembrane binding pocket for lipophilic compounds was
identified (Metha et al. 2022; https://doi.org/10.1101/2021.12.01.470

738).

Abbreviations: mAC, b Jelimited adenylyl cyclase; GPL, glyceropk

holipid; SDPA, 1 yl-2-d h 1-phosphatidic acid.

* Corresponding author at: Pharmazeutisches Institut der Universitat Tiibingen, Auf der Morgenstelle 8 72076 Tibingen, Genn:my

E-mail address: joachim.schultz@uni-tuebingen.de (J.E. Schultz).
! Both contributed equally.

2 Present address: Dept. of Phar logy, Yale Uni
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ity School of Medicine, 333 Cedar Street, New Haven, CT 06520-8066, USA.
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A Sethetal

Recently we reported ligand-mediated inhibition of a Gsa-activated
mAC2 in a chimera in which the AC b d ins were replaced
by the hexahelical quorum-sensing receptor CqsS from Vibrio sp. th:n has
a known lipophilic ligand, cholera-auto-inducer-1 [3,22,34]. In an
initial approach to identify ligands for the mAC receptors we used fetal
bovine serum (FBS) which had been shown to contain mhxb)tory com-
ponents [34]. Eliminating peptides or protei ible li we
fractionated lipids by extraction with chloroform/met.h:mol at dlfferent
pH values [4]. Expecting to isolate inhibitory components we report the
most surprising discovery that 1-stearoyl-2-d h yl-phosph
tidic acid (SDPA) potentiated Gsu-activated mAC3 acuvtty up to 7-
fold. The actions of SDPA resemble, to a limited extent, those of the
plant diterpene forskolin [7]. The data establish a new layer of direct
mAC regulation and emphasize the importance of glycerophospholipids
(GPLs) in regulation of intracellular cAMP generation.

2. Materials and methods
2.1. Reagents and materials

The genes of the human AC isoforms 1-9 cloned into the expression
plasmid pcDNA3.1+/C-(K)-DYK were purchased from GenScript and
contained a C-terminal flag-tag. Creatine kinase was purchased from
Sigma, restriction enzymes from New England Biolabs or Roche Mo-
lecular. All chemicals were from Avanti Lipids and Sigma-Merck.
_ENREF_24The constitutively active GstQ227L point mutant was
expressed and purified as described earlier [8,10,11]. Forskolin was a
gift from Hoechst, Frankfurt, Germany. Human serum (catalog # 4522
from human male AB plasma) and fetal bovine serum were from Gibco,
Life Technologies, Darmstadt, Germany (catalog #: 10270; lot number:
42Q8269K).

2.2. Plasmid construction and protein expression

ACIC1_ACIIC2 was generated in pQE60 with Ncol/HindIll re-
strictions sites according to Tang et al. [39]. The construct boundaries
were: MRGSHg-HA-hAC1-Clyposs raaa-AAAGGMPPAAAGGM  -hAC2-
C2Rrg22.510901- HEK293 cells were maintained in Dulbecco’s modified
Eagle's medium (DMEM) containing 10% fetal bovine serum at 37 °C
with 5% CO2. Transfection of HEK293 cells with single mAC plasmids
was with PolyJet (SignaGen, Frederick, MD, USA). Permanent cell lines
were generated by selection for 7 days with G418 (600 pg/mL) and
maintained with 300 pg/mL G418 [1,6,37].Clonal selection was
omitted. For membrane preparation cells were tyrpsinized and collected
by centrifugation (3000 x g, 5 min). Cells were lysed and homogenized
in 20 mM HEPES, pH 7.5, 1 mM EDTA, 2 mM MgClz, 1 mM DTT, and one
tablet of cOmplete, EDTA-free (for 50 mL), 250 mM sucrose by 20
strokes in a potter homogenizer. Debris was removed by centrifugation
for 5 min at 1000 xg, membranes were then collected by centrifugation
at 100,000 xg for 60 min at 0°C, resuspended and stored at —80 °C in 20
mM MOPS, pH 7.5, 0.5 mM EDTA, 2 mM MgClo. Expression was checked
by Western blotting.

Membrane preparation from mouse brain cortex was according to

33,34]. For each preparation three cerebral cortices were dissected and
homogenized in 4.5 mL cold 48 mM Tris-HC, pH 7.4, 12 mM MgCl 2,
and 0.1 mM EGTA with a Polytron hand disperser (Kinematica AG,
Switzerland). The homogenate was centrifuged for 15 min at 12,000 g at
4 °C and the pellet was washed once with 5 mL 1 mM potassium bi-
carb The final suspension in 2 mL 1 mM KHCO;3; was stored in
aliquots at —80 °C.

2.3. Adenylyl cyclase assay

AC activities were determined in a volume of 10 pl using 1 mM ATP,
2 mM MgCl,, 3 mM creatine phosphate, 60 pg/mL creatine kinase, 50
mM MOPS, pH 7.5. Ca®*, usually p at low pM

rations, was

(5}
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Table 1
Lipid extraction of FBS with chloroform/methanol.

9 Gea activated Adenylyl Cyclase Activity

PH 14 pH6 PH1
hacl 99 £5 915 251
hac2 176 £ 8 158 £ 4 149+ 9
hac3 183 + 40 175 £ 41 311
hACS 98+7 123+]12 507
hACS 91+4 89£2 57+4
hac7 1490 £ 6 131 £ 4 79+6
hacs 192+11 1937 115+ 4
hAC9 20] +22 251 £12 140+ 12
2 mL FBS were i with chl m hanol (1:2) ling to [4]. The

organic phase was evaporated, and the residue was dissolved in 35 pl DMSO.
Adenylyl cyclases were activated by 600 nM Gsa and 33 nl of the DMSO extracts
were added. Basal AC activities were in the order of the table: 0.11, 0.43, 0.02,
0.4, 0.16, 0.02, 0.33, and 0.04 nmol cAMP-mg '-min ', respectively. 600 nM
Gsa-activated activities were 0.49, 1.31, 0.36, 2.23, 0.71, 0.25, 3.16 and 1.67
nmol cAMP-mg ":min . n = 4-12.

not complexed by EGTA. The cAMP assay kit from Cisbio (Codolet,
France) was used according to the supplier’s instructions. For each assay
a cAMP dard curve was blished [34]. Lipids were dissolved in
100% ethanol or DMSO at high concentrations and acutely diluted in 20
mM MOPS pH 7.5 at concentrations, which limited organic solvent in
the assay at maximally 19. Up to 2% neither ethanol nor DMSO had any
effect on AC activity.

2.4. Lipidomic analysis

Lipids were extracted from MonoQ purified aqueous fractions by
methyl-tert-butyl ether/methanol as described [21] after adjusting their
pH to 1.0 and 6.0, respectively. The collected extracts were dried under
vacuum, and re-dissolved in 500 pl of water/acetonitrile 1:1 (v/v).
Lipids were analyzed by LC-MS/MS on a Xevo G2-S QTof (Waters) mass
spectrometer interfaced to Agilent 1200 liquid chromatograph. Lipids
were separated on a Cortecs C18 2.7 pm beads; 2.1 mm ID x 100 mm
(Waters) using a mobile phase gradient: solvent A: 50% aqueous
acetonitrile; solvent B: 25% of itrile in isopropanol; both A and B
contained 0.1% formic acid (v/v) and 10 mM ammonium formate. The
linear gradient was delivered with flow rate of 300 pl /min in 0 min to
12 min from 20% to 100% B; from 12 min to 17 min maintained at 100%
B, and from 17 min to 25 min at 20% B. Mass spectra were acquired
within the range of m/z 50 to m/z 1200 at the mass resolution of 20,000
(FWHM). The chr gram was hed ag web-accessible
XCMS compound database at https://xcmsonline.scripps.edu/landin
g_page.php?pgcontent=mainPage. Lipids were quantified using
Skyline 21.1.0.278 software using synthetic lipid standards [42] spiked
into the analyzed fractions prior lipid extraction.

2.5. Data analysis and statistical analysis

All incubations were in d or tripl For easier presen-
tation, data were normalized to respective controls and S.E.M values are
indicated. Data analysis was with GraphPad prism 8.1.2 using a two-
tailed t-test.

3. Results
3.1. Lipids as possible mAC effectors

In exploratory experiments, we extracted lipids from FBS with
chloroform/methanol at pH 1, pH 6, and pH 14 [4]. After evaporation of
solvent the solid residues were dissolved in DMSO and tested against
human mAC isoforms 1, 2, 3, 5, 6, 7, 8, and 9 in membrane preparations
from HEK293 cells transfected with the respective ACs (Table 1). The
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Fig. 1. 1-Stearoyl-2-d acid ion-
dependently potentiates mAC3 acuvated by 600 nM Gsu (filled circles). 100%
Gsa-activated mAC3 activity corresponded to 707 + 187 pmoles
cAMPemg 'emin . Basal mAC3 activity is not significantly affected by SDPA
(open circles; 100% basal activity corresponds to 34 pmoles
cAMPemg 'emin'). Triangles: Effect of SDPA on the CI-C2 soluble AC
construct activated by 600 nM Gsa (Basal activity was 12 pmol
cAMPemg 'emin '. 600 nM Gsax activated activity was 150 pmol
cAMPemg 'emin ' corresponding to 100%). Insert: Activity of the mycobac-
terial AC Rv1625c¢ is unaffected by SDPA (activity was 23 nmoles
cAMPemg 'emin '). Data were normalized to respective 100% activities.
Significances in a two-tailed t-test: *: p < 0.05; **: p < 0.01 compared to 100%
activity. For clarity, not all significances are marked. N = 4-6; error bars denote
S.E.M.’s.

pH 1 extract inhibited Gsa-activated AC 1, 2, 5, 6, and 7 to different
extents. The pH 6 and pH 14 extracts appeared to enhance Gsa-activated
AC isoforms 2, 3, 8, and 9 (Table 1).

We then carried out a lipidomic analysis with the pH 1 and the pH 6
fractions [21,42]. Based on previous data we expected ligands which
inhibit Gsa-activated mAC activities [34]. Therefore, we concentrated
on lipids present in the pH 1 fraction. Apart from several. Based on
previous data we expected potential ligands which inhibit Gsa-activated
mAC activities and concentrated on lipids present in the pH 1 fraction
[34]. Apart from several minor constituents from different lipid classes
the major constituents in the acidic fraction were phosphatidic acids,

phatidylcholine, phosphatidylethanolamine and phosphatidylser-
ines (see Appendix Flg 1 and 2) Next, we examined the effect of
commercially available bulk lipids on Gstt-activated mACs. Egg phos-
phatidic acids significantly stimulated, whereas other bulk lipids such as
egg and liver phosphatidylcholine, brain gangliosides, sulfatides and
cerebrosides had no significant effects.

The lipidomic analysis showed that highly unsaturated fatty acids
such as arachidonic acid and docosah ic acid are prominent acyl
substituents in phosphatidic acids (Appendix Fig. 2). These acyl residues
are only minor components in the tested egg or liver phosphatidic acids.
Therefore, we d ially available synthetic GPLs contain-
ing polyunsaturated fatty acids as acyl substituents. The general struc-
ture of glycerophospholipids is shown below (see Appendix Table 1 fora
complete list of lipids examined in this study).

o o
1 3 1]
Rl\)l\o/\;\/\o, IP‘OX
O H OH
R, /Y
[o}
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Fig. 2. SDPA increases the affinity of mAC3 for Gsa. The EC,, concentration for
Gsa in the absence of SDPA was 518 nM and in the presence it was 336 + 29 nM
(p < 002 n = 56) Basal AC3 activity was 27 + 21 pmoles
cAMPemg 'emin'; 1000 nM Gsa increased mAC3 activity to 791 + 128
pmoles cAMPemg 'emin ). Significances: *: p < 0.05; **: p < 0.01 compared
to corresponding activities without SDPA. n = 5-6; error bars denote S.EM.
Often error bars did not exceed the symbol size.

Basic structure of glycerophospholipids: Rjand R, are fatty acyl
residues esterified at glycerol positions 1 and 2; X can be a proton H™ as
in phosphatidic acid, choline (phosphatidylcholine), serine (phosphati-
dylserine), glycerol (phosphatidylglycerol), or ethanolamine
(phosphatidylethanolamine).

The assays used membranes containing human mAC isoforms
expressed in HEK293 cells. The mACs were activated by 600 nM of a
constitutively active Gsat (Q227L, here termed Gsa) because we expected
to characterize an inhibitory input [11 34] Most surprisingly, we
discovered that 1 yl-2-d h phatidic acid (SDPA)
potentiated mAC3 up to 7-fold above t.he l6—fold activation already
exerted by 600 nM Gsa alone (Fig. 1). The EC5 of SDPA was 0.9 pM. In
the absence of Gsat 10 pM SDPA had no significant effect (Fig. 1). As far
as the synergism between Gsa-activated mAC3 is concerned, the effect of
SDPA was reminiscent of the known cooperativity between forskolin
and Gsa activated mACs [7].

Does the action of SDPA require a membrane-anchored AC holoen-
zyme or is the activity of a Gsa-activated C1/C2 catalytic dimer poten-
tiated as well? We produced a soluble active AC construct connecting the
catalytic C1 domain of mAC1 and the C2 domain of mAC2 by a flexible
linker [39] [39]. The construct was expressed in E. coli and purified via
its Hisg-tag. It was activated 12-fold by Gsa (from 12 to 150 pmol
cAMPemg~'emin~"). SDPA up to 10 uM did not affect basal activity and
failed to significantly enhance Gsut-activated activity of the chimera. We
tentatively conclude that the SDPA action requires membrane anchoring
of mACs.

We investigated whether SDPA affects the activity of a Gsa-insensi-
tive membrane-bound bacterial AC. We used the mycobacterial AC
Rv1625¢, a ic progenitor of lian mACs, which has a
hexahelical membrane domain and is active as a dimer [12] [12]. The
activity of the Rv1625¢ holoenzyme was unaffected by SDPA (Fig. 1
insert). The particular intrinsic properties of the mammalian membrane
domains in conjunction with Gsu-activation may be required to confer
SDPA sensitivity.

Next, we examined which kinetic parameters are affected by SDPA.
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Fig. 3. Specificity of fatty acyl esters in phosphatidic acids for potentiation of
Gsa-activated mAC3. 600 nM Gsa-activated activity (100%) was 446 pmol
cAMPemg 'emin ' (basal mAC3 activity was 15.2 pmol cAMPemg 'emin ).
Abbreviations: SAPA, l-steamyl-"-amchndonoyl phosphatidic acid; PDPA, 1-

Imitoyl-2-d h phatidic acid; PAPA, l pal.lmxoyl 2-aradn
donoyl phosphnudlc acnd DDPA di-d h acid;
DAPA, di-arachidonoyl-phosphatidic acid. The ECs, concenmnons were 4.8,
1.3, and 1.4 pM, for SAPA, PDPA, and DDPA, respectively (differences not
significant; n = 3). Error bars denote S.E.M. For comparison, a curve presenting
SDPA is included.

For mAC3, the enzymatic reaction rates + SDPA were linear with
respect to protein concentration and time up to 30 min. The Km for
substrate ATP (0.1 mM) was unaffected. The most striking effect of SDPA
was the increase in Vmax (from 4 to 8 nmol cANﬂ?-mg"-mi.n_l).
Concentration-response curves for Gsat in the presence of different SDPA
concentrations showed that the affinity of mAC3 for Gsat was signifi-
cantly increased (Fig. 2). Most likely, Gstt and SDPA act at distinct sites
of the protein and potentiation by SDPA is due to concerted structural
interactions, 1 of the cooperativity between Gsit and forskolin

71

3.2. Specificity of 1- and 2-acyl substituents in phosphatidic acid

Phosphatidic acid is the simplest GPL consisting of a glycerol back-
bone to which two fatty acids and phosphoric acid are esterified. At
physiological pH it carries about 1.5 negative charges. Generally, at
positions 1 and 2 of glycerol a variety of fatty acyl residues haves been
identified. We ined the bioch I specificity of the fatty acyl

bsti in phosphatidic acid (Fig. 3).

10opM 1 Ste:u'oyl 2-arachidonoyl-phosphatidic acid (SAPA) poten-
tiated Gs-activated mAC3 about 5-fold (ECso = 4.8 pM; Fig. 3).
Exchanging the stearic acid at position 1 by a palmitic acid, i.e. 1-palmi-

toyl-2-docosah yl-phosphatidic acid (PDPA) reduced activity by
about 50% compared to SDPA (ECgo = 1.3 pM). Strikingly, the corre-
di 1-palmitoyl-2-arachidonoyl-phosphatidic acid (PAPA) lost

about 70% of acuwty compared to SDPA (Fig. 3), highlighting the
structural contribution of the 1-fatty acyl substituent to biochemical
activity. The importance of the substituent at position 1 was further
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Fig. 4. Head group specificity of glyceropt lipid g Gsa-acti-
vated mAC3 activity. Basal mAC3 activity was 0. 03 Gsu-sumulnted acuvuy was
0.56 nmol cAMPemg 'emin ' (corresponding to 100%). C ion of
lipids was 10 pM. Error bars denote S.E.M. Significances: *: p < 0.05; **: p <
0.01; ***: p < 0.001; n = 3-9.

effect using 1, 2-di-arachidonoyl-phosphatidic acid (DAPA; Fig. 3).
Expectedly then, 1-stearoyl-2-linoleoyl-phosphatidic acid was inactive
(not shown). The data show a remarkable positional specificity for the 1-
and 2-acyl substituents of the glycerol backbone and indicate a specific
and concerted interaction between the fatty acyl esters. The specificity
of fatty acyl-substitution also strongly indicated that SDPA is not acting
in its property as a general membrane GPL because other phosphatidic
acids should be equally suitable as membrane lipids. Further, the
peculiar biochemical properties of SDPA in its relation with AC isoforms
suggest that the negative charges of phosphatidic acid are not sufficient
to determine specificity, but that the lipid substitutions on position 1- as
well as 2- probably are equally important.

3.3. Head group specificity of glycerophospholipids

The next question is whether 1-stearoyl-2-docosahexaenoyl-GPLs
with different head groups might affect Gsa-activated mAC3. First, we
replaced the phosphate head group in SDPA by phosphoserine gener-
ating SDPS. This greatly reduced potentiation of Gsa-activated mAC3
activity (2.8-fold potentiation; Fig. 4). A concentration-response curve
of SDPS with mAC3 showed that the EC5g concentration was similar to
that of SDPA (1.2 vs 0.9 pM; n = 6-9; n.s.), but its efficacy is significantly
lower suggesting that identical binding sites are involved.

We further wused 1-stearoyl-2-d h yl-ethanol
(SDPE), 1-stearoyl- 2-doco..ahexaenoyl-phosphaudylglycerol (SDPG)
and 1 yl-2-d yl-phosphatidylcholine (SDPC; Fig. 4).

In this order, eﬁicacy to enhance the Gsa-actwated mAC3 declined, with
SDPC having no significant effect (Fig. 4). The surprising specificity of
the 1- and 2-fatty acyl-substituents of the glycerol backbone was
emphasized once again when we used 1-stearoyl-2-arachidonoyl-phos-
phatidyl-ethanolamine (SAPE) and 1-stearoyl-2-arachidonoyl-phospha-
tidylcholine. In both instances biochemical activity was lost (not
shown). Consequently, we did not further probe GPLs with differing
fatty acyl combinations at the glycerol 1- and 2-positions because, as
demonstrated, changes in acyl substitutions resulted in considerable
reduction or loss of biological activity (see Fig. 3).

3.4. Effect of glycerophospholipids on Gsa-activated adenylyl cyclase

h 1 JI when ‘l 9_4di-d. h I N 'y "4!" ac‘d
(DDPA). The efficiency was reduced by 80% p ed to SDPA (Fig. 3).
The ECsp for DDPA was 1.4 M. Even more drastic was the absence of an

/)

So far, we examined only the mAC3 isoform that showed a
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Fig. 5. Effect of 10 yM of glycerophospholipids on various mAC isoforms activated by 600 nM Gsa. Basal activities and Gsa-activated activities are listed in Appendix
Table 2). Error bars denote S.E.M. Significances: *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001 compared to Gsx-activated activity (set at 100%). n = 3-9.

particularly high synergism between Gs and SDPA. Does SDPA equally
potentiate the Gsat-activated activities of the other mAC isoforms? More
generally, do GPLs display an mAC isoform specificity in the regulation
of intracellular cAMP biosynthesis? We expressed the nine human mAC
isoforms in HEK293 and, first, tested how SDPA affected the Gsa-acti-
vated activities (Fig. 5).

Under identical experimental conditions 10 pM SDPA significantly
potentiated mAC7 (2.4-fold), mAC9 (2.1-fold) and mACS activities (1.5-
fold). Concentration-response curves were carried for mACs 1, 2, 6, 7
and 9 (Appendix Fig. 3). The EC5p concentrations of SDPA for mAC6, 7
and 9 were 0.7 pM, i.e. not significantly different from suggesting equal
binding affinities. The other Gsu-activated mAC isoforms were not
significantly affected (Fig. 5 and Appendix Fig. 3). In summary, the data
demonstrated that the mAC isoform specificity of SDPA was not abso-
lutely stringent. The data then pose the question whether other GPLs
may exert similar effects on mAC activities or display a different panel of
isoform specificity. This was investigated using four more stearoyl-2-
docosahexaenoyl-GPLs (Fig. 5). 10 pM SDPS potentiated mAC3 and
mAC9. Smaller, yet significant effects were measured with mACs 7, 8, 5,
and 6 (Fig. 5). 10 pM SDPE significantly potentiated Gsa-activated mAC
isoforms 9, 3, 7, 5, and 4 (in this order). 10 pM SDPG significantly
enhanced only mAC3 activity (Fig. 5). Compared to the seven-fold effect
of SDPA on mAC3 these effects were small, yet, in mammalian biology
such enhancements in mAC activity may well have profound physio-
logical consequences. Up to 20 pM SDPC which is a major constituent of
the outer leaflet of membranes had no effect on any mAC isoform (not
shown). Taken together, the data then demonstrate the capacity of
chemically defined GPLs to enhance or potentiate the activation of Gsu-
activated mACs. We can virtually exclude coincidental and unspecific
effects of the amphiphilic phospholipids b mAC isoforms were
affected differentially. The results strongly suggest that a defined
conformational space must exist at mACs that allows specific in-
teractions with GPLs. Presently, the molecular details of the binding
mode remain unknown.

3.5. Relationship between SDPA and forskolin

SDPA failed to activate basal mAC3 activity and only potentiates
Gsa-activated mAC3 activity (Fig. 1). The plant diterpene forskolin
stimulates basal as well as Gsa-activated mAC activities [7,41,44], i.e.
the effects of SDPA and forskolin are only partly similar. Forskolin
stimulates mACs expressed in Sf9 cells to rather different extents and
with discrepant potencies, e.g. the ECso concentrations for AC1 (0.7 pM)
and AC2 (8.7 pM) differ >12-fold [25]. We established forskolin
concentration-response curves for all mAC isoforms expressed in
HEK293 cells under identical experimental conditions using Mg>* as
divalent cation, a comprehensive study which is lacking so far
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Fig. 6. 1 yl-2-d hy yl-phosphatidic acid (SDPA) concentration-

dependently potentiates Gsux activated adenylyl cyclase activity in brain cortical
membranes from mouse. (A) 600 nM Gsa was used to activate mACs in cortical
membranes (solid circles: 100% Gsa-activated activity is 7.9 + 1.9 nmol
cAMPemg 'emin '); open circles: basal activity (in absence of Gsa) is 0.3 +
0.2 nmol cAMPemg 'emin"'. n = 6. (B) Reversibility of SDPA action. Cortical
brain membranes were incubated for 15 min without (I) and with (II) 10 pM
SDPA. Membranes were then collected by centrifugation, and re-assayed +600
nM Gsa and 10 pM SDPA. Error bars denote S.EM., *: p < 0.05; **: p < 0.01 (n
= 6).

(Appendix Fig. 4).

Stimulations at 1 mM forskolin were between 3-fold for mAC1 and
remarkable 42-fold for mAC3. The ECsp concentrations ranged from 2
UM (mAC1) to 512 pM forskolin (mAC7; Appendix Fig. 4). We also
observed forskolin activation of mAC9 although the current consensus
regarding this isoform is that it is forskolin insensitive. The latter
conclusion is based on experiments with mAC9 expressed in insect Sf9
cells using Mn®* as a cation [7]. Another report described a 2.3-fold
forskolin activation of mAC9 when expressed in CMT cells [26], in
line with our data (6-fold activation; appendix Fig. 4). We examined
potential interactions between forskolin and SDPA using mAC3 acti-
vated by 600 nM Gsa. Up to 10 pM, SDPA did not significantly affect
forskolin stimulation. We reason that the absence of interactions or
cooperativity between forskolin and SDPA suggests that both agents
affect mAC regions which exclude mutual cooperative interactions.
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Nevertheless, considering the structural dissimilarity of forskolin and
SDPA and the obvious lack of a molecular fit an identical binding site for
both lipophilic agents is rather unlikely. On the other hand, both agents
do interact with distantly binding Gstt in a cooperative manner.

3.6. SDPA enhances Gsa-stimulated cAMP formation in mouse brain
cortical membranes

Above we tested GPLs with individual mAC isoforms. Next, we asked
whether SDPA would potentiate mAC activity in membranes isolated
from mouse brain. In mouse brain cortex all mAC isoforms except for
mAC4 are expressed [20,31]. We expected to measure at least some
potentiation of the Gsa-activated AC activity by SDPA. The basal AC
activity in cortical membranes of 0.3 nmoles cAMP-mg~'-min~! was
unaffected by 10 pM SDPA (Fig. 6A). 600 nM Gsut stimulated AC activity
20-fold (7.9 nmoles cAW~mg'l-min'l) and this was further enhanced
1.7-fold by 10 pM SDPA (13.4 nmoles cAMP-mg™"-min~'). An SDPA
concentration-response curve yielded an ECgy of 1.2 pM, i.e. similar to
those established in HEK293-expressed mAC isoforms (Fig. 6A; compare
to Fig. 1 and Appendix Fig. 3). This demonstrated that the SDPA effect
on mAC activities was not due to peculiar membrane properties of the
HEK293 cells and supported the suggestion that the effects of GPLs may
be of physiologically important.

Next, we asked whether SDPA acts directly via a membrane-receptor
domain of hAC3 or is a cytosolic effector. We used HEK293 cells trans-
fected with hAC3. 2.5 pM isoproterenol increased cAMP levels from 0.06
to 0.24 pmol/1 0 cells within 45 min (6-fold). 10 BM SDPA did not affect
isoproterenol stimulation. Addition of SDPA did not enhance intracel-
lular cAMP generation (see Appendix Table 3). These unequivocal data
virtually excluded that SDPA acted via extracellular binding sites (re-
ceptors) or via an efficient and rapid uptake system. In fact, although
SDPA is a GPL, it is unlikely that it can pass into intact cells. First, the
negatively charged headgroup of SDPA is dissociated at the pH of in-
cubations. Second, SDPA might slide into the outer leaflet of the mem-
brane, but it would require a flippase for incorporation into the inner
leaflet and potential release into the cytosol. Considering the negative
surface charge of the inner leaflet due to the predominance of phos-
phatidylserine we consider this as unlikely. Third, we did not observe
significant incorporation of SDPA into brain cortical membranes (see
below). Thus, the data tentatively suggest a cytosolic site for the action
of GPLs.

3.7. Is SDPA a ligand?

GPLs are common building blocks of cell membranes. Major con-
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4. Discussion

Our results were contrary to the hypothesis at the outset because we
expected to find an mAC inhibitory input. Most surprisingly we identi-
fied SDPA and other GPLs as positive effectors of mAC activities. Obvi-
ously, we have discovered a new system of intracellular mAC regulation.
At this state our findings open more questions than can be answered
with this initial report.

We used non-clonal HEK293 cells permanently transfected with
mACs. HEK293 cells express considerable endogenous AC3 and 6 ac-
tivities [37]. These endogenous mAC activities appear to be negligible in
this context. First, upon transfection of mAC isoforms we observed very
different basal AC activities virtually excluding that ‘contaminating’
endogenous AC activities affected our results (see Appendix Table 2 fora
list of basal activities in transfected HEK293 cells). Second, we tested
HEK293 cells in which mACs 3 and 6 were knocked out [37]. Upon
mACS3 transfection SDPA similarly potentiated Gsa-activated mAC3 ac-
tivity. Because these engineered cells proliferated rather slowly they
were not used routinely.

Dlacylglycemls and PA are lipid second messengers that regulate

gical and pathological p e.g. phosphatidic acids were
reported to effect ion channel regulation and SDPA to act on the sero-
tonin transporter in the brain [19,29,35]. So far, the specificity of fatty
acyl residues and head groups in these lipids was not explored. Here, we
observed a striking exclusivity of fatty-acyl esters at positions 1- and 2-
of the glycerol backbone supporting a specific effector-mAC interaction.
Usually, fatty acyl substitutions are regulated because they impart spe-
cific biophysical and biochemical properties [14]. We demonstrated that
the combined fatty acyl ligands 1-stearoyl-2-docosahexaenoyl are more
or less exclusive for the actions of SDPA. Even seemingly minor changes
caused substantial changes in activity and efficacy, e.g., a change from
stearoyl to palmitoyl at glycerol position 1 (Fig. 3). This argues for a
specific steric interaction between the flexible stearoyl- and docosa-
hexaenoyl carbon-chains. Acyl chain substitutions might then impair
specific protein-ligand interactions, e.g. by a shrinkage of the binding
surface. Apparently, such interactions are substantially diminished
when only one of the two acyl residues is altered. Notably, di-
d h yl- and di-arachidonoyl-phosphatidic acids (DDPA and
DAPA) had mostly lost the capability to promote AC3 activity (Fig. 3). A
particularly interesting point is the preference for 2-docosahexaenoyl
acylation in the GPLs. Docosahexaenoic acid is an essential omega-3
fatty acid that cannot be synthesized at adequate quantities in infants
or seniors [28]. Therefore it is widely sold as a nutraceutical and should
be included into a bal d diet. Di h ic acid is particularly
abundant in membrane lipids in the retina (about 60% of all lipids
contain docosahexnenoxc acid), testes, brain, heart and skeletal muscle

[14]. A sodium-dep ymporter for uptake of this fatty acid,

stituents of the inner leaflet are phosphatidylserines and phosphatidyl-
ethanolamines, whereas the outer leaflet contains predominantly
phosphatidylcholine and sphingomyelin. In many tissues docosahexae-
noic acid is a major substituent in membrane GPLs [14]. Phosphatidic
acids are indispensable, yet minor membrane components [17]. The
SDPA potentiation of Gsa-activated mAC3 could be due to a lack of
SDPA. Added SDPA might be incorporated into the membrane close to
mACs resulting in a reordering of mAC domains. Alternatively, SDPA
may transiently bind to the cyclase. Under these latter circumstances the
SDPA effect should be reversible. We attempted to dissect these possi-
bilities. We incubated brain cortical membranes for 15 min at 37 °C with
10 uM SDPA. The membranes were then collected at 100,000 g and

kaged as a ly phatidic acid, has been characterized and its
structure was elucidated by cryo-EM [5,23,43]. Docosahexaenoic acid is
needed for normal brain development and cognitive functions, a role in
depression, aging and Alzheimer's disease is discussed [9,13,14,23,45].
So far, mACs have not yet been noticed in metabolic disturbances caused
by a lack of docosahexaenoic acid. The data presented here provides
evidence that docosah ic acid is involved in stimulating the cAMP
generating system.

Examination of head group specificity displayed different patterns of
mAC susceptibility and activity (Fig. 5). Notably, mAC isoforms 1 and 2
were not significantly affected by any of the GPLs assayed. This may be
due to a general insensitivity for GPLs or that we did not identify the

washed once. The b were ptible to Gsu stimulation and
potentiation by SDPA like naive membranes (Fig. 6B). Furthermore, the
supernatant of a 50 pM SDPA preincubation potentiated the Gsa acti-
vation in naive membranes, i.e., SDPA was not significantly incorpo-
rated into the membrane preparation. This supports the notion that
SDPA, and most likely other GPLs, serve as intracellular effectors for
mACs.

itable bioactive GPLs. We did not examine the specificity of acyl
substitution at the glycerol backbone in SDPS, SDPE, SDPG and SDPC
because of the specificity of the stearic/docosahexaenoic acid couple in
SDPA. We tested 1-stearoyl-2-arachidonoyl-phosphatidyl choline and
the corresponding phosphatidyl-ethanolamine. Biological activity was
absent with mACs 3, 5, 7, and 9, bolstering the assertion that fatty acyl
specificity is stringent in these GPLs as well. Presently we cannot
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Glycero-
phospho-
lipids

ATP

Fig. 7. Tentative scheme of a 2X6TM-adenylyl cyclase with regulatory input
from Gsa, binding to the C2 catalytic domain, forskolin, binding to a degen-
erated second substrate-binding site [12,40], and glycerophospholipids, here
proposed to enter and bind at the b anchor- and

towards the catalytic dimer.

cAMP

completely exclude that GPLs acylated by different couples of acid
substituents at the 1- and 2-positions might possess equal or better
effector properties. In view of the large variety of GPLs this cannot be
tested with a reasonable effort. Currently, we consider such a possibility
as remote. We do not know how GPLs mechanistically potentiate AC
activity in a synergistic interaction together with Gsu. The tentative
scheme in Fig. 7 is intended to illustrate an approximation of potential
interaction sites in relation to Gsu and forskolin. The precise nature of
such interactions requires structural details (in progress).

Another question which is not answered in this study concerns the
intracellular origin of GPLs, how their biosynthesis and release is
regulated and tied into the cAMP regulatory system. Despite being water
insoluble, an efficient traffic of phospholipids in cells exists, e.g. be-
tween locations of uptake and biosynthesis, to and from low-density-,
high-density- and very low density lipoproteins, and the diversity of
membrane-encl rganelles such as mitoch -ndn'\ 1 endo-
plasmic reticulum, end: ly and the membrane
itself. Thus, lipid trafficking is a continuous cellular process connected to
diverse signaling systems [14,35]. Part of the biosynthetic pathways for
phosphntidic acid is the hydrolysis of GPLs with choline, ethanolamine
or serine as head, ps by phospholipase D which g phosph
tidic acids [15]. Chem.\cally, GPLs are excellently sulted to serve as mAC
effectors because termination of SDPA ignaling is easily lished
by phospholip C. The rel between SDPA and forskohn is
debatable. The agents do not cooper:mvely interact at mAC proteins.
Certainly, the structural changes caused by either agent promote the
interactions between AC and Gsa. Yet this is no proof that such changes
are identical or even similar.

A critical observation was the potentiation by SDPA of Gsa-activated
mAC activity in mouse brain cortical membranes. mAC3 has been re-
ported to be abundantly expressed in brain [20,31]. The efficacy of
SDPA was comparable to that determined in mAC3-HEK293 mem-
branes. This demonstrated that the effect of GPLs observed in HEK293
expressed AC isoforms is of physiological significance. Our approach has
then discovered intracellul s, which in conjunction with the
established canonical GPCR/G*u-mgulahon of mACs add a new
dimension of mAC regulation. Currently, we cannot exclude the possi-
bility that other GPLs exist which have an inhibitory input. Actually,

Cellular Signalling 97 (2022) 110396

thermodynamic consndemhons would argue in favor of such a possx-
bility. Whether this is realized as a biological I an
open possibility. Presently, many important questions remain unan-
swered, such as how are intracellular GPL levels regulated, which of the
intracellular GPLs have access to the membrane delimited ACs, are GPL

rations p ly or acutely adjusted in a cell, e.g., by stress,
diet, diurnal, or seasonal effects or by peculiar disease states? In other
word, are we dealing with a long-term regulation of the Gsa-sensitivity
of the cAMP generating system or with coordinated short term signaling
events? Answering these medically relevant questions remains a
formidable challenge in the future.
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Appendix Figure 1
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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
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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:

e 131303P Cerebrosides

e 131305P Sulfatides

e 800818C-1-stearoyl-2-arachidonoyl-sn-glycerol

e 800819 --stearoyl-2-docosahexaenoyl-sn-glycerol

e 830855C 1,2-dipalmitoyl-sn-glycero-3-phosphate

e 840051P L-a-phosphatidylcholine (Egg, Chicken)

e 840055C L-a-phosphatidylcholine (Liver, Bovine)

e 840065C 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phospho-L-serine

e 840101C L-a-phosphatidic acid (Egg, Chicken) (sodium salt)

e 840859C I-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphate (sodium salt)
e 840860C 1-palmitoyl-2-docosahexaenoyl-sn-glycero-3-phosphate (sodium salt)
e 840862C 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphate (sodium salt)

o 840863C I-stearoyl-2-arachidonoyl-sn-glycero-3-phosphate (sodium salt)

e 840864C 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphate (sodium salt)
e 840875C 1,2-dioleoyl-sn-glycero-3-phosphate (sodium salt)

e 840885C 1,2-dilinoleoyl-sn-glycero-3-phosphate (sodium salt)

o 840886C 1,2-diarachidonoyl-sn-glycero-3-phosphate (sodium salt)

e 840887C 1,2-didocosahexaenoyl-sn-glycero-3-phosphate (sodium salt)

e 850469C I-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine

e 850472C I-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine

e 850804C 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphoethanolamine

e 850806C 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphoethanolamine
e 850852C 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N,N-dimethyl

e 857130P 1-oleoyl-2-hydroxy-sn-glycero-3-phosphate (sodium salt)

e 857328P 1-oleoyl-sn-glycero-2,3-cyclic-phosphate (ammonium salt)

e 860053P total ganglioside extract (Brain, Porcine-Ammonium Salt)

e 860492 Sphingosine-1-phosphate; D-erythro-sphingosine-1-phosphate



e LIPOID (Heidelberg) donated the following lipids:

e 30.556200 Lipoid PC 14:0/14:0; 1,2-Dimyristoyl-sn-glycero-3-
phosphatidylcholine (DMPC)
e 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)

e 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)

e 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)

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

e 42.565300 Lipoid PE 16:0/16:0; 1,2-Dipalmitoyl-sn-glycero-3-
phosphoethanolamine (DPPE)

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

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

HEK?293

HEK?293 AC1

HEK?293 AC2

HEK?293 AC3

HEK?293 AC4

HEK?293 AC5

HEK?293 AC6

HEK?293 AC7

HEK?293 AC8

HEK?293 AC9

HEK293AAC3,6

(n=5-12)

mAC activities in HEK293 cell membranes

transfected with human mAC isoforms

basal activity

0.02
0.16

0.34

0.03
0.02
0.07
0.08
0.03
0.15
0.03

0.006

nmol cAMPemg 'smin™!

+ 0.6 uM Gsa

0.19

5.17

0.55

0.2

2.46

1.41

0.19

1.08

1.87

0.06

(10-fold)

0.71  (4-fold)
(15-fold)
(16-fold)
(9-fold)
(37-fold)
(18-fold)
(7-fold)
(7-fold)
(71-fold)

(10-fold)
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Appendix Figure 3
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Concentration-response curves for SDPA potentiation of mAC isoforms 7, 9, 6, 1, and 2.

Basal and Gsa-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

fold activation

fold activation
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Forskolin [uM]

AC  ECy [uM]
AC1 2
AC2 91
AC3 240
AC4 233
AC5 233
AC6 479
AC7 513
AC8 21
AC9 417

HEK?293 cells. Error bars denote S.E.M. The calculated ECso 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 E; + 10 uM 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 pl/well; Cisbio).

pMoles cAMP/

10* cells
basal 0.06 = 0.02
SDPA, 10 uM 0.02 £+ 0.01
2.5 uM isoproterenol 0.24 £0.03
2.5 uM isoproterenol + 10 uM SDPA 0.25 £ 0.03
1 uM prostaglandin E; 0.10 £ 0.01
1 uM prostaglandin E2 + 10 uM SDPA 0.11 £+ 0.02
10 uM adenosine 0.17 £ 0.07
10 uM adenosine + 10 uM SDPA 0.07 = 0.01

[Please note that isolated HEK293 membrane preparations did not respond to adenosine,

isoproterenol or PGE:]
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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 Gsa to the assays [23]. To determine a suitable
concentration of Gsa | carried out concentration-response experiments for all 9
human isoforms (Figure 5). Since we were expecting ligands with predominantly
inhibitory influence, | decided to use 600 nM Gsa since this is not a maximal
concentration, so there is room for potential activity-enhancing ligands, but also a
concentration bigger than the ECso for each isoform (except mAC9) which should be
stimulating sufficiently to clearly identify inhibitory effects of potential ligands (ECso
values are shown in table 1). After seeing enhancing effects of potential ligands on
Gsa-stimulated ACs, | decided to reduce the Gsa concentration to 300 nM.

Isoform (approximate) ECso (nM) for Gsa
mACA1 273

mAC2 475

mAC3 518

mAC4 553

mAC5 390

mAC6 363

mAC7 466

mAC8 175

mAC9 ~ 700

Table 1. Approximate Gsa ECso for mAC isoforms.
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Figure 5. Concentration-response curves of Gsa 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 w3 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 a-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 Gsa-stimulated AC3 activity in comparison to

SDPA in terms of potency and efficiency.

mAC3 °

@~ SDPA (18:0-22:6 PA)
400_ i DHA (22:6)

ivity

% AC act
N
o
o

O 01 1 10
compound (M)

Figure 6. Effect of SDPA and docosahexaenoic acid (DHA) on 600 nM Gsa-

stimulated mAC3
Basal and Gsa activities of mMAC3 were 0.03 and 0.26 nmol cAMPsmg-"smin-1,
respectively. n= 1. ECso value of SDPA was 0.8 uM.
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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 | also wanted to investigate whether the synergistic effect of forskolin plus Gsa
can be enhanced by SDPA. The results showed, strikingly, that 25uM forskolin and
600nM Gsa 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"
Temin-'. This enormous stimulation could not be further enhanced by the presence of
up to 10 uM SDPA (figure 8), which might be explained by a potential similar way of
enhancing Gsa action or by reaching the maximum of mAC3 activity that cannot be
enhanced any further. The fact that | was able to measure mAC3 activities higher
than 6.49 nmol cAMP+mg-'smin-'is indicating that SDPA and forskolin might share a
similar mechanism of enhancing Gsa stimulation, although the chemical and
structural differences of forskolin and SDPA are virtually excluding a shared binding

site (figure 7).

O :‘\=
o)
PO "
07 ¢~ ~o~P~oH
— — - — — — OH O
O Na*
o)
OH SDPA (Sodium salt)
O
Forskolin

Figure 7. Structures of forskolin and SDPA.
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Figure 8. Effect of SDPA on 600 nM Gsa-, 25 uM Forskolin- (FSK-) and 600 nM
Gsa + 25uM FSK- stimulated mAC3.

Basal and Gsa, FSK, and Gsa + FSK activities of mMAC3 were 0.01 and 0.32, 0.18,
and 6.49 nmol cAMP+mg-'smin-', respectively. N=2. 100% corresponds to Gsa-, FSK-
and Gsa + FSK- activity, respectively. Error bars are not shown for clarity.
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Elsabbagh, S., Landau, M., Gross, H., Schultz, A., & Schultz, J.E. (2023).
Heme b inhibits class Ill adenylyl cyclases. Cellular signalling, 103, 110568.
https://doi.org/10.1016/j.cellsig.2022.110568

Position in list of authors: 2
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Designed, carried out and analyzed experiments for the data represented in
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ARTICLEINFO ABSTRACT

Keywords: Acidic lipid extracts from mouse liver, kidney, heart, brain, and lung inhibited human joh ji
Adenylyl cyclase denylyl cycl (hACz) xn HEK293 cells. Using an acidic lipid extraﬂ from bovine lung, a combined
Membrane anchor M5- and bi guided fr: identified heme b as inhibi of 3 'ACchm
::_:b trations were 8-12 M for the hAC i H in and b ial h h d heme b 1

i of hACS. lly related ds, such as h 3 porphyrin IX, and biliverdin, were ..w,mﬁcnntly
Protoporphyrin IX less M icb 1 class Il ACz (mvcobacterud ACs Rv1625¢; Rv3645; Rv]264; cyanobacterial
Biliverdin AC CyaG) were inhibited by hem: b th.h cimilar cﬁuency Surprisingly, str lly related chl hyll a
Chlorophyll similarly inhibited hAC5. Heme b i d lated cAMP lation in HEK293 cells. Using

cortical membranes from mouse brain hemin efﬁmently and reversibly inhibited basal and Gea-stimulated AC
activity. The phyziological relevance of heme b inhibition of the cAMP generating system in certain pathologies is

discussed.

1. Introduction

The regulation of vertebrate adenylyl cyclases is a field attracting
researchers from many diverse areas and across most subspecialties in
medicine [1-5]. The reasons are obvious: the enzymatic product is the

1 second ger 3, 5'-cyclic AMP (cAMP). After nine distinct
membrane-bound ACs were sequenced [2,5-7], biochemical studies on
regulation were considerably expanded. The initial speculation of a
function of the two hexahelical membrane anchors as ion channels or
transporters was never confirmed [6]. Subsequently, the regulation of
the vertebrate ACs via the GPCR/Gsa axis was nearly ‘codified’. Addi-
tional regulatory inputs are phosphorylation of amino acid residues at
the cytosolic side, Ca>*, calmodulin, and Gfy [2]. Surprisingly, it was
tacitly accepted that the AC membrane anchors which comprise up to
40% of the proteins were just that and otherwise functionally inert.

Since 1990, our laboratory is attempting to find a physiological
function beyond anchoring using a variety of approaches [3-13]. In
2016 we demonstrated that an isosteric hexahelical membrane receptor,
the quorum-sensing receptor CqsS from Vibrio, regulated the canonical
mycobacterial class Il AC Rv1625c¢ [12]. We further characterized a
conserved cyclase-transducing element, CTE, also termed helical
domain, which is located between the membrane and ca.mlyuc domains

CgsS from Vibrio regulated the extent of Gsa activation of the mamma-
lian AC2 [17]. We further demonstrated that fetal bovine serum (FBS)
contains components which concentration-ds Jently i the
Gsa activated AC2 [17]. Based on these ﬁndmgs, we proposed a model
for AC regulation in which all AC domains were assigned specific
functionalities. The AC membrane anchors were proposed to be orphan
receptors for yet unknown ligands. Since then, our efforts have been
focused on identification of potential AC ligands. Here, we report the
surprising finding that heme b, isolated from a bovine lung homogenate,
inhibited all human membrane bound ACs at low micromolar concen-
trations and with high structural specificity in vitro and in HEK293 cells.

2. Materials and methods
2.1. Reagents and materials

ATP, creatine kinase, creatine phosphate, bovine hemin (Cat.#
H9039; >90% pure), protoporphyrin IX (Cat. # 258385), biliverdin
(Cat.# 30,891), hematin (Cat.# H3281) and chlorophyll a (Cat. #
C6144) were purchased from Merck-Sigma as was hemopexin from
human plasma (Cat. # SRP6514). Porcine hemin >98% pure was sup-
plied by Roth chemicals (Cat. # 7629.1). Porcine hemin was used to

[12,14-16]. In 2020, we reported that the quor recep

2

Abbreviations: AC, adenylyl cyclace..

lude interference by potential impurities in bovine hemin (see
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Appendix Table 1). The constitutively active GsaQ227L mutant was
expressed and purified as described earlier [18-20]. Forskolin was a gift
from Hoechst, Frankfurt, Germany. Fetal bovine serum (FBS) was from
Gibco, Life Technologies, Darmstadt, Germany (Cat. # 10270; lot
number: 42Q8269K). Sera for sheep, rabbit, goat, and chicken were
from Sigma (Cat. Numbers $2263; R4505; G6767; C5405), and fish
serum was from my BioSource, San Diego, CA, USA (Cat. #
MBS318429). NADH, D-Lactic dehydrog from L bacillus leich-
mannii, sodium pyruvate, trypsin from porcine pancreas, N-t-benzoyl-L-
arginine ethyl ester (BAEE) were purchased from Merck-Sigma.

2.2. General experimental procedures

HPLC was performed using a Waters system, with a Waters 996
controller and pump and photodiode array detector, a Rheodyne 7725i
injector and a 200 series PerkinElmer vacuum degasser. For LC-MS
analysis, a 1100 Series HPLC system (Agilent Technologies) was fitted
with a G1322A degasser, a G1312A binary pump, a G1329A autosam-
pler and a G1315A diode array detector. The Agilent HPLC components
were connected to an ABSCIEX 3200 QTRAP LC/MS/MS mass spec-
trometer (Sciex, Darmstadt, Germany). The high resolution mass spec-
trum was recorded on an HR-ESI-TOF-MS Bruker maXis 4G mass
spectrometer. All solvents were purchased as HPLC or LC-MS grade.

2.3. Extraction of lung tissue

1.24 kg bovine lung was minced using a meat grinder and 1.2 1 50
mM MOPS pH 7.5 were added into in a waring blender (4 °C) resulting in
2.3 1 homogenate. It was centrifuged (30 min at 4 °C, 7200 xg) resulting
in 1.2 ] supernatant. The pH of the supernatant was adjusted to 1 using
7% HCL. Equal volumes of CH2Cly: MeOH (2:1) were mixed with the
supernatant in a separatory funnel and shaken vigorously. Centrifuga-
tion was at 5300 xg for 30 min. The lower organic (CH2Cl») layer was
recovered, and the solvent evaporated using a rotary evaporator at
35 °C. 2 g of dried crude extract was obtained.

2.4. Fractionation

The material was dissolved in petrol ether (40-60 °C boiling point)
and chromatographed on silica gel 60H (Supelco; vacuum liquid chro-
matography; VLC). The col was developed stepwise with sol of
increasing polarity, i.e., from 10:90 EtOAc/petrol ether to 100% EtOAc,
followed by 100% MeOH. 17 fractions (A to Q) of 300 ml each were
collected. Fraction O (eluted with 1009 MeOH) was further subjected to
RP-HPLC using a linear gradient from 70:30 to 100% MeOH/H20 (0.1%
TFA) over a period of 20 mins (Knauer Eurospher I C18P 250 x 8 mm, 1
ml/min, UV monitoring at 215 and 380 nm). Three subfractions,
designated O-1, O-2 and O-3, were obtained.

For LC/MS, fractions were dissolved in methanol and injected into
the LC/MS using an acetonitrile/H20 (0.1%TFA) gradient 10/90 to 50/
50 over 24 min. Commercial hemin was dissolved in DMSO (10 mM),
diluted in methanol, and analyzed.

2.5. Lactate dehydrogenase assay

LDH, pyruvate and NADH were dissolved in 67.2 mM Tris/HCl pH
7.5 The reaction was monitored for 3 min at 340 nm. Hemin, final
concentration (40 pM) was added from a 10 mM DMSO stock.

2.6. Trypsin assay

Trypsin and the substrate N-a-benzoyl-L-arginine ethyl ester were
dissolved in 67 mM Tris-HCl, pH 9, buffer. The reaction was monitored
at 253 nm for 3 min.

(5}
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2.7. Plasmid construction and protein expression

HEK293 cells were maintained in Dulbecco’s modified Eagle's me-
dium (DMEM) containing 10% FBS at 37 °C with 5% CO,. Transfection
of HEK293 cells with single mAC plasmids was with PolyJet (SignaGen,
Frederick, MD, USA). Permanent cell lines were generated by selection
for 7 days with G418 (600 pg/ml) and maintained with 300 pg/ml G418
[21-23]. For membrane preparation, cells were tyrpsinized and

llected by centrifugation (3000 xg, 5 min). Cells were lysed and ho-
mogenized in 20 mM HEPES, pH 7.5, 1 mM EDTA, 2 mM MgClz, | mM
DTT, and one tablet of complete, EDTA-free (for 50 ml), 250 mM sucrose
by 20 strokes in a potter homogenizer. Debris was removed by centri-
fugation (5 min at 1000 xg), membranes were then collected by
centrifugation at 100000 x g for 60 min at 0 °C, resuspended and stored
at —80 °C in 20 mM MOPS, pH 7.5, 0.5 mM EDTA, 2 mM MgCl,.
Membrane preparation from mouse brain cortex was according to
[17,24]. For each preparation three cerebral cortices were dissected and
homogenized in 4.5 ml cold 48 mM Tris-HCl, pH 7.4, 12 mM MgCl 5, and
0.1 mM EGTA with a Polytron hand disperser (Kinematica AG,
Switzerland). The homogenate was centrifuged for 15 min at 12000 xg
at 4 °C and the pellet was washed once with 5 ml 1 mM potassium bi-
carbonate. The final suspension in 2 ml 1 mM KHCO3 was stored in al-
iquots at —80 °C.

2.8. Adenylyl cyclase assay

mAC activities were determined in a volume of 10 pl using 1 mM
ATP, 2 mM MgCl, (3 mM MnCl; with bacterial ACs), 3 mM creatine
phosphate, 60 jg/ml creatine kinase, 50 mM MOPS, pH 7.5. The cAMP
assay kit from Cisbio (Codolet, France) was used according to the sup-
plier's instructions. For each assay a cAMP standard curve was
established.

2.9. HasA preparation

pQE32-pHisHasA-ApR plasmid was transformed into E. coli
BL21DE3[pRep4). The cells were cultured in LB medium containing 100
pg/ml ampicillin and 25 pg/ml kanamycin to an ODjggq of 0.62 at 30 °C.
After induction (1 mM IPTG) incubation was continued for 4 h at 30 °C.
Cells were harvested by centrifugation and resuspended in 20 mM
MOPS, pH 7.5 ining plete EDTA free p inhibitor (buffer
A). Cells were disrupted by French press and the lysate was centrifuged
(4300 xg; 30 min) followed by ultracentrifugation (100,000 g, 60 min).
The supernatant was loaded onto a Ni-NTA column equilibrated with
buffer A + 20 mM imidazole. After washing with buffer A (+ 5 mM and
15 mM imidazole) HasA was eluted with buffer A + 250 mM imidazole
and dialyzed against 20 mM MOPS, pH 7.5, to remove imidazole.

2.10. cAMP accumulation assay

HEK293 cells stably expressing AC3, AC5, AC7, and AC9 were plated
at 2500-10000 cells/well into 384 well plates. Cells were then treated
with varying concentrations of hemin and incubation was continued for
15-45 min. 10 pM isoproterenol was added to stimulate cAMP pro-
duction and the incubation was continued for 10-30 min. Cisbio HTRF
detection reagents were then added and incubated for 1 h at room
temperature.

2.11. Data and statistical analysis of assay results
All incubations were in dupli or tripli For easier presen-
tation data were mostly normalized to respective controls and n and S.E.
M values are indicated in all figures. Data analysis was with GraphPad
prism 8.1.2 using a two-tailed t-test.
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Table 1

The effect of different animal sera on Gsx stimulated
activity of hACS expressed in Sf9 cells. The % ac-
tivities listed are at 20% serum. Basal hACS activity
was 0.29 -+ 0.09 and 600 nM Gsa stimulated activity
(100%) was 5.2 + 1.15 nmol cAMPemg 'emin .
Means + S.E.M of 3-4 experiments, each with two

L are ¥

Serum 9% hACS activity
FBS 1n=1

Rabbit 91

Sheep 4014

Goat 13+5
Chicken 16+4

Fich 10+1
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that yet unidentified components are present in sera from different
species possibly indicating a common evolutionary history with
eukaryotic ACs b birds (chicken) and fish (sal ) diverged from
mammals several hundred million years ago. The conservation of
vertebrate ACs goes back about 0.5 billion years to the coelacanth and
elephant shark [7,15]. For chemical identification of potential ligands,
the use of serum as a source material is deemed unsuitable, not least
because of the projected cost.

Expecting the presence of AC ligands in other tissues, we prepared
pH 1 lipid extracts from mouse liver, kidney, heart, lung and brain [25].
Inhibition of Gst-activated AC3 and AC5 expressed in HEK293 cells
were observed with all acidic lipid extracts. AC5 was somewhat less
attenuated indicating graded responses (Fig. 1).

Because the extract from lung had a high ‘inhibitory” efficiency we
continued with bovine lung as a source material. A lung homogenate
was acidified to pH 1 and lipids were extracted with dichloromethane/

hanol [25]. After solvent removal the solids were dissolved in petrol

hAC3 I hAC5
100 Ry 4 W
z
> 80 A 1
S
o 60
o - -
: v O Liver
° 40 o 8 - W Kidney
v V Heart
20 + [ ] -1 ® Lung
O Brain
0~ =—rrrrrr—rrrrrm -~ =r—rrrrr—rrrrr
10 100 10 100

pH1 lipids (pg) pH1 lipids (pg)

Fig. 1. Effect of acidic lipid extracts from mouse tissues on Gsx-stimulated
hAC3 and 5. The dried residues from each tissue were dissolved at 10 mg/ml
DMSO, hAC3 and hACS were stimulated by 300 nM Gsa. hAC3, 100% activity
was 0.6 nmol cAMPemg 'emin ' (basal activity was 0.01). hACS, 100% ac-
tivity was 2.74 nmol cAMPemg 'emin ' (basal activity was 0.03). Data are
from one experiment with two technical replicates.

3. Results
3.1. Identification of heme b

We have reported that components present in FBS attenuated Gsa-
activated hAC2 expressed in Sf9 cells [17]. Here, we examined sera from
sheep, goat, rabbit, chicken, and fish using Gsa-activated hAC5
expressed in Sf9 cells (Table 1). We observed that these sera attenuated
hACS5 with comparable efficacies reported earlier [17]. We concluded
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ether and separated by VLC on silica gel 60H (see scheme). Stepwise
elution with petrol ether, ethyl acetate and methanol resulted in 17
fractions (A-Q; 300 ml each) which were brought to dryness. The resi-
dues were dissolved at 5 mg/ml DMSO and tested with Gsa-activated
hACS. Fractions with inhibitory potency (F, J-Q) were analyzed by low
resolution LC/MS. In the slightly brownish fractions K to Q, a peak at m/
% 616.3 was prominent. Since fraction O represented contained the
compound already in a semi-pure form, we continued working with it.
24 mg of fraction O were dissolved in 0.5 ml methanol and were sub-
jected to RP-HPLC (Fig. 2, left).

Three major peaks were resolved (O-1, 0-2, and O-3). The absorption
profile at 380 nm indicated the presence of compounds with highly
conjugated x-electron systems. The three fractions were taken to dry-
ness, dissolved at 5 mg/ml DMSO, and tested against Gsa-stimulated
hACS5 activity (Fig. 2 right).

Fraction O-3 with the best inhibitory efficiency was analyzed by low
resolution LC/MS (Appendix Fig. 2). Its mass spectrum displayed a
prominent peak at m/z 616.3, beside some minor peaks at m/z 614, 617
and 618. High resolution ESI-MS analysis of fraction O-3 revealed an [M-
2H"+Fe® 1™ ion (m/z 616.1772) consistent with a molecular formula of
C34H3oFeNsOs (Appendix Fig. 3). A literature and database search
identified the compound as heme b (syn. Fe™"protoporphyrin IX). This
was supported by the analysis of the MS isotope pattern. The ratio of the
peak areas for 614:616:617:618 were determined to be 7:100:43.8:12.6
(Appendix Fig. 2) which was in agreement with the predicted Fe isotope
distribution of 6.3:100:40.9:9.3 attributable to 5"Fe, 56Fe, 57Fe and °Fe
[26]. Furthermore, the fragment at 557.1640 and a minor at 498.1508,
observed in the HR-MS spectrum, indicated the sequential loss of two
ethanoic acid groups (C2H302) (Appendix Fig. 3), which is also char-
acteristic for this compound class [27]. We further corroborated the
identity of heme b by comparing the retention time and mass-spectra of

03 100
80
60 -

40 4

% AC activity

20

Minutes

Fraction (pg)

Fig. 2. Left: Fraction O is resolved into three subfractions by RP-HPLC. Right: Effect of subfractions O-1, 0-2, and 0-3 on 300 nM Gsa stimulated hACS. 100% activity
corresponded to 1.43 nmol cAMPemg "emin ' (basal activity was 0.035). The data represent the mean of two experiments with two technical replicates.
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Fig. 3. Hemophore (HasA) and h pexin (HPX) inhibition of hACS

by fraction O-3. Basal activity was 0.04 -+ 0.017 nmol cAMPemg 'emin . 300
nM Gsa activity (100%) was 0.63 + 0.17 nmol cAMPemg 'emin '. HPX and
Has A did not affect basal or Gsa-stimulated hCAS activity. ****: p < 0.0001.
Error bars denote SEM (n = 4 with two technical repetitions).
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Fig. 4. Concentration-response curves for hemin inhibition of 300 nM Gsa-
stimulated hAC isoforms. Basal and 100% Gsa stimulated activities h
with the ICso concentrations are listed in appendix Table 1. Error bars denote
SEM of 3-4 experiments with two technical replicates.

a commercial heme b standard (hemin) with fraction O-3 (Appendix
Fig. 4). Hemin is heme b chloride. Below, we denote the isolated ma-
terial from lung as heme b and the commercial sample used for most
assays as hemin.

To biologically confirm the identity of heme b, we used the hemin-
binding proteins h h and bacterial hemophore HasA. In
mammals, hemopexin, produced by the liver serves as heme b scavenger
with high affinity (Kp values 320 to 0.1 pM [28,29]). Hemopexin is
involved in heme b detoxification [30]. We produced the heme b-
bindi. h phore (Has A) from Serratia marcescens. HasA is an
extracellular heme-binding protein for iron acquisition, binding heme

Cellular Signalling 103 (2023) 110568

12 pM (Fig. 4; Appendix Table 1). The IC5y was independent from the
concentration of Gsit used for hAC stimulation, e.g., at 700 nM Gsa the
ICsp for hACS was 10.4 pM (data not shown). This indicated that Gsat and
hemin were not competing for identical binding sites. Similarly, we
investigated the effect of hemin on basal activities of hAC1, 2, 5 and 9
(one from each subclass). Basal activities were similarly inhibited in a
concentration dependent manner (see Appendix Fig. 5).

To examine the structure-activity relationship for hemin we used
hematin, protoporphyrin IX, biliverdin and chlorophyll a (the structural
formula are depicted in Appendix Fig. 1). Hematin is the ferric proto-
porphyrin hydroxide [32]. Protoporphyrin IX is the last common pre-
cursor in heme and chlorophyll biosynthesis and lacks a central metal
ion. Biliverdin, a product of heme catabolism, has an opened porphyrin
ring system and lacks the ferric ion [33]. At 10 pM, protoporphyrin IX,
hematin and biliverdin had no significant effect on Gsa-stimulated hAC5
activity (Fig. 5). At 40 pM, only up to 30% inhibition was observed for
protoporphyrin IX or hematin, much less than with hemin (Fig. 5; Ap-
pendix Table 2).

The catalytic domains of eukaryotic ACs share extensive sequence
similarity with their bacterial class IIT prog [15]. The possibly
regulatory N-termini in bacterial AC isoforms vary considerably [9,15].
The bacterial membrane anchoring domains have two, four and six
a-helices and many bacterial ACs have none and are soluble [15]. Bac-
terial ACs are not regulated by Gsa. We investigated the effect of hemin
and structurally related compounds using the mycobacterial AC
Rv1625c, a likely precursor of human ACs with a hexahelical membrane
anchor [10], the mycobacterial AC Rv3645 which has a hexahelical
membrane anchor and a HAMP domain between membrane exit and
catalytic domain [11], the membrane-bound cyanobacterial AC CyaG
from Arthrospira with two spans, an S-helix and a
HAMP domain in front of the catalytic domain [34] and the soluble
mycobacterial AC Rv1264 which is regulated by pH [35]. Further, we
analyzed the soluble construct of Rv1625¢, D204-G443 [10]. Without
exception, hemin inhibited these bacterial ACs with comparable efficacy
to the human AC isoforms (Fig. 5; Appendix Table 2). Significant dif-
ferences in sensitivity were apparent for hematin, protoporphyrin IX,
and biliverdin (Fig. 5, Appendix Table 2). The soluble AC Rv1264 and
the soluble construct Rv1625¢-D204-G443 construct were inhibited by
hematin, protoporphyrin IX and biliverdin (Appendix Fig. 6 and table 2).
The data suggest a direct inhibitory attack at the catalytic dimer. The
presence of a HAMP domain (Rv3645) or a HAMP domain in line with an
S-helix in front of the catalytic domain as in CyaG did not affect inhi-
bition by hemin (Fig. 5, Appendix Fig. 6 and table 2).

Structurally, chlorophyll is closely related to hemin. It shares the
tetrapyrrole ring system and several side chains. It carries a central
magnesium atom (Mg>") and a tetra-isoprenoid C20 phytol esterified to
a propionic acid sidechain. To determine whether redox reactions,
possibly mediated by the central Fe>* of hemin, might be involved in
inhibition we examined the effect of chlorophyll a on hACS. Surpris-

ingly, chlorophyll a inhibited hACS5 and the b mycob ial
Rv1625¢ AC (Fig. 6). The inhibition was only somewhat less pronounced
compared with hemin. Calculated ICso rations were 30 and 10

UM for hACS5 and Rv1625c, respectively. The data excluded redox pro-
cesses as a cause for class Il AC inhibition by hemin.

3.3. Hemin inhibits cAMP accumulation in HEK293 cells

The effect of hemin on cAMP accumulation in intact HEK293 cells

with a Kd of 5 x 10'° (M_l) [31]. H pexin as well as h ph
significantly inhibited the action of fraction O-3 (Fig. 3).

3.2. Action of hemin on mammalian and bacterial class 11l adenylyl
cyclases

Hemin attenuated Gsa-activated AC activity of all nine membranous
ACisoforms expressed in HEK293 cells with ICsq concentrations of 7.5 to

transfected with hAC3, 5, 7 and 9, i.e., one of each subclass was exam-
ined. Hemin at concentrations above 50 pM has been reported to be
cytotoxic during extended incubations of astrocytes (12 to 24 h; [36]).
We checked hemin toxicity for HEK293 cells under our incubation
conditions (50 pM hemin, 45 min). Cells remained viable. Isoproterenol
was used for stimulating intracellular ;cAMP production in HEK293 cells.
Hemin inhibited cAMP lation with ICgy concentrations compa-
rable to HEK293 membrane preparations (Fig. 7). This left the
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Fig. 5. Structural activity relationship of hemin inhibition of hACS5, mycobacterial AC Rv1625¢ and cyanobacterial AC CyaG from Arthrospira maxima. hAC5 Gsu
(300 nM) activity (100%) corresponded to 1.56 + 0.05 nmol cAMPemg 'e min ' (basal was 0.02 + 0.002). Rv1625¢ activity (100%) was 2.5 + 0.9 pmol
cAMPemg 'e min . CyaG activity (100%) was 0. 6 + 0.07 pmol cAMPemg e min . Error bars denote SEM of 3-5 experiments with two technical repetitions.
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Fig. 6. Chlorophyll a inhibits hACS 1 in HEK293 b and
mycobacterial AC Rv1625¢. hACS Gsa activity (100%) corresponded to 1.4 +
0.2 nmol cAMPemg 'e min ' (basal activity was 0.03). Rv1625c activity
(100%) was 2.3 + 0.3 pmol cAMPemg 'e min . Error bars denote SEM of 4-6
experiments with two technical repetitions.

possibility open that hemin acted via an extracellular binding site.
However, because the hydrophobic hemin can pass the cell membrane
such a conclusion is premature [37,38]. Chlorophyll a did not inhibit
isoproterenol-stimulated ¢cAMP formation in HEK293 cells (Fig. 7,
right). Probably chlorophyll with its C20 phytylester cannot cross into
the cytosol. This data supports the notion that the membrane anchors of
hACs are not involved in the inhibitory action of hemin, in line with the
inhibition of ACs without membrane anchors such as Rv1264 or
Rv1625¢-D204-G443.

3.4. Hemin inhibits adenylyl cyclases in brain cortical membranes

Next, we prepared membranes from mouse brain cortex in which
most mAC isoforms are expressed (except mAC4) [39]. Basal, as well as
Gsa stimulated activities of mACs were significantly inhibited by hemin
(Fig. 8A and Appendix Fig. 7). Hemin concentration response curves
showed an ICgp of 9 and 8.5 pM for basal and Gsa stimulated activities,
respectively. These concentrations are almost identical to those
observed in hAC isoforms expressed in HEK293 cells. The data suggest
that (a) ACs in brain cortex are similarly sensitive to hemin inhibition,

1004 B -
= 2.0
2 80 S -/I—l—i‘—.
3 g 1{° .
& 60 g
2 ® AC3 2 1.04
2 407 macs m&
0 Ac? 4
- 0 Ac9 %
0~ ~r—r——— — IF
1 10 00 1 10 100
Hemin (uM) Chlorophyll-a (uM)

Fig. 7. Hemin inhibits cAMP accumulation in HEK293 cells, chlorophyll a does
not. HEK293 cells transfected with respective hAC isoforms were stimulated
with 10 pM isop l. Basal and isop | stimulated activities are
listed in appendix Table 3. ICs, of hemin against AC3, 5, 7 and 9 were 8.8, 8.9,
11.8 and 11.6 pM, respectively. Error bars denote SEM of 3-4 experiments each
with three technical replicates.

and, (b) the effect of hemin may have physiological relevance. Hemin
inhibition was also observed when Gsa-stimulation was synergistically
enhanced by 10 pM forskolin (Appendix Fig. 8). This indicated that
forskolin activation and hemin inhibition possibly were acting at sepa-
rate sites of the protein.

Due to its lipophilicity, hemin may irreversibly enter the hydro-
phobic phospholipid layer causing membrane disorder and inhibition of
membrane bound ACs. Alternatively, hemin may reversibly affect the
catalytic activity. We used cortical membranes to test these possibilities.
Membranes were incubated for 15 min with 10 pM hemin. After
collection and washing, the isolated membranes were again subjected to
Gsa-stimulation = hemin (Fig. 8B). The data indicated that hemin in-
hibition is reversible, i.e., it is not tightly lodged in the membrane and
inhibition probably is not caused by per ly disturbing b
integrity or covalently binding to the hAC protein.

Hemin is a reactive compound, and at higher concentrations a rather
toxic blood component. Therefore, it may also affect the activity of other
proteins and enzymes. As a control we used the tetrameric enzyme
lactate dehydrog and the ic p trypsin The activity
of both enzymes was not affected by 40 pM hemin (Appendix Fig. 9).
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Fig. 8. A) Hemin inhibits Gsa-stimulated cAMP lation in mouse brain

cortical membranes. 300 nM Gsa stimulated activity (100%) was 6.8 + 0.64
nmol cAMPemg e min ', The IC,, for hemin was 8.5 pM. Error bars denote
SEM. N = 3, each with two technical replications. B) Inhibition of Gsux stimu-
lated brain cortical membranes by hemin is reversible. After stimulation by 600
nM Gsax + 10 pM hemin, membranes were collected by centrifugation at
100,000 g and re-assayed. N = 4, error bars denote SEM. 100% stimulation was
6.6 + 0.3 nmol cAMP/mg/min. p < 0.01.

4. Discussion

This work started with the intention to identify a ligand or ligands for
the tandem of b hors of nine lian AC isoforms. We
screened bovine lung extracts for inhibitory activity because lung is a
rather complex tissue composed of various cell types and is easily
available. The identification of non-protein bound heme b, a well-known
blood component, as an efficient and general inhibitor of class III ACs,
particularly mammalian ACs, was surprising. The chemical identity of
heme b was unequivocally proven by LC/MS and by direct comparison

Cellular Signalling 103 (2023) 110568

and 7). Chlorophyll a with its tetra-isoprenoid C20 phytol ester probably
is ined in the b and cannot cross into the cytosol. This
differs from hemin.

The structural specificity of hemin action as compared to protopor-
phyrin IX, an immediate biosynthetic precursor, to biliverdin, the first
metabolic degradation product by heme-oxygenase-1, and to hematin
was remarkable. Several reasons might explain this observation. The
large loss of efficiency of the more lipophilic protoporphyrin IX strongly
indicates that subtle structural differences caused by the centrally co-
ordinated metal ion may contribute to specific binding and inhibition.
Biliverdin is an open chain of four pyrrolic rings and its geometry differs
profoundly from hemin or protoporphyrin, thus more easily explaining
the loss of inhibitory activity. The scant inhibitory efficiency of hematin
was a further surprise because it differs from hemin only by replacement
of the coordinated chloride at the Fe*™ ion by a hydroxy group. The
covalent radii of the chloride anion (102 pm) and a hydroxy group (110
pm) are similar. A major difference is that the hydroxy group is a
hydrogen bond acceptor and donor whereas the chloride in heme b
cannot form hydrogen bridges; it may form weak van der Waals con-
tacts. The formation of hydrogen bridges may attenuate hematin bind-
ing and be responsible for loss of inhibitory efficiency. Heme can bind in
either of two flipped orientations defined by the asymmetry of the vinyl
and propionyl substituents of the porphyrin skeleton [46]. It is possible
that hemin binds in an inhibitory orientation which is disfavored in
hematin. Such disparate properties obviously could contribute to dif-
ferences in biochemical properties.

An unexpected result was that chlorophyll a inhibited hACS as well
as the mycobacterial Rv1625 AC (Fig. 6). In chlorophyll the tetrapyrrole
ring system has Mg2* at the center. These data virtually exclude that the
inhibitory action of hemin is caused by redox reactions. Chlorophyll a
had no effect on cAMP formation in intact HEK293 cells (Fig. 7).

Another aspect merits dis the p-subunit of the soluble gua-
nylyl cyclase contains a ferrous b-type haem prosthetic group (heme b)
facilitating NO binding and regulation [47,48]. The heme binds via its
carboxylic groups to tyrosine (Y135) and arginine (R139). Histidine
(H105) is a reversible axial ligand at the Fe®" in heme b [48]. This heme-
binding triad is N-terminal to the catalytic site. An alignment with

lian ACs shows that such a binding triad is absent in ACs. The

with commercial hemin (see Appendix Fig.s 2-4). The biochemical
identity and functionality were demonstrated using the human cyto-
protective agent hemopexin which is secreted into the blood from the
liver, binds heme b with high affinity and delivers it to the liver for
degradation. Further, we used the bacterial hemophore HasA from
Serratia marcescens which similarly binds heme b with very high affinity.
HasA is used to fill the bacterial need for iron. Hemopexin and HasA

coincidence that heme b inhibits soluble guanylyl cyclases and inhibits
class 11T ACs provokes the question concerning the evolution of these
proteins and their disparate properties.

Taken together, the data add a novel aspect of heme b activity within
the existing broad spectrum of physiological and toxic actions which
applies to all cells and tissues. Heme is a known pro-oxidant and has pro-
infl y and cytotoxic effects [49]. Heme b is further reported to

attenuated heme b inhibition of hAC5 by fraction O-3, quivocally
d ating the biological activity (Fig. 3).

So far, the connections between cAMP and heme b were induction of
heme oxygenase-1 by the membrane-permeable cAMP derivative dibu-
tyryl cAMP in smooth muscle cells [40-42], an inhibitory effect on
isopr 1 lated lipolysis in fat cells [43], and stimulation of
cAMP production in blood mononuclear cells [44]. Our data indicate
that free hemin efficiently inhibited all b delimited
lian ACs. Therefore, free heme b does not qualify as a specific ligand for
any individual isoform. Further, for a specific AC ligand we would not
expect a compound such as heme b, which is abundant. Our data do not
allow to propose a mechanism of action for heme b. Hemin inhibited
basal as well as Gsa-stimulated (+ forskolin) hAC activities. This indi-
cated that heme b possibly bound at the AC proteins at sites differing
from Gsa or forskolin. We assume that heme b binds directly at the
catalytic dimer. This assumption is in line with the inhibition of the
soluble AC Rv1264 and the soluble AC construct from Rv1625¢ (Ap-
pendix Fig. 6 and Appendix Table 2). The inhibition of isoproterenol-
stimulated cAMP in HEK293 cells presumably involves entry of heme
b into the cells as it readily crosses cell membranes ([45] and ref.'s
therein). Chlorophyll a inhibited in vitro but not in intact cells (Fig. 6

be a signalling molecule regulating transcription factors and MAP ki-
nases [45]. An important question is whether the concentrations of
extracellular heme b under pathophysiological conditions are sufficient
to attenuate AC activities [50]. Normally, concentrations of extracel-
lular heme b are low (about 1 pM) and tightly controlled by binding to
hemopexin, and, less specifically, to serum albumin. In addition, hem-
e-oxygenase's effectively keep cytosolic heme b concentrations low
under normal conditions [49,51]. However, in several haemolytic pa-
thologies, such as sickle cell disease, extravascular haemolysis, malaria
attacks, sepsis and septic shock, atherosclerosis, and after transfusion of
packed red blood cells, heme b concentrations are reported to increase
considerably [49,52]. Serum levels from 20 up to 350 pM have been
observed [50,53]. Considering the low concentrations of heme b
required for inhibition of hAC activities it may well contribute to
pathologic symptoms which are to these di states.
Therefore, this report may and should call medical attention to a central
second ger system in pathophysiol | conditions of elevated
heme b concentrations.
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Appendix Fig. 1. Structures of Heme b and close congeners used in this study.
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Appendix Fig. 5. Hemin inhibition of hAC basal activities
Basal activities of hACI, 2, 5 and 9 were 0.016 + 0.05, 0.03 + 0.004, 0.013 + 0.002 and 0.01 + 0.003 nmol cAMPemg 'emin ', respectively. Hemin ICs values
against ACI, 2, 5 and 9 were 6.3, =~ 40, 2 and 3 M respectively. Error bars denote SEM of 3-4 experiments with two technical replicates.
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Appendix Fig. 6. Effect of hemin and its analogues on bacterial ACs.
Rv1625¢ soluble monomer (sol) basal activity (100%) was 52.7 + 10.9 pmol cAMPemg 'emin '. Rv1264 basal activity (100%) was 10.18 + 2.6 pmol
cAMPemg 'emin . Rv3645 basal activity (100%) was 0.93 + 0.09 pmol cAMPemg 'emin '. Error bars denote SEM of 3-5 experiments.
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Appendix Fig. 7. Hemin inhibits basal activity of adenylyl cyclase in brain cortical membrane prepared from mouse
Basal activity (100%) was 0.238 + 0.02 nmol cAMPemg lemin . Error bars denote SEM. N = 3. The calculated ICs, of hemin was 9 pM.
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Appendix Fig. 8. Hemin inhibition of hACS activity stimulated by forskolin and forskolin + Gsa.
Left: Inhibition of 250 pM forskolin stimulated hACS. 100% activity was 1.3 + 0.5 nmol cAMPemg 'emin '. Basal activity was 0.008 + 0.001 nmol
cAMPemg 'emin '. Hemin ICs, concentration was 8.8 pM. Right: Inhibition of hACS activity stimulated by 10 pM forskolin and 300 nM Gsa. 100% stimulation was
3.44 + 0.4 nmol cAMPemg 'emin . The ICso concentration of hemin was 6.9 pM. Error bars denote SEM of 3 experiments.
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Appendix Fig. 9. Hemin effect on lactate dehydrogenase and trypsin.
Left: 40 pM hemin did not inhibit lactate dehydrogenase activity. Absorbance at 340 nm was recorded for 3 mins.
Right: Trypsin activity was not affected by hemin. Absorbance at 253 nm was monitored for 3 min.
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Appendix Table 1

Basal and Gsa stimulated activities of hACs cultured in HEK293 cells.

Cellular Signalling 103 (2023) 110568

hAC isoform Basal Activity 300 nM Gsa stimulated Activity 1Cs0 of hemin
nmol cAMPemg 'emin ! nmol cAMPemg 'emin ! (uM)
AC1 0.07 + 0.02 0.3+ 0.06 10
AC2 0.19 = 0.08 282+ 079 7.4
AC3 0.02 + 0.01 0.2+ 0.03 8.5
AC4 0.01 = 0.01 0.11 £ 0.05 5.5
ACS 0.05 = 0.01 1.76 £ 0.37 8.4
ACS 0.01 = 0.004 1.21 £ 0.05 8.6
(Porcine hemin)
ACS 0.01 = 0.01 0.11 = 0.01 75
AC7 0.01 + 0.002 0.14 = 0.05 7.9
Acs 0.21 + 0.03 227+ 078 137
ACO 0.04 = 0.01 1.38 £ 0.09 12
Activities are mean + SEM. N = 3-4 with 2-3 technical repetitions each.
Porcine hemin was >98% pure.
Appendix Table 2
ICso values (M) of hemin and its analogues against ACs.
Hemin Protoporphyrin IX Hematin Biliverdin
hACS 85 =~ 100 > 100 = 1000
Rv1625¢ 11 =~ 100 =~ 100 > 100
Rv3645 14 =~ 100 > 100 > 100
Rv1625c¢ soluble 12 100 ~ 30 ~40
monomer
Rv1264 6 ~ 209 ~10 =1
CyaG 15 > 100 ~ 80 ~ 20
Significances:
(1) Rv1625c¢ soluble monomer; PPIX ICs, differs significantly from hematin and biliverdin,
p < 0.05.
(2) Rv1264; PPIX ICs, differs significantly from hemin, p < 0.05, and hematin and biliverdin,
p < 0.01.
Appendix Table 3
Basal and isoproterenol stimulated activities of hACs transfected in HEK293 cells.
hAC icoform Basal activity Isoproterenol stimulated activity
CAMP pmol/20 L cAMP pmol/20 pL
AC3 0.05 + 0.03 1.92 = 0.69
ACS 0.89 = 0.25 1.95 +0.54
AC7 0.32 + 0.01 0.43 £ 0.07
AC9 0.2] = 0.04 0.72 +0.01

Activities are mean + SEM. N = 3-4 with two technical repetitions each.
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elife Assessment

This manuscript describes an important study of a new lipid-mediated regulation mechanism of
adenylyl cyclases. The biochemical evidence provided is convincing and will trigger more research
in this mechanism. This manuscript will be of interest to all scientists working on lipid regulation and
adenylyl cyclases.

Abstract The biosynthesis of cyclic 35 adenosine menophosphate (cAMP) by mammalian
membrane-bound adenylyl cyclases (mACs) is predeminantly regulated by G-protein-coupled recep-
tors (GPCRs). Up to now the two hexahelical transmembrane domains of maCs were considered to
fix the enzyme to membranes. Here, we show that the transmembrane domains serve in addition

as signal receptors and transmitters of lipid signak that control Gsa-stimulated mAC activities, We
identify aliphatic fatty acids and anandamide as receptor ligands of mAC isoforms 1-7 and 7. The
ligands enhance (mAC isoforms 2, 3, 7, and 2} or attenuate (isoforms 1, 4, 5, and &) Gso-stimulated
mAC activities in vitro and in vivo. Substitution of the stimulatory membrane receptor of mAC3 by
the inhibitory receptor of mACS results in a ligand inhibited mACS5-mAC3 chimera. Thus, wa discov-
ered a new dass of membrane receptors in which two signaling modalities are at a crossing, direct
tonic lipid and indirect phasic GPCR—Gsa signaling regulating the biosynthesis of cAMP

Introduction

The structure of the first second messenger, cyclic 3'5-adenosine monophosphate (cAMP), was
reported in 1958 by Sutherland and Rall. It was generated by incubation of a liver extract with the first
messengers adrenaline or glucagon (Sutherfand and Rall, 1958). Since then, cAMP has been demon-
strated to be an almost universal second messenger used to translate various extracellular stimuli into
a uniform intracellular chemical signal (Dessaver et al., 2017, Ostrom et al., 2022). The biosynthetic
enzymes for cAMP from ATP. adenylyl cyclases (ACs), have been biochemically investigated in bacteria
and eukaryotic cells {Khandelwal and Hamilton, 1971, Linder and Schultz, 2003; Linder and Schultz,
2008). Finally in 1789, the first mammalian AC was sequenced (Krupinskl et al., 1989). The protein
displayed two catalytic domains (C1 and C2) which are highly similar in all isoforms. The two hexa-
halical membrana anchors {TM1 and TMZ) are dissimilar and isoform specifically conserved [Bassler
et al., 2018). The latter were proposed to possess a channel or transporter-like function, properties,
which wora never confirmed (Krupinski et al., 1989). Tha domain architecture of mammalian ACs,
TM1-C1-TM2-C2, clearly indicated a pseudoheterodimeric protein composed of two concatenated
monomeric bacterial precursor proteins (Gue et al., 2001). To date, sequencing has identifiad nina
mammalian membrane-delimited AC isoforms {mACs) with identical domain architectures (Dessauer
et al., 2017). In all nine isoforms the catalytic domains are conserved and share extensive sequence
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and structural similarities which indicate a similar biosynthetic mechanism (Linder and Schultz, 2003;
Linder and Schultz, 2008; Tesmer ot al., 1997, Sinha and Sprang, 2008). On the other hand, tha
associated two membrane domains differ substantially within each isoform and between all nine
mAC iscforms (Bassler et al., 2018 Schultz, 2022; Tang and Gllman, 1995). Bioinformatic studies,
howewer, revealed that the membrane domains, TM1 as well as TM2, are highly conserved in an
isoform-specific manner for about 0.5 billion years of avolution {Bassler ot al., 2018, Schultz, 2022).

Extensive studies on the regulation of the nine mAC isoforms revealed that the Gso subunit of
the trimeric G proteins activate cAMP formation. Gsa is released intracellulary upon stimulation of
G-protein-coupled receptors (GPCRs), ie., the receptor function for mAC regulation was assignad to
tha diversity of GPCRs, which presently are most prominent drug targets, in 1995 Tang and Gilman
reported that Gsa regulation of mammafian mACs does not require the presence of the membrana
anchors. A soluble C1-C2 dimer devoid of the membrane domains was fully activated by Gsa (Tang
and Gllman, 1995). This reinforced the view that the mAC membrane anchors which comprise up to
40% of the protein were just that and otherwise functionally inert. The theoretical possibility of mACs
to be requlated directly, bypassing the GPCRs, was dismissed (Schuster ot al., 2024),

‘We wera intrigued by the exceptional evolutionary conservation of the mAC membrane anchors for
0.5 billion years (Bassler et al., 2018, Schultz, 2022). In addition, we identified a cyclase-transducing
elemant that connects the TM1 and TM2 domains to the attached C1 or C2 catalytic domains.
These transducer elements are similarly conserved in a strictly isoform-specific manner (Schultz,
2022, Zlegler, 2017). Furthermore, cryo-EM structures of mAC holoenzymes ciearly revealed that
tha two membrane domains, TM1 and TM2, collapse into a tight dodecahelical complax resembiing
maembrane receptors (G et al., 2019 QJ et al., 2022 Gu et al.. 2001). Lastly, we created a chimeric
model involving the hexahelical guorum-sansing receptor from Vibrio cholerae which has a known
aliphatic lipid ligand and the mAC 2 isoform. We observed that the ligand directly affected, ie.,
attenuated the Gso activation of mAC2 (Seth et al., 2020). As a proof-of-concept this demaonstrated
that the cytosolic catalytic AC dimer serves as a receiver for extracellular signals transmitted through
the dyad-related membrane anchor. Accordingly, we proposed a general model of mAC regulation in
which the extent of the indirect mAC activation via the GPCR/Gsa axis is under direct ligand contral
via the mAC membrane anchor (Seth et al., 2020).

Here, wea report the results of a igorous search for potential ligands of the mAC membrane domains.
We identified aliphatic lipids as ligands for mAC izoforms 1-7 and 9. Isoform dependently, the igands
either attenuate or enhance Gsa activation in vitro and in vivo demonstrating a receptor function of
the mAC proteins. The receptor properties are transferable as demonstrated by interchanging the
membrane anchors between mAC3 and 5. Thus, the results define a new class of membrane receptors
and establish a completely new level of regulation of cAMP biosynthesis in mammals in which tonic
and phasic signaling processes intgrsect in a central signaling system, which is the target of frequently
used drugs.

Results

Oleic acid enhances Gsa-stimulated mAC3, but not mACS activity
In earlier experiments, we demonstrated regulation of the mycobacterial AC Rv2212 by lipids (Abdel
Motaal et al., 2008), the presence of oleic acid in the mycobacterial AC Rv1264 structura (Findeisen
ot al.. 2007, and regulation of a chimera consisting of the gquorum-sensing receptor from Vibrio and
tha mAC2 catalytic dimer by the aliphatic lipid 3-hydroxytridecan-4-one (Beltz et al., 2018). There-
fore, we searched for lipids as ligands. Here, we used bowvine lung as a starting material becausa
lipids are important for lung development and function (Anggird and Samuelsson, 1955, Dautel
ot al., 2017). Lipids werae axtracted from a cleared lung homogenate, acidified to pH 1, with dichloro-
methane/methancl (2:1). The dried organic phase was chromatographed on silica gel (employing
vacuum liquid chromatography; Si-VLC) and fractions A to O were assayed {Figure T—figure supple-
ment 7). Fraction E enhanced mAC3 activity stimulated by 300 nM Gsa fourfold, whereas mACS
activity was unaffectad (Figure TA). The non-maximal concentration of 300 nM Gsa was used because
it enabled us to observe stimulatory as well as inhibitory affects.

Fraction E was further separated by reversed-phase high-performance liguid chromatography
{RP-HPLC} into five subfractions (E1-E5; Flgure T—figure supplement 2). The mAC3 enhancing
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Figure 1. ldentification of mAC3 activating fatty acids. Effect of 1 pg/assay of fractions E fram vacuum liguid chromatography (A) and £2 from reversed-
phase high-perfarmance liquid chromatography [RP-HFLC) (B) on 300 nM Gsa-stimulated mAC isoforms 3 and 5. Activities 2rs shown 25 % compared
1. 300 nivl Gsorstimulaton {100%). n = 2. each with two technicz! replicares: Basal and Gsa activities of maAC3 in (A) were 0.01 and 007 and of mACS
0,06 and 1.32 nmol cAMPemg-'emin~', respectively. in [B), basal and Gsa activities of mACSE were 0.02 and 0.12 and of mACS 009 and 1.1 nmol
cAMPsmg 'smin!, respactively. (C) Gas chromatography-mass spectrometry (GC-MS) chromatogram of fraction E2. Mass spectra of tha fatty acids are
shown. Fatty acids” identity was confirmed by comparing with corresponding standards [TMS: Trimethylsilyf). (D] Efiect of fatty acids identified by G-
MZ on 300 nM Gea-stimulzted mAC2 flefth and mACS (right). Bazal and G activities of mACS were 01023 = 002 and 017 + 0.03 and of mACSH 008 +
0.0F and 0.44 + 0.09 nmacl cAMPsmg'smin!, respectively. n= 3-23. EC,, of palmitic and oleic acids for mAC2 were £.4 3nd 104 pM, respectively. Data
represent individual experiments (black dotz in Aand B} or mean + SEM (D). One-sample ttects ware performed. Significances: **p < 001; ***p < 0.00%;
et U000

The anline version of thiz artide indudes the lallowing source datz and figure supplamentis) for figure 1:

Figure supplement 1. 5i-VLC: silica-vacuum liquid chromatograohy, RP-HPLC: reversad-phass high-performance liquid chromatography, EA- ethyl
acetate, PE: petroleum ether, MeOH: methanal.

Figure supplement 2. Reversec-phase high-perfarmance liquid chromatography (RP-HPLD) chromatogram of fraction E.

Figure 1 continued on next page
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Figure supplement 3. NMR specra of faction E2 in di-MeDH.

Figure supplement 4. Timedependant simulation of mALCS by cleic acid.

Figure supplement 5. Hanss-Wooll plot of mACS £ 20 pM cleic acid

Figure supplement &. Oleic acid has no stimulstory effect on the soluble catalytic dimer

Seource data 1, Including dats used for gensrating Figure 1A, B, D.

Figure supplement 4—source data 1. including data usad for generating Figure 1—figure supplement 4.
Figure supplement 5—source data 1. including data used for generating Figure 1—figure supplement 5.
Figure supplement 6—sowrce data 1. including data usad for generating Figure 1—figure supplement &.
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constituents appeared in fraction E2. It enhancad Gso-stimulated mAC3 fourfold but had no effect on
mACS (Figure 1B). "H- and *C-NMR spectra of fraction E2 indicated the presence of aliphatic lipids
{Figure 1—figure supplement 3). Subsequent GC/MS analysis identified paimitic, stearic, oleic, and
myristic acid in E2 (Flgure 1C). Concentration-response curves were established for these fatty acids
with mAC3 and mACS stimulated by 300 nM Gsa (Figure 1D). 20 M gcleic acid enhanced Gsa-stim-
ulated mAC3 activity thresfold (EC,; = 10:4 uM) and 20 pM palmitic acid twofold (ECs; = 6.4 pM),
while stearic or myristic acid had no significant effect. None of these fatty acids affected mACS activity
{Flgure 1D).

The action of oleic acid on mAC3 was linear for >25 min (Figure T—figure supplament &), The Km
of mAC3 for ATP {335 pM) was unaffected. Vmax was increased from 0,62 to 1:23 nmol cAMP/mg/
min {Figure 1—figure supplement 5). Ofeic acid did not affect the activity of a soluble, Gso-stimu-
lated construct formery used for generating a €1 and C2 catalytic dimer from mAC1 and 2, ruling out
spunous detergent effects (Tang and Gilman, 1995; Figure 1—figure supplement &). The effect of
oleic acid was further evaluated by Gsa concantration-response curves of mAC3 and mACS in pras-
ence and absence of 20 pM oleic acid (Figure 2, l2ft and center}: For mAC3 the calculated EC of Gsx
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Figure 2. Concentration—esponse curves for Gaa and mAC3 and five zctivities in presence or zbsence of 20 pM oleic adid. 20 M oleic acid enharces
Gea stimulation of mACS (left) but not of mACS jcenter. [Lef) EC., of Gexin the sbsence of cleic adid was 549 nM and in the presence of 20 pM oleic
acid, it was 471 nh [not significant). mACT basal activity was 30 + 24 prmol cAMPemg 'smin'. i = 3, each with two technical replicates. (Center Tha
EC., of Gea in the sbsence of oleic acid was 245 nM and in the presence of oleic acid, it was 277 nM {not significant). mACS basal activity was B4 £ 80
cAMPemg-emin'. n = 2, each with two technical replicates. (Right} (Gea + oleic acid stimulation){Gsa stimulation) ratio of mAC3 and mACS from left
and center (n = 2-3), Data are mean = SEM, paired ttest for 12ft and center, and cne-way ANOVR forright Significances: *p < 005

The online version of this artide indudes the following source data for figure 2:

Seource data 1. Including dats used for gensrating Figure 2 laft, center, and night.
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Table 1. List of lipids tested against mAC
isoforms.

Lauric {dodecanaic) acid

Myristic {tetradecancic) acid

Myristoleic ({[32)-tetradecencic) acid

Palmitic {hexadecanaid) acid

Palmitoleic ((92-hexadecencic) acid

Cictadezans

1,1B-Cctadecanadicarboxylic acid

Stearic (ootadecanoid acid

P-Hydrosystearnic acid

Cleic f97-octadecenaic) aoid

Cteamide ([FZ-octadacenamide)

Methyl cleate

F-Cileoylgiycenl

Bicchemistry and Chemécal Biology

in presence and absence of oleic acid were 549
and 471 nM, respectively (not significant). Over
the Gsa concentration range tested with mAC3
the enhancement of cAMP formation by 20 pM
oleic was uniformly about 3.4-fold (Figure 2,
right}. In the case of mACS, Gsa stimulation was
not enhanced by oleic acid (Figure 2, center and
right},

To explore the ligand space, we tested 18
aliphatic C,; to Cy lipids (Table 1; structures in
Figure 3—figure supplement 1). At 20 uM,
elaidic, cis-vaccenic and lincleic acids were effi-
cient enhancers of Gea-stimulated mAC3 activity.
Palmitic, palmitoleic, linolenic, eicosa-pentaenoic
acids, and oleamide. were less efficacious; other
compounds were inactive [(Figure 3). Notably, the
saturated C,; stearic acid was inactive here and
throughout, albeit otherwise variations in chain
length, and the number, location, and confor-

mation of double bonds were tolerated to some
Tricjein extent, e.g., cis-vaccenic, linolsic, and linolenic
Elaidic [[FE}-octadecencic) acid acids. The relaxed ligand specificity was antici-
pated as aliphatic fatty acids are highly bendable
and bind to a flexible dodecahelical protein dimer

cis-Vaccanic (|11 E-ortzdecenoic) acid

Limcleic {I72,128-orctadecadienaic) acid

embedded in a fluid lipid membrana. The ligand

Linolenic (92,122 167)-octadecatrisnoic) acid space of mAC3 somewhat resembled the fuzzy

Arachidonic (52,87, 11Z.148-sicosatetraenoic) acid and overlapping ligand specificiies of the free

fatty acid receptors 1 and 4 (Kimura et al., 2020;
Samovski ot al., 2023; Grundmann et al., 2021).
Mext, the effect of oleic acid was probed in vivo

Eicosapentasnoic [(SZ B VIZ 1AL 78
aicosapentaenoich aod

using HEK293 cells permanently transfected with

mAC3 (HEK-mAC) or mACS (HEE-mACS) Intra-

cellular cAMP formation via Gsoowas triggered via
stimulation of the endogenous B-receptor with 2.5 pM of the B-agonist isoproterencl (concentration
of isoproterenol is based on a respective concentration-response curve with HEK-mAC3 cell; sae
Figure 4—figure supplement 1). Addition of oleic acid enhanced cAMP formation in HEK-mAC3
1.5-fold (Flgure 4). Stearic acid was inactive. Under identical conditions, cAMP formation in HEK-
mACS calls was unaffected (Figure 4). The EC,; of oleic acid in HEK293-mAC3 cells was 0.5 uM, ia.,
tha potency appeared to be incroased compared to respective membrang preparations whereas the
officiancy was reduced, possibly reflacting the regulatory intanplay within the cell. To exclude exper
imental artifacts, transfection efficiencies were tested by PCR. mAC3 and mACS transfections wena
similar (Figure 4—figure supplement 2. Taken together, tha results suggest that the enhancement
of Geo-stimulated mAC3 by oleic acid might ba due to binding of oleic add to or into an mAC3
membrane receptor (Schultz, 2022, Beltz et al., 2018).

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

Mext, we examined other AC isoforms with oleic acid as a ligand. 20 pM oleic acid significantly
enhanced Gso-stimulated activities of isoforms 2, 7, and %, mACT was slightly attenuated, and
isoforms 4, 5, 6, and B were unaffected (Figure SA).

Concentration—response curves were carried out for mACs 2, 7, and 9 (Figure 5B). The EC., of
oleic acid were 8.4, 4.7, and 7.8 uM, respectively, comparable to that determined for mAC3. Explo-
ration of the ligand space for mACs 2, 7, and @ with the panel of 18 aliphatic fipids uncovered more
active lipids (Figure 5C). In the case of mACZ, 20 pM ciswaccenic acid doubled cAMP formation
{ECsy 10.6 pM} while other compounds ware inactive (Figure 5C and for additional concentration—
responsa curves see Figure 5—figure supplement 1). For mACT the ECy of elaidic was 9.7 uM

Landau et 5l elife 2024;123:RP101483. DO https/dolor/10.7554/2Lif= 101483 5of 22
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ctudes the following source data and figure supplement(s) for figure 3:

Sigr
The or
Source data 1. Including data usad for generating Figure 2.

Figure supplement 1. Structures of the tested zliphatic lipids listed in Table 1.

na version of this artide

{concentration-responsa curve sea Flgure 5—figure supplement 2). The range of potentiaf ligands
for mACS was more comprehensive: three- to fourfold enhancement was observed with 20 uM palmi-
toleic, oleic, elaidic, cis-vaccenic, and linoleic acid. With 20 uM myristic, palmitic, palmitoleic, linalenic,
and arachidonic acid 1.5- to 2-fold enhancements were observed (Figure 5C and for concentration—

rosponse curves see Figure 5—figure supplements 3 and 4).
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Figure 4 continued

Figure supplement 1. Efiect of isoproterencl on cAMP formaticn in HEK253 cells transfected with mALC3,

Figure supplement 2. Agaroze gels of PER products from HEK293 calls permanantly transfected with mAC1-%.

Source data 1, including datz used for gensrating Figure 4.

Figure supplement 1—source data 1. Including datz usad for gensrating Figure 4—figure supplement 1.

Figure supplement 2—source data 1. PDF file containing originz gels far Figure 4—figure supplement 2, indicating the relevant bands.

Figure supplement 2—source data 2. Criginal files contzining gels for Figure 4—figure supplement 2.

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

Testing the panal of lipids at 20 yM with mAC soforms 1, 4, 5, 4, and & we found that isoforms
1 and 4 were significantly attenuated by arachidonic acid, and somewhat less by palmitoleic acid.
Other lipids had no effect (for bar plots and dose-response curves see Figure é—figure supplements
1-3). Of note, eicosa-pentaencic acid which resembles arachidonic acid but for an additional cis-A™"7
double bond had no effect on mAC activities (Figure 6—figure supplements 1 and 2). Concentra-
tion-response curves for arachidonic acid with 300 nM Gsa-stimulated mAC1 and 4 yielded ICx of
23 and 36 uM, respectively, i.e., about twofold highar compared to the EC,; of enhancing ligands
(Figure 84).

Mext, we examined whether arachidonic acid attenuates mACT and 4 in intact HEK 293 cells.
Surprisingly, cAMP formation in HEK-mACT cells stimulated by 10 pM isoproterenc| was attenuated
by arachidonic acid with high potency (IC;; = 250 pM), i.e., with higher potency compared to data
with membranes prepared from the same cell line. In contrast, mAC4 activity examined under iden-
tical conditions was not attenuated {Figure &B). Currently, we are unable to rationalize thesa discrep-
ancies. Possibly, mAC4 has another, more specific lipid ligand which is needed in in vive. In general,
the enhancing and attenuating effects bolster the hypothesiz of specific receptor-ligand interactions
and divergent intrinsic activities for different ligands. Of note, it was reported that arachidonic acid
at concentrations up to 1 mM inhibits AC activity in brain membrane fractions and that essential fatty
acid deficiency effocts AC activity in rat heart (Nakamura ot al., 2001; Alam et al., 1995,

At this point we were lacking ligands for mACs 5, &, and B (Figure 7—figure supploments 1 and 2
and Figure 8). Possibly, the negative charge of the fatty acid headgroups might impair receptor interac-
tions. A neutral lipid neurotransmitter closely related to arachidonic acid is arachidonoylethanolamide
{anandamide) (Mock et al., 2023). Indeed, anandamide attenuated 300 nM Gsa stimulation of mACS
and & with ICy, of 42 and 23 pM, respectivaly, 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 (Flgure FA). mACs 5
and & may thus represent new targets for anandamide which is part of a widespread neuromaodulatory
system (Lu and Mackle, 2014). The concentrations of arachidonic acid and anandamide required may
be achieved in vivo by local biosynthesis and degradation. An interfacial membrane-embadded phos-
phodiestarasa cleavas the phosphodigstar bond of the membrane lipid N-arachidonoyl-ethanolamine-
glycerophosphate releasing anandamide into the extracellular space (Mock et al., 2023; Simon and
Crawatt, 2008; Liu et al., 2006). The lipophilicity and fack 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, genarating arachi-
donic acid and ethanolamine (McKinney and Cravatt, 2005). Tharefore, we examined whether anan-
damide at higher concentrations might also affect mACT and 4. In fact, anandamide significantly
attenuated Gso-stimulated mAC1, but distinctly not mACS (Figure 7B}, The IC.; of anandamide for
mACT was 22 uM. We also tested whether anandamide attenuated cAMP formation in vive using
HEK-mALCS cells primed by 2.5 pM isoproterancl {(Figure 7C), 100 pM anandamide attenuated cAMP
formation by only 23% in HEK293-mACS cells, the effect was significant {p < 0.01). At this point, we
were unable to identify a ligand for mACE, presumably another lipid (Figure 8).

Receptor properties are exchangeable between mAC isoforms 3 and 5

To unequivacally validate specific mAC-igand—eceptor interactions and regulation we generated
a chimera in which the enhandng membrane domains of mAC3, ie., mAC3-TM1 and TM2, wera

Lancau ot &l elife 2024;13:RP1071483. DO bitpsuVdolong/10.7354%Life 101483 Bof 22
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Figure 5. Fatty acids enhance mAL isofcrms 2,7, and 7 activities. 1A) Effect of 20 uM cleic acid on 300 nM Gea-stimulated mAC sctivities normalized 1o
100%, Basal and Gse-stimulated activities for each izoform zre in Figure 5—figure supplement 1, n = 2-23. (B} Claic acid activates mAC= 2, 7, and 7
stimulated by 300 nM Sse. n = 7-23.(C) Fatty acids activating mACs 2 7, and 7 3t 20 pM. For bazal and Gam-stimulated activities, see Figure 5—figure
supplements 1-4. n = 515 |dentical colors indicate identical compounds. Dats are mean + SEM. One-sample ¢ tests were performad. Sigrificances:
*p < 005 p < 007; *p.« 0007, ***p < 0.0001,

The onlire version of this artide includes the following source data and figure supplement(s) for figure 5:

Source data 1. Including dats used for generating Flgure SA-C.

Figure supplement 1. Efzct of lipids on 300 il Gsa-stimulated mAC2.

Figure supplement 1—source data 1. ‘ncluding basa! and Gso-stimulated activities of mACT-mACT.

Figure 5 continued on next page
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Figure 5 continued

Figure supplement 1—source data 2. Including dats used for generating Figure 5—figure supplement 1, left and right
Figure supplement 2. Effect of ligids on 300 nM Gem-stimulated ma&CT.

Figure supplement 2—source data 1. Including datz used for generating Figure 5—figure supplement 2 left and right.
Figure supplement 3. Effect of lipids on 300 nM Geaestmulsted mACT.

Figure supplement 3—source data 1. including datz used for generating Fligure 5—figure supplement 3, left and right
Figure supplement 4. Concentration—response curves of fatly adids activating Gsa-stimulated mACY,

Figure supplement 4&—source data 1. including datz usad for genarating Flgure 5—figure supplement 4, left and right

Bizchemistry and Chemical Biology
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Figure &, Arachidonic add atteruates 300 nM Gse-stimulsted activiies of mACs 1 and 4. (A} Arachidonicacid attenuates Gsa-stimulated mACs 1 and
A Basal and Gea-stimulated activities of mACT were 0,12 + 001 and 047 = 003 and of mACA 007 + 0002 and 014 + 007 nmol cAMPsmg "smin~',
respectively. ICy of arachidonic acid for mACT and mAC4 were 23 and 35 uM, respectively. n = 3-9. [B) Effect of arachidanic acid on HEK-mAC1

and HEK-mACY cells. Cells were stimulzated by 10 M isoproterenal (set as 100 %) in the prasence of 0.5 mM IBMX (3-iscbutyl-1-methylxanthing).
Basal and isoproterencl-stimulzted cAMP lavels in HEK-mAC T were 1.03 £ 0.15 and 1,56 + 0.78 and in HEX-mACH 020 + 0.04 and 0.84 + 0.24 pmal
cAMP/10,000 calls, respectively. 1, for HEX-mACT was 250 pM. n = 2-11, each with three replicates. Data are mean + SEM. One-sample t tests ware
performed, Significances; "o < 0.01; ***p < 0.001; 'o < 0.0001, For clarity, not all significances are indicated,

The anline version of this article inchudes the following source data and figure supplemant(s) far figura &
Source data 1. including dats used for generating Figure 84, B.

Figure supplement 1. Effiect of 20 uM ligids on 300 nM Gsa-stimulated mACT.

Figure supplement 1—source data 1. Including data usad for generating Figure é—figure supplement 1.
Figure supplement 2. Effec of 20 uM lipids on 300 nM Gsa-stmulated mACA

Figure supplement 2—source data 1. including cats usad for generating Flgure é—figure supplement 2.
Figure supplement 3. Paimitcleic acid inhibits mACs 1 and 4 stimulated by 300 nM Gaa

Figure supplement 3—source data 1. including datz used for generating Figure &—figure supplement 3.
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Figure 7. Anandamide attenuates 300 nM Gsa-stimulated activities of mACs 1, 4, 5, and 4. (A} Efiect of anandamide on Gea-stimulated mACS and &
Basal and Gea activities of mACS ware 005 + 0.01 and 0.98 + 912 and of mACS 0.05 = 001 and 0.78 + 012 nmol cAMPsmg-'smin-, respactivaly. 10, of
anandamide were 42 2nd 22 pM, respectively. n = 3-32. (B} Anandamide atbenuates mACT but not mACS siimulsted by Gso. Basal and Gea-stmulatad
activities of mACT were 0,12 £ 0,01 and 0.4% + 0.03 and of mACA 0.02 + 0,002 and 0.15 £ 0.02 nmal cAMPemg  smin"’, respectivaly. 1. for mACT was
29 uM. n = 3-4, each with two technical replicates. {€) Effect of anandamide on 2.5 uM fscproterenalstimul ated HEK-mACS. Basal and isoproterencl-
stimulated cAMP levels of HEK-mACS were 1.8 + 0,22 and 2.4 + 0.48 pmol cAMPM0,000 calls; respectively. The control bar represents 2.5 uM
isoproterencl stimulation alone. n = 54, each with three technical replicates. g of anandamide was 133 b, Data are mean + SEM. One-sample ttests
1A, Brand paired t test () wene performed. Significances: ns: not significant p > 005; *p < 0.05: ™p< 0D *p < L001. For clarity, not all
zra indicated.

significances

The anline version of this article includes the fallowing source data and figure supplement(s) for figure 7:
Source data 1. Including datz used for generating Figure 7A-C.

Figure supplement 1. Effect of 20 uM lipids on 300 nM Gaa-stmufated macs.

Figure supplement 1—source data 1. Including data used for generating Figure 7—figure supplement 1.
Figure supplement 2. Efiect of 20 pM ligids on 300 nM Gaa-stimulated maCa.

Figure supplement 2—source data 1. including datz used for generating Flgure 7—Ffigure supplement 2.

substituted by those of mACS (design in Flgure PA, right). The intention was to obtain a chimera,
MACS,.,.w—AC3, with a loss of receptor function, i.e., no enhancement by oleic add, and a gain
of another receptor function, i.e., attenuation of activity by anandamide. Successful expression and
membrana insertion of the chimera in HEK293 cells was demonstrated by spacific conjugation to Cy5.5
fluorophore, using the protein ligase Connectase (Flgure 9A, loft; Fuchs, 2023), cAMP synthesis of
isolated membranes from these cells was stimulated up to 10-fold by addition of 300 nM Gsa, compa-
rable to membranes with recombinant mAC3 or mACS proteins (Flgure #B). mAC activity in the
MACS,misi~AC 3 chimera was not enhanced by oleic acid, i.e., loss of receptor function, but was
attenuatad by anandamide, i.a., gein of receptor function {Figure $C, V. The attenuation was compa-
rable to results obtained with mACS membranes, i.e., IC., was 29 pM mACS,,., .,~AC3.,, |Figure 9E)
compared to 42 pM for mACS. This means that the atteruating receptor property of mACS was
successfully grafted onto the mAC3-catalytic dimer. We take this to support the hypothesis that the
mammalian mAC membrane domains operate as receptars using lipid ligands. The data virtually rule
out unspecific lipid effects such 2s 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.

Landau et sl elife 2024;13:RP101483. DOL: kttps://dolong/10.7554/eLifa, 101483 11 of 22
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Figure 8. Effact of 20 ub lipids on 300 nM Gsa-stimudated mACE. Basal and Gea activities were 0192 001 and 1.04 = 019 nmol cAMPsmg'emin',
respectively’ Error bars denote SEM of n = 2-5.

The enline version of this artide includes the following sowrce data for figura 8:

Source data 1. Including dats used for generating Figure 8

The findings were further substantiated in vivo using HEK293-mACS, . ~AC3,, cells. cAMP
formation primed by 2.5 uM isoproterenol was attenuated by anandamide in HEK293-mACS,. ..~
AC3., cells by &6%, (Figure 1), i.e., a gain of function which remarkably exceeded the anandamide
attenuation in HEK293-mACS cells of 23%. In HEK293-mACS, __.~AC3,., cells oleic acid was inaf-
fective, i.e., loss of function {data not shown). The results bolster 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 exprossed, isoforms with demonstrated enhancemant of Gsa stimulation by cleic acid
{Sanabra and Mengod, 2011). In cortical membranes 20 yM oleic acid enhanced Gsa-stimulated
cAMP formation 1.5-fold with an ECy, of 5 uM, almost identical to the one determined for mAC2, 3,

Landay et al elife 2024;13:RP101483. DO https:/fdolorg/10.7554/elif=. 101483 12.of 22
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Figure 9. Recepior properties are exchangeable between mAC isoforms. (A, left) Detection of ACS, . ~AC3_, receptor chimeras. ACS, . —AC3,_,
[ACE-3) (Tews et al, 2005, was axpressed in HEK?93 calls with an N-terminal tag for labeling with the protain ligase Cannectase. The membrane
preparafion was incubated with Bucraphore-conjugated Connectase and separated by sodium dogecyl sulfate-—polyacrylamide gal electrophoresis
{SD5-PAGEL A fluorescence scan of the gel detects AT Srmmus—AC 3 (right], the reagent fluorophaore-conjugated Connectase) is detectad when using
HEK293 membrane imiddle) or a buffer contre {left): 1A, right) Design of the chimeric ACS-3 construct. Mumbers are amino acid positions in mAC3 and
5, respectively. (B) Gso concentration—respanse curve of mACS-3. Basal activity for mACS-3 was 0.02 pmol cAMPemg-'emin-'. Ermar bars denote SEM
of = 3, each with twotechnical replicates. (€) Effect of 20 uM oleic acid on 300 nM Gsa-stimulated mACs 3, 5, and 5-3. Bassl and Gsa activities of
mACs 3, 5, and 5-3were 002 + 0003 and 0.11 £ 002, 005 = 0.0 and 0.98 = 012, and 0.01 £ 0.004 and 0.2 £ 0.02 nmiol cAMPemg smin~', respectivaly
n = 7-33 {D) Effect of 100 pM Anandamide on 300 nM Ga-stimulated mACs 3, 5, and 5-3. Basal and Gso activities of mACs 3, 5, and 5-3 were DOZ +
0.002 and 019 £ 0.02, 0.05 £+ 0.01 and 0.96 = .12, and 0.02 + 0.002 and 0.23 + 0.04 nmol cAMPemg 'smin™, respectively, n = &7 1Cx for mACS and
mtCS-3 were 42 and 29 UM, respectively. (B}, Exchange of TM domains transfers anandamide effect on mAC3. Basal and Gspstimulatad activities of
mACI were 0L02 £ 0.002 and 0.12 £ 0.02 nmol cAMPsmg 'smin~, respectively. Basal and Geo-stimulated activities of mACS were 005 £ 0,005 and 0.98
+ (.12 nmol cAMPemg 'smin', respactively Basal and Gen-stimulated activities of mACS-3 wera 0.02 + 0,002 and 0.22 + 0.03 nmol cAMPsmg'smin,
respeciively, Caloulated 1Cew concentrations of anandamide for mACS and mACS-3 ware 42 and 29 uM, respectively. Data are mesn = SEM. Cne-sample
t tests, Significances: **p < D.OF; ***"p < 0LO01.

Tha online version of this article indudes the following sowrce data for figure %

Source data 1. POF file containing originzl gel for Figure 9A, indicating the relevant bands.
Source data 2. Criginz! file containing gel for Figure PA

Source data 3. Including data used for generating Figure 98-E
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Figare 10 continued

respectively Anzrdamide had no effect on basal activity of HEK-mACS and stimulated HEK-mAC3 cellzin concentrations up to- 100 pM {data niot
shown). Data are mean £ SEM. One-sample t tests were parformed., Significances; *p = 005, ***p < 0.001.
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The anline version of this artide includes the following source data far figure 10

Source data 1. Including datz used for generating Flgure 10.

7, and ? {Figure 11). This suggests that mACs in brain cortical membranes are similarly affected by
fatty acids.

Discussion

In tha past, the biology of the two mambrane anchors of mACs, highly conserved in an isoform-specific
manner, remained unresolved. The theoretical passibility of a receptor function of these large hexahe-
lical anchor domains, each comprising 150-170 amino acids, was considered unlikely (Schuster et al.,
2024). 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/Gsa system. This conclusion is based on {1} the dodecahelical
membrana domains of the nine mAC recaptars have distinct, conserved isoform-specific sequences
for the TM1 and TM2 domains Schultz, 2022; (2) the receptors have distinct ligand specificitios and
affinities in the lower micromolar range; (3} isoform dependentiy ligands either enhance or attenuate
Gsa-stimulated mAC activities; {4} receptor properties are transferable between isoforms by inter
changing membrane domains; (3} isoproterenol-stimulated formation of cAMP in vivo is affected by
addition of extracellular ligands; (8} Gso-stimulzted cAMP formation in mousa cortical membranes
is enhanced by oleic acid. Therefora, 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, B, mAC2Z, 4, 7, mACs 5, 6, and mACY together (Dessauer et al.,
2017,. At this point, mAC 1, 4, 5, and &, which are ligand-attenuated, may be grouped togather and
a second group may consist of isoforms 2, 3, 7, and 9 which are ligand-enhanced. Our data do not
contradict earlier findings concerning regulation of mACs via GPCRs, cellufar localization of mAC
isoforms or regional:cAMP signaling (Dessauer et al, 2017). Instead, the data reveal a completely
new level of regulation of cAMP biosynthesis in which two independent modalities of signaling, i.e.,
diract, tonic lipid signaling and indirect phasic signaling via the GPCR/Gsa circuits intersect at tha
crucial biosynthetic step mediated by the nine mAC isoforms.

The second important finding is the observation that the extent of enhancement of mAC3 activity
by 20 ¢M oleic acid is uniform up to 1000 nM Gsa (Figure 2, righty. We suppose that in mAC3 the
equilirium of twa differing ground states favors 3 Gsa unresponsive state and the effector oleic acid
concentration dependently shifts this equilibrium to a Gsa responsive state (Seth et al., 2020). In
contrast, the equilibsium of ground states of mACS probably is opposite, i.e., the one accessible to
Gsa stimulation predominates and stimulation by Gsoris maximal. In addition, oleic acid has little effoct
because the mACS receptor domain does not bind cleic acid {Figure 1D, right, and Figure 2, center).
A ligand for mACS, e.g., anandamide or arachidonic acid, likely shifts the equilibrium of ground states
to a Gsa unresponsive state and inhibits stimulation. The biological balance of ground states appears
to be an intrinsic property which is isoform specifically imprinted in mACs. Probably, it defines a
major element of regulation and anables distinct inhibitory or stimulatory inputs by extracellular fipid
ligands. The ground states probably are separated by a low transition energy and are stabilized by
receptor occupancy. Hitherto available structures required Gsa and/or forskolin for stabilization and
probably did not capture different ground states (Schuster et al, 2024; Qf et al, 2019, Qf et al.,
2022 Sunzhara et al., 1997b; Tesmer and Sprang, 1998, Vercellino ot al., 2017). Mechanistically,
tonic levels of lipid ligands affect the ground states and thus set the bounds of cAMP formation elic-
ited by phasic GPCR/Gsa stimulation. As such lipid signaling through the mAC membrane receptors
appears to reprasent 3 higher level of a systomic regulatory input based on constant monitoring the
physiclogical and nutritional status of an organism.

Lipid signaling is much less characterized than solute signaling (Eyster, 2007). Most of the highly
functionalized ligands for GPCRs are storable in vesicles and the release, inactivation and remaval
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Figure 11. Olsic-acid concentration dependently potentiztes mAC activity in brain cortical membranes from moose. Basal and 300 nM Gaa activities
were 0.4 + 0.1 and 2.7 £ 0.7 nmol cAMPemg 'smin™', respectively, n = 4-6. One-sample ttest: *p < 005 **p < 0.01 compared to 100% (300 oM Geo

Figure 11 continued on next page
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Tha online version of this artide includes the following sowrce data for figure11:
Source data 1, Inclucing data used for generating Figure 11,

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 permaability and
potential effects on membrane fuidity complicate discrimination between extra- and intracellular lipid
actions (Samowski et al, 2023). Yot, viewed from an evolutionary perspective, lipids possibly are
ideal primordial signaling molecules because for the emergence of the first cell lipids were required
to separate an intra- and extracellular space. Conceivably, lipids derived from membrane lipids were
used for regulatory purposes early-on. In association with the evalution of bacterial mAC progenitors
lipid ligands may have parsisted in evolution and regulation by GPCR/Gsa in metazoans was acguired
and expanded later.

The concentrations of free fatty acids in serum or interstitial fiuid usually are rather low, mostly
below the ECy concentrations determined in this study ({Grundmann et al., 2021; Ulven and Chris-
tiansen, 2015; Huber and Kleinfeld, 2017). This raises the question of the origin of lipid igands under
physiclogical conditions. It is well known that cell membranes are highly dynamic (Alam et al., 1995;
MchMaheon and Gallop, 2005). Within limits, cell morphology and lipid compaosition are in constant flux
to accommodate diverse functional requirements. Remodefing of cell membranes is accomplished by
targeted phospholipid biosynthesis and by regulated lipolysis of membrane ipids, e.g., by phospho-
lipase A, mono- and diacylglycerol lipases or lipoprotein lipases (Brown et al., 2003). Therefare, a
speculative passibility is that lipid ligands are acutely and locally generated directly from membrane
lipids {Uu et al., 2004, Muccloll, 2010). Such regulation probably happens at the level of individual
celis, ceflular networks, complex tissues, and whole organs. Additional potential lipid sources available
for ligand generation may be, among others, lipids in nutrients (Alam et al.. 1995), exosomes present
in blood, serum lipids, chylomicrons, blood triglycerides, and lipids originating from the microbiomea.
On the one hand, the discovery of lipids as ligands for the mAC receptors broadens the basis of regu-
lation of cAMP bicsynthesis with potentially wide-ranging consequences in health and disease. On the
other hand, the data pose the challenge to identify how the tonic signal is generated and regulated.

Materials and methods

Reagents and materials

ATP creatine kinase, and creatine phosphate were from Merck. Except for lauric acid {Henkal) and
1,18-octadecanedicarboxylic acid (Themo Fisher Scientific), lipids were from Merck, 10 mM stock
solutions were prepared in analytical grade Dimathyl sulfoxide (DMSO) and kept under nitrogen. For
assays the stock solution was appropriately diluted in 20 mM 3-(N-morpholino)propanesulfonic acid
(MOPS) buffer, pH 7.5, suitable to be added to tha assays resulting in the dasired final concentrations.
The final DMSO concentrations in in vitro and in vive assays were maximally 1%, 3 concentration
without any biochemical effect as checked in respective control incubations. The constitutively active
GsoQ227L mutant protein was expressed and purified as described eardier (Graziano et al., 1989,
Graziano et al., 1997; Sunahara et al., 19973).

General experimental procedures

For HPLC anafysis, 2 Waters HPLC systom (1525 pump, 2294 photodiode array detector, 77250
injector, 200 series PerkinElmer vacuum degasser) was used. Solvents were HPLC or LC-M5 grade
from Merck-Sigma. Ona-dimensional "H- and "“C-NMR specira were recorded on 2 400 MHz Bruker
AVANCE lll NMR spectromater equipped with a 5-mm broadband SmanProbe and AVANCE Il HD
hanobay console. Spectra were recorded in methanol-d: and calibrated to the residual solvent signal
{5, 3.31 and & 49.15 ppm).

Lung tissue extraction and fractionation

1.24 kg bovine lung was minced in 3 meat grinder, then mixed and homogenized with 1.2 | 50 mM
MOPS, pH 7.5, in a Waring blender (4°C) resulting in 2.3 | homogenate. It was centrifuged (30 min,
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4°C, 7200 » g) resulting im 1.2 | supernatant. The pH was adjusted to 1 using 7% HCL Equal volumes
of CH,ClL/MeOH (Z:1) were mixed with the supernatant in 3 separatory funnel and shaken vigorously.
Centrifugation was at 5300 = g for 30 min. The lower organic CH:Cl; layer was recovered and tha
solvent was evaporated yielding 2 g of dried material. it was dissolved in 100 ml petroleum ether
and subjected to normal-phase silica gel vacuum liquid chromatography (60 H Supeloo). The column
was eluted stepwise with:solvents of increasing polarity from 20:10 petroleum ether/EtO4c to 100%
EtOAc, followed by 100% MeOH. 17 fractions (A-Q) of 300 ml were collected and dried. Fraction
E {eluting at 40:60 petrofeum ether/EtOAC) was analyzed by RP-HPLC using a linear MeOH/H,O
gradient from 80:20 to 100:0 (0.1% TFA Trifluoroacetic acid) for 15 min, followed by 100:0 for 30 min
{Knauer Eurosphere |1 C18P 100-5, 250 x B mm, 1.2 mi/min flow rate, UV absorbance monitored at
210 nm) to yield five subfractions: E1-E5. Fraction E2 was analyzed by 'H- and "*C-NMR which indi-
cated the presence of aliphatic lipids and fatty acids {Flgure 1—figure supplemeant 3).

Gas chromatography-mass spectrometry analysis

Fraction EZ was analyzed by gas chromatography-mass spectrometry. Acids were acid trimethylsi-
Iylated using N,O-bis{timathyisilylitrifluorpacetamide + trimethylchlorosilane {3%:1 wol/vol). The
mixture was heated for 2 hr at 20°C. After cooling and clearing the sample was transfered into a GC
vial in 200 yl hexane.

An Agilent Technologies GC system (BB%0 gas chromatograph and 5977B mass spectrometer
equipped with a DB-HP5MS Ul column, 30 m x 0.25 mm, film thickness of 0.25 pm) was used. injec-
tion volume was 1 pl. 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. Camier gas was He; (99.9%; 1.2 ml/
min). lonization was with 70 eV and MS spectra were recorded for a2 mass range mvz 35-800 for
35 min. Compounds wera identified by comparing the spactra with thosa in the NIST fibrary. Individual
compound content is given as a relative % of the total peak area.

Plasmid construction and protein expression

hAC sequences were from NCBI were: ADCY1: NM_021116.3; ADCYZ: NM_020546.2; ADCY3:
NM_D04034.4; ADCY4: NM_001198568.2; ADCYS: NM_1B3357.2; ADCYS: NM_015270.4; ADCYT:
NM_D01114.4; ADCYS: NM_0D1115.2; ADCYS: NM_001714.3. Human mAC genes were from
GenScript and fitted with a Cterminal FLAG-tag. The chimera mACSTM) mAC3(cat) had an
M-tarminal connectase-tag, MPGAFDADPIVVEIAAAGA, followed by ACS{1-402) AC3(250-A31)
ACS{T61-1009)_AC3(B62-1144). The gene was synthesized by GenScript. HEK293 cells were main-
tained in Dulbeccos Modified Eagle Medium (DMEM) with 10% fetal bovine serum at 37°C and 5%
CO.. Transfection with AC plasmids was with PolyJat (SignaGen, Frederick, MD, USA). Permanent
cell lines wera generated by selection for 7 days with 600 pg/mi G418 and maintained with 300 pg/
ml For membrane preparation, cells wera tyrpsinized, collected by centrifugation (3000 = g, 5 min)
and lysed and homogenized in 20 mM HEPES, pH 7.5, 1 mM Ethylenediaminetetraacetic acid (EDTA),
2 mM MgCls, 1 mM Dithiothreitol (DTT), one tablet of cOmplete, EDTA-free (per 50 ml) and 250 mM
sucrase by 20 strokes in a potter homogenizer on ice. Debris was removed (5 min at 1000 = g, 0°C},
membranes were collected at 100,000 x g, 60 min at 0°C, suspended and stored at —80°C in 20 mM
MOPS, pH 7.5, 0.5 mM EDTA, 2 mM MgCl,. Membrane preparation from mouse brain cortex was
according to Seth et al., 2020; Schultz and Schmidt, 1987. Three cerabral cortices were dissected
and homogenized in 4.5 mi cold 48 mM Tris—HCI, pH 7.4, 12 mM MgC 15, and 0.1 mM Ethylane glycal-
bis{B-aminoethyl ether}-N,N,N' N-tetraacetic acid (EGTA) with a Palytron hand disperser {Kinematica
AG, Switzerland). The homogenate was centrifuged for 15 min at 12,000 = g at 4°C. Tha pellet was
washed once with 5 ml 1 mM KHCO,. The final suspension in 2 mi 1 mM KHCO; was stored in aliquots
at —80"C.

DNA extraction

DNA from 1 = 10% 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 instruc-
tions. DMA concentrations were determined at 260 nm using a sub-micoliter cell (IMPLEN} in 2 P330
NanoPhotomater {IMPLEN). Elution buffer (Roche) was used for blanks.
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Polymerase chain reaction

100 ng of template DMNA was mixed with 0.5 pM Forward primer and 0.5 pM Reverse primer. 12.5 pl
2X KAPAZG Fast (HotStart) Genotyping Mix with dye and water was added, total reaction volume
25 pl according to the KAPAZG Fast HotStart Genotyping Mix kit [Roche) protocol. PCR followed the
cycling protocol in a Biometra T3000 thermocycler:

Step Temperature (°C) Duration Cycles
nitial denaturation 35 2 min 1
Denaturation 5 15s= 35
Annealing &0 15s

Extansion T2 505

Final extensian 72 24 min 1

Extension and final extersion times were adiusied to the expected amplicon length.

The PCR products were directly loaded on a 1.5% agarcse gel. A 1 kb DNA ladder {New England
Bio Labs #M32325) was mixed with Gel Loading Dye Purple 6X (New England Biclabs #870245) and
water. After running tha gel for 15-20 min at 90V in 1x Tristhydroxymeathyliaminomethane-acetate-
ethyienediaminetetraacetic acid (TAE) buffer, tha gel was stained in an Ethidium bromide bath and
left running for another 10-20 min. The gels were then evaluated under UV fight in a UVP GelStudio
PLUS {Analytik Jena) gel imager

AC isoform Forward primer {5'-3) Reverse primer {5'-3)

1 GTCAACAGGTACATCAGEDGCE AGCCTCOTTCECAGETGOTEE
2 AGGAGACTGCTACTACTGTGTATCTGGAC GEATGCCACGTTGETCTEGEA
3 TTCATCCTGGTOATGECAANTGTCET GGAGTTGTCCACCACCTGGTE
4 COBGEATGOCAAGTICTICCAGGTCATTG GCCTAGGCTAGCTGAAGGAGS
5 CCTCATCOTGROGCTGOACCOAGAAGES ACTGAGC

& TCCTRAGCCETGCOATCGA ACTGCTGEGGCCCCOATIGAG
7 TOCTCGECEACTGETACTACTG GTTCAGCCOCAGCCCOTEARA
8 ACTTGCGGAGTGGCGATAAATTGAGA TOGECAAATCAGATTTGTCGGTGOE
) COCTGTGETTCCTCETGRTE CACACTCTTTGAAACGTTGAGT
AC assay

In a volume of 10 pl, AC activities were measured using 1 mM AT, 2 mM MgCl:, 3 mM craatine phos-
phate, &0 yg/mi creatine kinase, and 50 mM MOPS pH 7.5. Tha cAMP assay kit from Cisbio (Codolet;
France) was used for detection according to the supplier's instructions. For each assay, a cAMP stan-
dard curve was established, ECe and ICs, values were calculated by GraphPad Prism version B.4.3 for
Windows, GraphPad Software, San Diego, CA, USA, https//www.graphpad.com .

cAMP accumulation assay

HEK293 cdlls stably expressing mAC isoforms 3, 5, and mACS(membr)_mAC3icat) were plated at
2500-10,000 cellstwell into 384-well plates. Colls were treated with varying concentraticns of lipids
and incubated for 10 min at 37°C and 5% CO.. 2.5-10 pM isoproterenol was added to stimulate
cAMP formation and cells were incubated for 5 min. HEK293-AC5-3 was assayed in the presence of
the phosphodiesterase inhibitor 0.5 mM iscbutyl-methyl-xanthine. Addition of Cisbio HTRF detection
reagents stopped the reaction and cAMP levels were determined.

Data handling and analysis
Experimental results were evaluated using GraphPad Prism version 84.3. Assays were conducted
with a minimum of two technical replicates from at least two independent assays, as specified in the
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figure logends. Average values from duplicate or triplicate experiments were designated as zingle
points and data are expressed as means + SEM. Graphs were generated by GraphPad and assem-
bled in PowerPoint. Outliers were identified using the ‘tdentify Outliers’ function of GraphPad (ROUT
method).
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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 Gsa-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 Gsa-stimulated mAC3
activity in a concentration-dependent manner up to 0.5 ug/10pul. With increasing
concentrations, the stimulation decreases and at high concentrations (> 4 ug/10uL)

the fraction is inhibiting (Figure 9).
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Figure 9. Concentration-response curve of fraction F on Gsa-stimulated mAC3.
Basal and 600 nM Gsa (corresponds to 100%) activities of mAC3 were 0.02 and 0.36
nmol cAMP+mg-'smin-1, respectively. Error bars denote S.E.M. with n=1-2. 10
Mg/10uL 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)
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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 Il 100-5 C18P, 250x8 mm (Knauer).

Next, | examined the effect of the subfractions on mAC3 and mACS5 activity,
stimulated by Gsa. Subfraction F-1 was slightly enhancing mAC3 activity while it
showed nearly no effect on mACS. 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 Gsa-stimulation alone, while F-2
and F-3 were enhancing up to 400%. The forementioned three subfractions were all
inhibiting mACS activity similarly starting at concentrations higher than 1 ug/10uL
assay volume. Subfraction F-5 enhances mAC3 activity up to 400% compared to
Gsa-stimulated activity but lacks the decrease of activity at higher concentrations.
The inhibitory effect on mACS is extenuated in comparison to F-2, -3, and -4 (Figure
11).
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The main reasons why | 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 Grold (Pharmaceutical Institute, University TUbingen) 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 Gsa-stimulated mAC3 in
any way. The reduced form 7-hydroxycholesterol did also not affect Gsa -stimulated
mAC3 activity, excluding loss of function through oxidation processes of the

compound (Figure 12).
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Figure 12. Effect of subfraction F-5, 7-keto- and 7-hydroxycholesterol on Gsa-
stimulated mAC3.

81



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 Tubingen) | performed GC/MS
studies after trimethylsilylation according to publication Ill. 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, | further cooperated with Dr. Sherif Elsabbagh

investigating the effects of fatty acids.
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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 mMAC3 is fused to the cytosolic domain of mMAC5 (mAC3-
5). The expression was confirmed via in-gel fluorescence, performed by Dr. Adrian
Fuchs (MPI Tubingen) (Figure 14). Gsa concentration-response curves revealed that
this chimera was no longer regulated, exhibiting an activity at 300 nM Gsa that was
22 times higher than that of mAC5 at the same concentration (Figure 15). Due to this

outcome, | decided not to pursue further research on this protein.
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Figure 14. Detection of MAC3(membr)-MACS5cat) and MAC5membr)-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. Gsa concentration response curves for mAC3-5 and mACS5.

Basal activities of mMAC3-5 and mAC5 were 0.03 and 0.05 nmolsmg"min-",

respectively. ECso 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 mMAC7 (mACS5-7). 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
Gsa, was attenuated comparable to mACS. In contrast, mAC7 stimulated by Gsa
remained unaffected by anandamide, even at concentrations up to 100 uM (Figure
16). These findings undermine the membrane receptor hypothesis by indicating that
the anandamide receptor property of mACS5 is transferable not only to mAC3 but to
another, anandamide-insensitive, isoform too.
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Figure 16. Anandamide attenuates mAC5-7 but not mAC?7.

Basal and 300 nM Gsa-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 nmolmg-"'smin-’!
(AC5-7), respectively. Calculated ICso values were 45 and 140 yM 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 mACS. Further, the recently published cryo-EM structure of mACS8 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 Mn?* is a more potent co-factor than Mg?* 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 Mn?* instead of Mg?* 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/Gsa 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 Gsa-responsive state and one Gsa-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 Gsa-unresponsive state is shifted to the
opposing state by oleic acid, seemingly an activating input. The opposite might be the
case for mACS5. Arachidonic acid or anandamide, inhibitory inputs, shift the
equilibrium to the Gsa-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 Gsa 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 Gsa

binding.
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unresponsive responsive
state state
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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.
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