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ABSTRACT 

Adenylyl Cyclase 8E (AC8E), which lacks part of M1 transmembrane domain, has 

been previously shown to dimerize with AC3 and down-regulate its activity, but the 

molecular mechanism of this inhibitory effect has remained elusive. Here, we first 

show that AC8E also inhibits AC2 and AC6, highlighting the functional importance of 

this novel regulatory mechanism in the cAMP signaling pathway across AC families. 

We then completed the partial structure of Bos taurus AC9 using combinations of 

comparative modeling and fold recognition methods, and used this as a template to 

build the first full 3D-models of AC8 and AC8E. These models evidenced that the 

lack of M1 transmembrane domain of AC8E shifts the N-terminal domain, which 

impacts the orientation of the helical domains, thus affecting the catalytic site. This 

was confirmed in living cells with cAMP imaging, where we showed that the N-

terminal domain is required for reducing cAMP production. Our data also show that 

AC8E prevents the translocation of other ACs towards the plasma membrane, further 

reducing the cAMP responsiveness to extracellular signals. This newly discovered 

dual inhibitory mechanism provides an additional level of regulation of cAMP-

dependent signals integration.  
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1. INTRODUCTION 

The response of cells to their environment strongly depends  on the expression and 

membrane localization of adenylyl cyclases (ACs), which, together with cyclic 

nucleotide phosphodiesterases (PDEs) and multidrug resistance-associated proteins 

(MRPs), are the principal enzymes controlling the cAMP signal. Nine membrane 

forms of AC have been identified in mammals (AC1-9), with discrete tissue 

distributions and unique regulatory properties, providing a potential focal point within 

the cell for the integration of diverse stimuli [1,2]. ACs 1 to 9 all have an intracellular 

N-terminus, two cassettes organized into six membrane spanning domains (M1 and 

M2) and two cytosolic domains (C1 and C2), each divided into 2 distinct functional a 

and b units. The regulatory N-terminal, the C1b and the C2b domains have little 

homologies and determine their unique properties. The C1a and C2a domains, which 

are the most homologous among AC isoforms, interact together to form the catalytic 

core responsible for cAMP production [3]; its molecular structure has been modeled 

associated to G-alphas protein in the late 1990’s [1,4–6]. The two transmembrane 

cassettes are involved in the assembly of ACs allowing for the formation of homo- or 

hetero-dimers that have often been considered as the functional unit of these 

enzymes [7,8]. 

We have recently identified a new family of four short AC8 proteins derived from AC8 

RNA splice-variants in inflamed rat vascular smooth muscle cells [9]. They are 

referred to as AC8E-H, in accordance with the nomenclature of previously identified 

variants [10–12]. Compared to the full-length AC8 (AC8A), AC8E-H mRNA share an 

in-frame deletion of 414bp at the end of exon 1, which translates into AC8 proteins 

lacking the amino acids 180 to 317 forming the first five transmembrane domains 

(TM1-5) and their linked intracellular and extracellular loops. AC8F, AC8G and AC8H 
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display the additional deletion of exon 8, exon 11 or both, respectively identified in 

AC8C, AC8B and AC8D splice variants [9,10,12] encoding for the end of C1b domain 

and the extracellular loop between TM7 and TM8. Whereas AC8G-H are unstable 

and poorly expressed, AC8E-F act as dominant-negatives by dimerizing with the full-

length AC3, retaining the complex in the endoplasmic reticulum, thereby efficiently 

inhibiting global cAMP production within the cell [9]. 

In 2019, a cryo-electron microscopy structure of bovine AC9 lacking the N-terminus 

and C1b domains was described [13]. Here, we proposed a predicted complete 

structure of the bovine AC9 using the combination of comparative modeling and fold 

recognition. We then constructed the complete 3D-models of full-length AC8 (AC8A) 

and AC8E, using the full AC9 model as a template, leading to highlighting structural 

changes within AC8E. Based on these structural changes, we set up biochemical 

and real-time biosensor experiments to unravel the AC8E inhibitory mechanism on 

cell cAMP production. Our results, combined with our previous study [9], 

demonstrate that the AC8E-dependent mechanism preventing the signals integration 

involves the N-terminus and the heterodimerization domain(s). 
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2. MATERIALS AND METHODS 

2.1 Reagents 

Dulbecco's modified Eagle's medium (DMEM), type I collagen from calf skin, poly-L-

lysine, L-glutamine, penicillin, streptomycin, and 3-isobutyl-1-methylxanthine (IBMX) 

were purchased from Sigma-Aldrich, Saint-Quentin-Fallavier, France. We obtained 

fetal calf serum (FCS) and collagenase from Gibco BRL, Cergy-Pontoise, France. 

Forskolin (fsk) and isoproterenol were obtained from Tocris Bioscience, Bristol, UK. 

Opti-MEM and NuPAGE LDS sample buffer were obtained from Invitrogen, Life 

Technologies, Saint-Aubin, France. We purchased the QIAquick Gel Extraction Kit 

and QIAprep Spin Miniprep Kit from Qiagen, Les Ulis, France. FuGENE HD was 

purchased from Promega, Charbonnières-les-Bains, France. Halt protease inhibitor 

cocktail and Pierce™ Anti-HA Magnetic Beads were obtained from Thermo Fisher 

Scientific, Villebon-sur-Yvette, France. We purchased GelRed from Biotium, 

Fremont, CA, USA and oligonucleotides from Eurofins Genomics, Les Ulis, France. 

The DC protein assay and the Clarity western ECL substrate were purchased from 

Bio-Rad, Marnes-la-Coquette, France. Protein G PLUS-Agarose and G418 were 

obtained from Santa Cruz Biotechnology, Inc., Dallas, TX, USA. Nitrocellulose 

membranes were purchased from Amersham, Courtaboeuf, France. Primary 

antibodies were purchased from Abcam (Paris, France) or Santa Cruz (Santa Cruz 

Biotechnology, Inc. Heidelberg, Germany); HRP-conjugated secondary antibodies 

were purchased from Abliance, Compiègne, France. We obtained the cAMP - Gs 

HiRange kit from Cisbio Bioassays, Codolet, France. Restriction enzymes were 

obtained from New England Biolabs, Évry, France. Infusion cloning kit and 

CloneAmp HiFi PCR Premix were purchased from Takara Europe, Saint-Germain-
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En-Laye, France. The Dako fluorescence mounting medium from Dako, Carpinteria, 

CA, USA. 

2.2 Molecular modeling and docking 

The sequences of adenylate cyclases type 8A (NP_058838.1) and 8E (AWX41284.1) 

from Rattus Norvegicus were retrieved from the NCBI reference sequence database. 

The best template was selected using protein BLAST against the PDB database. The 

domains of the above targets were further classified against the identified template 

AC9 from Bos taurus (PDB 6R4O_A and 6R3Q_A with a 4.2Å and 3.4Å resolution, 

respectively) using a T-coffee server. Subsequently, the helical orientations of 

transmembrane cassettes M1(TM1-6) and M2 (TM7-12) were defined using various 

online membrane prediction servers such as TOPCONS, CCTOP, TMHMM, UniProt, 

MESAT-SVM, Protter and T-Coffee. 

The missing domains (N, C1B, and C2B) and loop regions of AC9 were modeled 

individually using the combinations of comparative modeling and fold recognition 

[14]. It was carried out using the SWISS-MODEL and Phyre2 servers, respectively. 

The loops and the helical orientations of the AC8A and AC8E models were defined 

based on the multiple sequence alignments and cross-validated using diverse 

servers for membrane prediction. Then, the known and unknown domain models 

were assembled using protein-protein docking procedure and AIDA ab-initio domain 

assembly server. For this purpose, both blind and site-specific docking was 

performed on the AC9 and AC8 models against the C1B domain model using both 

ClusPro and HADDOCK servers, respectively. The models were further refined using 

the 3D-protein structure refinement server 3Drefine. The detailed analysis of 

interactions and the molecular surface areas were calculated for the truncated AC8E 

model to predict its consequence using PyMOL and CASTp servers, respectively . 

2.3 Cell culture 
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HEK-293 cells were grown at 37 °C, under an atmosphere containing 5% CO2, in 

DMEM containing 4.5 g·L−1 glucose, 4mM L-glutamine, 5% FCS, 100 U·mL−1 

penicillin and 100 μg·mL−1 streptomycin. 

2.4 Cloning strategies 

Primers used are all given in the Supplementary Table 1. The plasmids encoding 

AC8E, AC3-HA, pcDNA3-HA and TEpacVV are described in Vallin et al., 2018 [9]. The 

dog AC6 and rat AC2 cDNAs were amplified by PCR and cloned into pcDNA3-HA at 

the EcoRI-BamHI sites to generate the HA-tagged AC6 or AC2 expression plasmids. 

AC8E∆Nt encoding plasmid was generated from AC8E-encoding plasmid (template 

plasmid) by a PCR-based strategy deleting the AC8E cDNA base pairs from 4 to 

537. The PCR product was recircularized using the infusion cloning kit after removing 

the template plasmid (DpnI digestion). 

pCMV-mEGFP-N1 plasmid was generated by PCR to create the A206K mutation into 

the EGFP encoding sequence of the pCMV-EGFP-N1 plasmid. The mEGFP-tagged 

AC8A or AC8E-encoding plasmid was generated by PCR-cloning of AC8A, or AC8E 

(Supplementary Table 1) in frame with mEGFP into pCMV-mEGFP-N1 plasmid using 

Infusion cloning kit. All constructs were sequenced on both strands (Eurofins 

Genomics, les Ulis, France). 

2.5 Transitory and stable transfections 

Transient and stable transfection of plasmids in HEK293 cells were performed 

according to the FuGENE HD protocol database as previously described in [9]. 

For stable transfection, HEK-293 cultured in 100mm dishes were transfected by 10µg 

of empty pcDNA3 (control), pCDNA3-AC8E or pcDNA3-AC8E∆Nt according to the 

FuGENE HD protocol. After 48h, transfected HEK-293 were treated with 0.8µg·mL−1 
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of G418 for one week to obtain polyclonal cell populations. Monoclonal cell 

populations were then generated by limiting dilution and screened by 

immunoblotting. 

2.6 Co-immunoprecipitation and immunoblots 

Transiently transfected HEK-293 cells were washed with ice-cold PBS and lysed in 1 

mL of RIPA buffer (50 mM Tris pH 7.4, 0.5 mM EDTA, 150 mM NaCl, 0.3% (v/v) 

NP40, and Halt protease inhibitor cocktail). After incubation for 15 min on a rotating 

wheel, the cell suspension was passed 10 times through a 21-gauge needle and 

centrifuged at 10,000 x g for 10 min, supernatants were collected. 1mg of proteins 

were incubated on a rotating wheel at room temperature for 1h with 25µl of magnetic 

anti-HA beads (Pierce). Beads were then washed four times in TBS-T (20mM Tris, 

100mM NaCl, 0.05% Tween) and complexes were eluted in 30µl of RIPA buffer + 1% 

SDS. Eluates were denatured 30 min at 37°C in NuPAGE LDS sample buffer + 

NuPAGE reducing agent and were subjected to 3-8% Tris-Acetate gradient 

electrophoresis gel with Tris-Acetate running buffer with antioxidant reagent (Nupage 

system, Invitrogen), according to the manufacturer, and immunoblotted as described 

below. Input control for immunoprecipitation were performed on 30µg of HEK293 cell 

lysates, denatured 30 min at 37°C in NuPAGE LDS sample buffer + NuPAGE 

reducing agent and were subjected to 4-12% Bis-Tris gradient electrophoresis gels 

with MOPS running buffer (Nupage, Invitrogen), according to the manufacturer. 

Immunoblots were performed as previously described using goat anti-AC8 

(SantaCruz, SC-1967), mouse anti-HA (Abcam, ab-130275), and mouse anti beta-

actin (Sigma-Aldrich, A5441) as primary antibodies and horseradish peroxidase 

(HRP)-conjugated anti-goat (Invitrogen, PA1-28664) and anti-mouse 

(BioRad,1706516) secondary antibodies. Immunolabeling was detected by enhanced 
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chemiluminescence using the Clarity western ECL substrate (BioRad), on ChemiDoc 

Imaging System (BioRad, Marnes-la-Coquette, France). 

2.7 cAMP accumulation assay 

cAMP accumulation in whole-cell lysates of transiently transfected HEK-293 cells 

was measured with the cAMP-Gs HiRange kit after incubation for 60 min with the 

PDE inhibitor IBMX (200 µM) and the general AC activator forskolin (fsk, 10 µM), 

according to the manufacturer's instructions. 

2.8 Fluorescence microscopy 

HEK cells were grown on 10mm poly-Lysine-coated coverslips and were transfected 

24h with expressing vectors encoding HA-AC2, HA-AC3 or HA-AC6 with or without 

mGFP-AC8E or mGFP-AC8E∆Nt. Cells were fixed by incubation with PBS containing 

4% paraformaldehyde (PFA) for 10 min at 37°C. PFA was then neutralized by 

incubation for 10 min with PBS plus 50mM NH4Cl at room temperature. Cells were 

permeabilized with 0.1% Triton X-100 for 15 min and blocked in 2% BSA for 60 min 

at room temperature. Cells were labelled with Alexa-596 conjugated anti-HA antibody 

(5 µg/mL in PBS + 0.1%BSA, Invitrogen #A21288) over night at 4°C.  After 3 washes 

(PBS + 0.1%Tween20), coverslips were mounted with antifade Mounting Medium 

with DAPI (VectaShield H-1200-10). Images were acquired with a Leica SP5 

confocal microscope (Leica Microsystems, Wetzlar, Germany). 

2.9 cAMP imaging 

Cells on 10mm poly-L-lysine-coated coverslips were transfected with the TEpacVV-

encoding vector for 24 h. Coverslips were placed in a microscope chamber 

continually perfused (2 mL·min−1) with BBS buffer (125mM NaCl, 2mM CaCl2, 1mM 

MgCl2, 1.25mM NaH2PO4, 26mM NaHCO3, 25mM glucose) maintained at 32 °C and 

saturated with 95% O2–5% CO2. Ratiometric analyses were performed as follows: 
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fluorescence was excited with a LED source at 435 nm and fluorescence emission 

was monitored with a dichroic mirror (T450LPXR) and alternating emission filters for 

the donor (HQ480/40) and acceptor (D535/40). Pairs of images were recorded with 

an Orca-ER CCD camera (Hamamatsu Photonics, Japan), at 20-s intervals. 

Changes in [cAMP]i are expressed as the ratio of donor fluorescence (F480) to 

acceptor fluorescence (F535). The ratios were multiplied by the same constant for all 

experiments, such that the baseline ratio was 1 in basal conditions. The maximum 

ratio change (Rmax) was obtained by stimulating cells with 10 µM fsk and 200 µM 

IBMX. Filters and mirrors were obtained from AHF analysentechnik AG, Tübingen, 

Germany. Images were acquired with iVision (Biovision, Exton, PA, USA) and 

analyzed in the IGOR Pro environment (Wavemetrics, Lake Oswego, OR, USA) with 

a custom package, Ratioscope, available on a public data repository (DOI: 

10.25493/5G5V-HBC). No correction for bleed-through or direct excitation of the 

acceptor was applied to keep the benefit of ratiometric cancellation of artifacts. 

2.10 Statistics 

All data are presented as the means ± SEM of at least three independent 

experiments. Meta-analysis of experiments was performed using the same 

Ratioscope package. The statistical significance of differences between groups was 

assessed with GraphPad Prism 6 (Graphpad Software Inc., La Jolla, CA, USA). The 

non-parametric two-tailed Mann-Whitney test was used for pairwise comparisons. 

The nonparametric two-tailed Kruskal-Wallis test and Dunn's post-test were used for 

multiple comparisons. Differences were considered significant if P < 0.05.  
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3. RESULTS 

3.1 AC8E exerts a dominant-negative effect across AC families 

AC8E exerts a dominant-negative effect on AC3 activity [9]. Therefore, we first tested 

whether AC8E could also exert a dominant-negative effect on other ACs such as 

AC2, from group 2, and, AC6, from group 3 (Fig. 1). Of note, AC6 is one of the two 

mostly expressed ACs in VSMCs, the other being AC3 [15,16]. 

Coimmunoprecipitation experiments (Fig. 1A) and cAMP accumulation assays (Fig. 

1B) were performed on HEK-293 cells transiently expressing AC8E and/or HA-

tagged AC2, AC3 or AC6 (HA-AC2; HA-AC3; HA-AC6). The expression of HA-

tagged ACs and AC8E was confirmed by western blot (Fig. 1A, left panels). 

After HA-immunoprecipitation of AC2, AC3 or AC6 (Fig. 1A, upper right panel), the 

anti-AC8 antibody revealed a single 115 kDa-band in HEK-293 cells co-expressing 

AC8E and HA-AC2, HA-AC3- or HA-AC6 (Fig. 1A, lower right panel, lanes 6, 7 and 

8). Co-expression of AC8E with other AC significantly lowers levels of cAMP 

synthesis in response to fsk in cells co-expressing AC2, AC3, or AC6 and AC8E as 

compared to cells expressing full length ACs only (Fig 1B, AC8E/AC2 vs AC2: 221.7 

± 15.98 vs 627.0 ± 72.65%, P<0.01; AC8E/AC3 vs AC3: 121.0 ± 9.66 vs 326.0 ± 

16.91%, P<0.001; AC8E/AC6 vs AC6: 363.1± 22.96 vs 629.3 ± 38.04%, P<0.001). 

AC8E alone also decreased the fsk-induced production of cAMP observed in 

pcDNA3 (control)-transfected cells suggesting that it dimerizes with endogenous 

ACs. Of note, AC2, AC3 and AC6 expressed alone are functional since fsk 

significantly raised cAMP accumulation (AC2 vs ctrl: 627.0 ± 72.65 vs 100.0 ± 6.72%, 

P<0.01; AC3 vs ctrl: 326.0 ±16.91 vs 100.0 ± 6.72%, P<0.001;AC6 vs ctrl: : 629.3 ± 

38.04 vs 100.0 ± 6.72%, P<0.001). Altogether, these results suggest that AC8E 
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expression may constitute a broad system for negative regulation of the cAMP-

dependent signal integration. 

 

3.2 3D-structures of AC8 and AC8E. 

To further explain the molecular dominant negative effect of AC8E, we used a 

homology modeling approach based on the 3D-structure of the bovine AC9 

published by Qi et al [13]. These structural data were completed and refined as 

described in the Materials and Methods section in order to propose a predictive full 

structure of AC9 (supplementary Fig. S1), that served as a template for building 

predictive computational 3D models of full-length AC8A and truncated AC8E (Fig. 2A 

and 2B left panels). The position of the N-terminus domains of AC8A and AC8E 

(surface representation) and that of the adjacent transmembrane domains, TM1 for 

AC8A and TM6 for AC8E (cylindrical representation) are presented in Fig. 2A and 

2B right panels, respectively. Merging the surface representation of the two predicted 

3D models of AC8A and AC8E (Fig. 2C) reveals that the lack of TM1-5 

transmembrane domains in AC8E modifies the position of the TM6 domain (in 

orange) and consequently shifts the N-terminus of AC8E. 

As mentioned by Qi et al [13], membrane domains can influence the catalytic domain 

via the helical domains (HD) and the adjacent coiled-coil regions, both defined for 

AC8A and AC8E in supplementary Fig. S2. We next identified the interactions 

between the N-terminus domain (referred to as SITE 1, Table 1) and the helical 

domains (HD1 and HD2) or the coiled-coil regions (referred to as SITE 2, Table 1), 

for both AC8A and AC8E. In AC8A, amino acids from the N-terminus domain form 6 

hydrogen bonds with some of the HD1 domain residues and none involve the HD2 or 

coiled-coil regions (Fig. 3A). Conversely, in the AC8E, hydrogen bonds are predicted 

between the N-terminus domain and the coiled-coil regions, as well as between the 
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N-terminus domain and the HD2 domain (Fig. 3B). The molecular surface area 

volume (MSV) combined with the pocket molecular surface area (PMSA) highlighted 

4 small cavity pockets (numbered 2, 16, 22, and 28) between the N-terminus and the 

coiled-coil region (H2.1) within the AC8E (Fig. 3C). These small cavity pockets could 

reduce the flexibility of AC8E in the vicinity of the catalytic core and modify the shape 

and the structure of the protein. Thus, the analysis of AC8 predictive models shows 

that the missing part of AC8E (i.e.TM1-5) moves the AC8E N-terminus domain in a 

position that impacts the HDs orientation and coiled-coil regions. 

  

3.3 The AC8E N-terminus domain is responsible for the inhibitory effect on AC 

partners. 

Such a shift could possibly modify the catalytic core of AC heterodimers that include 

AC8E, and thus be involved in the AC8E-dominant negative effect [9]. To test 

whether the N-terminal domain is involved in the AC8E inhibitory effect on cAMP 

production, the amino acids from 2 to 179 were deleted. Before using this new 

construct, referred to as AC8E∆Nt, we tested it for heterodimerization capacity and 

subcellular location compared to AC8E (Fig. 4). Co-immunoprecipitation studies 

were performed using the HA-antibody on lysates obtained from cells transiently 

expressing HA-tagged AC2, AC3 or AC6, with or without AC8E or AC8E∆Nt (Fig. 

4A). The expression of HA-AC2, HA-AC3, HA-AC6, AC8E and AC8E∆Nt was 

confirmed by western blot (Fig. 4A, left panels). The analysis of HA-AC2, HA-AC3 

and HA-AC6 immunoprecipitated complexes (Fig 4A, right panel lane 13 to 24) 

reveals a single band corresponding to AC8E (115 kDa) or AC8E∆Nt (100 kDa) (Fig. 

4A right panel, lane 19 to 24). No bands are observed in the negative control (Fig. 
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4A, right panel, lane 13). However, a low-intensity band is detected after HA-

immunoprecipitation of HEK expressing AC8E or AC8E∆Nt alone (Fig. 4A, right 

panel lane 14 and 15), resulting from non-specific interaction of the anti-HA antibody. 

Immunofluorescence experiments reveals that HA-AC2, HA-AC3 and HA-AC6 

expressed alone, are mainly located at the plasma membrane (Fig 4B, lane 1,4 and 

7), while they co-localized in intracellular compartments when co-expressed with 

AC8E or AC8E∆Nt (Fig 4B, lane 2,5,8 and 3,6,9 respectively). AC8E and AC8E∆Nt 

displayed a similar intracellular pattern of localization, in contrast to AC8 full-length 

(AC8A) which is at the plasma membrane (Supplementary Figure S3.A). This is 

consistent with our previous data demonstrating that AC8E is trapped inside the cell, 

while the functional full length AC8A is expressed at the plasma membrane [9].  

Altogether, these results show that the deletion of the N-terminal domain of AC8E 

neither affects its subcellular location nor its ability to form heterodimers with AC2, 

AC3 and AC6.  

cAMP dynamics and ACs functionality were measured in response to isoproterenol, 

an agonist selective of the Gs-protein coupled membrane β-adrenergic receptor 

(3nM) using the FRET-based biosensor TEpacVV (Fig. 5A and B). ). We used 

isolated clones of HEK cells stably expressing AC8E (HEK-AC8E clone #13) or 

AC8E∆Nt (HEK-AC8E∆Nt clone #6) selected for their similar levels of expression 

(supplementary Fig. S3.B). Of note, endogenous adenylyl cyclases transcripts 

expression was evaluated by real-time PCR in the HEK-293 cells used for this study 

(supplementary Fig. S3.C) and is quite similar to what has been described in the 

literature [17,18]. Relative changes in intracellular cAMP production in response to 

isoproterenol were monitored over time by calculating the ratio R of donor 

fluorescence emission (F480 nm) to acceptor (F535 nm) throughout the entire study. 
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Rmax was determined at the end of each experiment by adding 200 µM 3-isobutyl-1-

methylxanthine (IBMX), a broad-spectrum PDE inhibitor, and 12 µM of fsk. For 

statistical analyses, cAMP level is systematically reported as a fraction of the 

maximum ratio change (Rmax), corresponding to saturation of the biosensor. As 

shown in Fig. 5A and B, the isoproterenol-induced cAMP signal in AC8EΔNt cells is 

not statistically different from in AC8E cells and both are significantly lower related to 

control cells (0.39 ± 0.05 fold of Rmax for AC8EΔNt and 0.37 ± 0.04 fold of Rmax for 

AC8E, and 0.59 ± 0.04 fold of Rmax for control, AC8EΔNt vs AC8E, P>0.99 n.s, 

AC8EΔNt vs control P<0.05, and AC8E vs control, P<0.05). 

Over the past decade, the idea of GPCR signaling from intracellular membranes has 

gained ground [19,20]. A 2017 study, using conformational biosensors, even showed 

that β-1 adrenergic receptors localized in the Golgi are functional and capable of 

ligand binding, leading to cAMP production [21]. Since isoproterenol is a non 

permeant ligand, we revisited these experiments using forskolin (fsk), a cell 

permeant compound which activates all membrane-bound ACs, including 

intracellular membrane Acs (except AC9 that needs the presence of activated Gs), to 

determine whether or not the AC8E N-terminal domain is involved in inhibiting the 

cyclase activity of intracellular AC8E/ACs dimers (Fig. 5C and D). Consistently with 

our previous work [9], the cAMP production in HEK-AC8E cells is lower in response 

to 5 µM fsk than in control cells (0.44 ± 0.05 vs 0.86 ± 0.03 fraction of Rmax, P<0.05, 

Fig.5D); conversely, that of HEK-AC8E∆Nt cells is similar to control HEK cells (0.91 

± 0.02 vs 0.86 ± 0.03 fraction of Rmax, ns, Fig. 5D). The baseline ratio and the 

Rmax were not significantly different between the different conditions 

(Supplementary Fig.S4).  
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The global cell cyclase activity can be determined by measuring the slopes of traces 

while blocking phosphodiesterases (PDEs) [9]. To rule out any involvement of PDEs, 

we monitored cAMP synthesis over time in each cell in response to a low dose of fsk 

(1 µM) while blocking PDEs with 200 µM IBMX (Fig. 5C to H). In Fig. 5E, each 

colored thin trace represents the change in cAMP production within a single cell; the 

thick trace is the mean of all the traces obtained from a single experiment. Fig. 5F 

shows the average traces from 6 independent experiments obtained in response to 

1µM fsk+IBMX. Fig. 5G recapitulates the mean of onset slopes calculated for each 

experiment. As shown in Fig. 5F, the average slope obtained from AC8E cells 

(magenta) is shallower than in control cells (black) whereas that of AC8E∆Nt (cyan) 

is similar. Accordingly, the average slope shows no statistical difference between 

AC8E∆Nt and control cells (2.99 ± 0.30 vs 2.49 ± 0.16, ns, Fig. 5G) conversely to 

that of AC8E cells which is significantly lower (1.17 ± 0.14 vs 2.49 ± 0.16, p < 0.05, 

Fig. 5G). Since the increase of the ratio depends on the buffering effect of the 

biosensor on cAMP -meaning that a slower onset is expected when the biosensor is 

present at a higher concentration-, we also plotted for each cell the slope at the origin 

of the ratio increase as a function of fluorescence intensity, used as a proxy for 

biosensor concentration (Fig. 5H). For the same amount of biosensor (or equal 

biosensor intensity expressed in count per second), the initial slope of the ratio curve 

(indicated by a symbol for each cell in Fig. 5H) is similar for AC8E∆Nt and control 

cells whereas lower in AC8E cells. These results demonstrate that the AC8E N-

terminus domain is responsible for the inhibitory effect of AC8E on endogenous AC 

partners. Interestingly, partial deletions of the N-terminus domain (Δ2-44, Δ45-89, 

Δ90-134 and Δ135-179) did not prevent the AC8E dominant-negative effect 
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(supplementary Fig. S5), suggesting that it is triggered by the entire N-terminus 

domain rather than a particular motif. 

  

Our results combined to previously published data [9,22,23] demonstrate that the 

dominant negative effect of AC8E is due to two domains i) the M2 domain, 

responsible for heterodimerization of AC8E/AC dimers, which should be involved in 

the entrapment of functional ACs inside the cell and, ii) the N-terminus domain 

inhibiting the catalytic core of AC8E/AC dimers. The trapping of AC8E/ACs dimers 

combined  to the inhibitory effect of AC8E N-terminus domain on cAMP production 

prevents the integration of signals from the plasma and intracellular membranes (Fig. 

6). 

  

4. DISCUSSION 

Here, we used template-based structure modeling [24] to predict the complete 3D 

structure of AC9 positioning the missing Nter and C1b domains [13]. Based on this, 

we then predicted the 3D models of the full-length AC8 (AC8A) and the truncated 

version AC8E by structural analysis with computational homological modeling, 

making this paper the first publication modeling the full 3D structures of two full-

length ACs, AC8A and AC9. The comparative analysis of the AC8A and AC8E 

models combined with cAMP biosensor imaging of deletion mutants demonstrate 

that the AC8E N-terminal domain inhibits the AC activity of AC8E/ACs dimers. 

The analysis of predicted structures revealed that the helical domains HD1 and HD2 

are stabilized by coiled-coil regions next to the catalytic site ([13], Supplementary 

Fig. S2D). Since coiled-coil domains are defined as "molecular rulers'' for the 

assembly of the catalytic site of several enzymes [25–27], they likely provide the 
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framework for the correct dimerization of the C1a and C2a domains which together 

constitute the catalytic core. As a result of this, the N-terminal and C1b domains 

surrounding the helicoidal domains HD1 and HD2 (Fig. 2 and Supplementary Fig. 

S2) add a degree of constraint which undoubtedly contributes to the correct 

assembly of the catalytic site as suggested by Qi and coll [13]. 

In the AC8E, the lack of the transmembrane regions TM1-5 lead to several 

interdependent structural modifications. Indeed, the TM6 region changes position 

and becomes “perpendicular” to the M2 cassette; this translates into a drastic shift in 

the positioning of the N-terminus domain which, in turn, establishes new interactions 

towards coiled-coil regions leading to the formation of 4 small cavity pockets that 

likely destabilize HD1 and HD2 domains (Fig. 2D). Cavity pockets are known to 

modify local structure by decreasing protein packing densities of residues within 

helices [28]. As the possibly destabilized HD1 and 2 are in the vicinity of the catalytic 

core, one may assume that it changes the catalytic core structure of the AC dimers 

formed with AC8E, rendering the ensemble inactive. However, template-based 

modeling predicts the native structure of a protein target by sequence-sequence or 

sequence-structure alignment, but does not detail atomic interactions determining 

molecular structure [29]. Therefore, the assumption as to whether the cavity pockets 

effectively affect HD1 and HD2 structure and whether it destabilizes the catalytic core 

of the AC dimers formed with AC8E should be evaluated using molecular dynamics 

combined with molecular docking within a lipid bilayer. 

According to structural data suggesting that the dominant-negative effect of AC8E on 

AC partners comes from its N-terminus domain, deleting it prevents the decrease of 

cAMP production in response to forskolin (Fig. 5D). However, we also found that this 

did not occur with the selective β-adrenergic membrane receptor agonist 

isoproterenol (Fig. 5B) due to AC8EΔNt intracellular location (Fig. 4B and S3A). The 
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intracellular AC8EΔNt remains able to dimerize with AC partners (Fig. 4A), 

preventing the export of  AC8EΔNt-AC dimers towards the plasma membrane.  Thus, 

one may suggest that the N-terminus domain is involved in both the dominant-

negative effect and intracellular localization of AC8E. In support of such an 

assumption, the targeting of the full-length AC8 to the plasma membrane depends on 

the binding of caveolin1 to two "caveolin-binding motifs," CBM1 and CBM2 localized 

in the N- and C-terminal domains, respectively [30]. 

The intracellular retention of ACs heterodimers by AC8E is one of the mechanisms 

for regulating the integration of extracellular signals mediated by plasma membrane 

G protein-coupled receptors. In this respect, the AC8E is one more example of 

truncated transmembrane proteins acting in a dominant-negative manner by 

retaining their functional homologue inside the cells in the ER [31–37]. However, the 

central concept that signaling through second messengers such as cAMP takes 

place only at the plasma membrane is increasingly being questioned since 

functionally relevant GPCR and  AC isoforms have been found in intracellular 

compartments such as endosomes, ER and golgi vesicles [21,38,39]. Bearing this in 

mind, the AC8E N-terminus-dependent mechanism of regulation of cAMP signaling 

takes on a new dimension, although functional ACs in ER have been poorly 

documented. 

Alternate splicing of several ACs mRNA naturally occurs in different tissues and 

species, including humans [18,40–42] (Genbank AB007882, AA961399, AW002651, 

AW969619, AI807304, BE466682, AV723967). Expression of short ACs issued from 

mRNA spliced variants combined with heterodimerization process could therefore 

constitute a general system of regulation for the signal transduction involving cAMP-

dependent pathways. This idea strengthens the case for characterizing the patterns 
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of expression of AC splice variants as well as the subcellular location, the function 

and the pathophysiological implications of their corresponding proteins. 
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FIGURES LEGENDS 

Figure 1. AC8E interacts with AC2, AC3 and AC6 and exerts a dominant 

negative effect on their activitiy. 

A. Western Blots. Left panels : Input showing the levels of expression of AC2, AC3 , 

AC6, AC8E and β-actin in HEK-293 cells transiently transfected. Right panels: 

immunoblots (IB) with AC8 antibody (lower panel) and HA-antibody (upper panel) 

after HA-immunoprecipitation (IP). Blot presented are representative of 4 

independent experiments. 

B. cAMP accumulation assay performed on HEK293 cells transiently expressing 

AC8E and/or AC2, AC3 or AC6, after a 60-min treatment with forskolin (10µM) in the 

presence of IBMX (200µM). The results are expressed in % of control cells and are 

represented as mean ± SEM of 4-9 independent experiments. Statistical analysis 

was carried out with the Mann-Whitney nonparametric test. *** P <0.001, ** P <0.01 

compared to control cells; ### P <0.001, # P <0.05 compared to the corresponding full 

AC expressed alone. 

  

Figure 2. Predictive 3D complete models of adenylyl cyclase 8A and 8E reveal 

change in N-terminal domain positioning. 

Predictive 3D-structure of Rattus norvegicus full-length AC8A (A) and truncated 

AC8E (B). Left Panels: The C1b (blue) and N-terminal (green) domains are parallel 

and both surround the helical domains (HD1 and HD2, in red). Right panels: Overall 

structures of the AC8A and AC8E models in a ribbon representation. The N-domains 

of AC8A (blue), and AC8E (olive green) are shown using surface representation. The 

TM1 in AC8A and TM6 in AC8E are represented in green and orange cylindrical 

cartoons, respectively. C. Left: Superimposition of the AC8A and AC8E predictive 
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3D-structures. Right. 180° z-rotation. The shift of the Nter domain of AC8E is 

indicated by a dashed arrow. 

  

Figure 3. Interactions between N-domain and coiled-coil regions differ from 

AC8A and AC8E. 

Identification of the interaction sites between the N-domain and coiled-coil regions in 

full length AC8A (A) and truncated AC8E (B). The amino acids of HD domains or 

coiled-coil regions for both AC8A and AC8E are given in red; that of the N-terminus 

domain of AC8A and AC8E are given in blue and green, respectively. 

Representation of the four cavity pockets identified in AC8E formed by the interaction 

sites between the N-domain and H2.1 coiled-coil region (C). Detailed information is 

given in Table 1 for each interaction. Red helix: Coiled-coil region (H2.1); Green 

loop: part of N-domain; Grey surface: interaction site/pocket. 

                                             

Figure 4. Deletion of AC8E N-terminus domain does not affect its ability to 

interact with AC2, AC3 or AC6, neither intracellular retention of other ACs. 

A. Western Blots. Left panels : Input showing the levels of expression of HA-AC2, 

HA-AC3 , HA-AC6, AC8E, AC8E∆Nt and β-actin in HEK-293 cells transiently 

transfected. Right panels: immunoblots (IB) with AC8 antibody (upper panel) and 

HA-antibody (lower panel) after HA-immunoprecipitation (IP). Membranes were 

incubated first with anti-AC8 R20 antibody, then stripped to be blotted with HA 

antibody. Asterisk represent remaining AC8 signal on HA-blotted membranes. Blots 

presented are representative of 2 independent experiments. 

B. Subcellular localization of AC8E, AC8E∆Nt, AC2, AC3 and AC6. HEK were 

transfected with HA-AC2, HA-AC3, HA-AC6 with or without AC8E-mGFP, or 



 23 

AC8E∆Nt-mGFP encoding vectors. Confocal images were acquired with a Leica SP5 

confocal microscope (63x). Scale bar =20µm. 

  

Figure 5: Deletion of AC8E N-terminus domain restores cAMP production in 

response to isoproterenol, but not to forskolin.  

Cyclic cAMP production induced by isoproterenol (A and B) or forskolin (C to H)  in 

HEK cells stably expressing pcDNA3 (control), pcDNA3-AC8E (AC8E) or pcDNA3-

AC8EΔNt (AC8EΔNt). 

Panels A and C.Top panels: microscopy fields in grayscale (top left) show biosensor 

fluorescence at 535 nm. The F480/F535 ratio is determined for individual cells, within 

regions of interest (ROIs) delimited with colored contours. The calibration square 

indicates the range of intensity (in counts/pixel/s) horizontally and the F480/F535 

ratio vertically. Pseudocolored images represent the F480/F535 ratio indicating the 

[cAMP]i (a) before treatment, (b) during stimulation with 3nM isoproterenol (panel A) 

or 5µM forskolin (panel C) and (c) during the application of fsk (12 µM) + IBMX 

(200µM), corresponding to the maximal ratio change (Rmax). Bottom panels: each 

thin trace indicates the F480/F535 emission ratio over time in individual cells. The 

thick line represents the average of all traces. Panels B and D. Dot plot and bars 

representing the mean values for isoproterenol-induced (panel B) or fsk-induced 

(panel D) cAMP production are expressed in fraction of the maximal ratio (Rmax) 

change. Data shown are the means ± SEM of N=6 to 7 independent experiments. 

For each independent experiment, the symbol represents the mean of n=10 to 30 

individual cells. Multiple comparisons were performed with the Kruskal-Wallis test. *: 

P <0.05, **: P <0.01, ns: not significant. Panels E-H. Biosensor imaging for 

measuring the onset slopes corresponding to global cyclase activity in cells. Fast 

bath application of a low concentration of fsk (1µM) moderately activated ACs while 
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cAMP degradation by PDEs was blocked with IBMX (200 µM). For each cell, 

biosensor concentration was estimated by measuring the intensity of the 10% 

brightest pixels within the region of interest. E. The color code of each ROI (top 

panels) reflects biosensor concentration: from blue (low concentration) to red (high 

concentration); matching color thin traces (bottom panels) indicate the F480/F535 

emission ratio over time in the ROIs delimiting each cell. The thick trace represents 

the mean recordings. F. Average traces in response to 1µM fsk + 200µM IBMX are 

calculated based on the mean (thick) traces from 6 independent experiments. 

Shading indicates 95% confidence interval. G. Mean of onset slopes calculated for 

each independent experiment (N=6 per condition). H. Onset slope of the 

fluorescence ratio for each cell plotted against fluorescence intensity (reflecting 

biosensor expression levels). Results of only 3 out of 6 independent experiments are 

shown for a better readability. 

  

Figure 6: Cartoon of the AC8E-dependent inhibitory mechanism on cAMP 

production. 

Top Panel. Integration of extracellular signals mediated by G proteins-coupled 

receptors leading to cyclic AMP production at plasma and intracellular membranes. 

Bottom Panel.  AC8E-dependent inhibitory mechanisms on cAMP production. 

  

Table 

Table 1. The list of individual interactions identified between N and helical domains 

of adenylate cyclase AC8A and AC8E models (SITE1=N-terminus domain, SITE2 = 

HD1, HD2, coiled-coil regions). #:number of poses for each AC. NR* (neighbor 

residues) = Amino-Acids closed to the h2.1 region. 
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# Models Site 1 Site 2 Interaction Distance (Å) 

1 AC8A Gly57 N Arg341 HD1 Hydrogen 3.11 

2 AC8A Tyr167 N Arg344 HD1 Hydrogen 3.17 

3 AC8A Glu164 N Arg344 HD1 Hydrogen 3.05 

4 AC8A Gly58 N Gln345 HD1 Hydrogen 3.03 

5 AC8A Asn156 N Arg351 HD1 Hydrogen 2.76 

6 AC8A Gln14 N Arg359 HD1 Hydrogen 3.10 

1 AC8E His128 N Arg206 HD1 Hydrogen 3.26 

2 AC8E Ser116 N Asp785 HD2 Hydrogen 2.81 

3 AC8E Asn67 N Arg803 h2.1 Hydrogen 3.06 

4 AC8E Asn67 N Glu807 h2.1 Hydrogen 3.11 

5 AC8E His52 N Arg811 h2.1NR* Hydrogen 3.31 

6 AC8E Arg55 N Glu824 h2.2 Hydrogen 2.74 

 

SUPPLEMENTARY FIGURES LEGENDS 

  

Supplementary Figure S1. Putative complete structure of adenylyl cyclase 9. 

A. The complete structure of Bos taurus AC9 including the missing N-terminal, C1b, 

and C2b domains and the loop regions.  B. The orientation of the C1b domain (blue) 

is highlighted in mesh representation (grey). The C1b domain connects together the 

C1a and TM7 domains. C. Representation of AC9 3D model turned forward by 90°. 

The C1b (blue) and N-terminal (green) domains are paralleled and both surround the 

helical domains (HD1 and HD2, in red). D. The coiled-coil regions of AC9 (h1.1 - 
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cyan, h1.2 - grey, h2.1- yellow, and h2.2 - green) stabilizing the HD1 and HD2 as 

mentioned by Qi et al. 2019, are shown with cartoon stick representation [12]. 

The newly incorporated N-terminus and C2B domains are linked to the N-terminal 

region of the TM1 helix and the C-terminal of C2A, respectively. The C1B domain 

parallels the N-domain based on docking results. Considering the orientation of the N 

and C1B domains, they twist around the helical parts HD1 and HD2, respectively. 

These observations correlate the unresolved density maps of both N-terminal and 

C1B domains of AC9 [12]. 

  

  

Supplementary Figure S2. Coiled-coil regions of AC8A and AC8E. 

AC8A and AC8E coiled-coil regions were identified by multiple sequence alignment 

with the coiled-coil region of AC9 (h1.1, h1.2, h2.1 and h2.2 are highlighted in bold 

and underlined). 

 

Supplementary Figure S3. Characterization of AC8E and AC8E∆Nt expression 

in HEK-transfected and expression level of ACs transcripts in HEK. 

A. Subcellular localization of AC8A (as a control of Adenylyl cyclase localization at 

plasma membrane), AC8E or AC8E∆Nt. HEK were transfected with AC8A-mGFP, 

AC8E-mGFP, or AC8E∆Nt-mGFP encoding vectors. Confocal images were acquired 

with a Leica SP5 confocal microscope (63x). Scale bar = 20µm. B. Western Blots 

showing the levels of expression of AC8E or AC8E∆Nt in monoclonal stable HEK-

293 obtained by limiting dilution. Immunoblots (IB) with AC8 antibody (upper panel) 

and beta actin-antibody (lower panel). Immunoblots were performed twice. C. 

Endogenous adenylyl cyclases transcripts in HEK-293 cell line, normalized to HPRT. 
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n.d: not detected (Cp>33). RT-qPCR were performed as preciously described by 

Vallin et al [9], primers used are presented in supplementary table S2. The results 

represent the mean ± SEM of 4 independent experiments. 

 

Supplementary Figure S4. Basal and maximal cAMP levels in HEK. 

Baseline ratio (referred as R basal) and maximal ratio (Rmax) in HEK-293 cells 

stably expressing empty vector (ctrl), AC8E or AC8E∆Nt in biosensors experiments 

for measuring cAMP production in response to isoproterenol (A) or forskolin (B) . The 

data are the means ± SD of N=7 (A) or N=6 (B) independent experiments. For each 

independent experiment, values used represent the mean of n= 10 to 30 individual 

cells. The nonparametric two-tailed Kruskal-Wallis test awas used, P values are 

given on the graph. 

  

Supplementary Figure S5. Iterative deletions of 45aa within AC8E N-terminal do 

not restore cAMP production. 

A. cAMP accumulation assays on HEK cells transfected with empty vector (control), 

AC8E-; AC8E∆Nt-; AC8E∆2-44-; AC8E∆45-89-; AC8E∆90-135- or AC8E∆135-179- 

encoding vectors after 1 hour of fsk (10µM) +IBMX (500µM) treatment. Results are 

expressed in % of control and the means ± SEM of 3 independent experiments are 

shown. Values were as follows: for Ctrl : 100,0 ± 0,00 % ; AC8E : 28,06 ± 3,61 % ; 

AC8E∆Nt : 110,9 ± 5,77 % ; AC8E∆2-44 : 36,50 ± 5,71 % ; AC8E∆45-89 : 31,79 ± 1,38 

% ; AC8E∆90-135 : 32,83 ± 5,15 % ; AC8E∆135-179 : 61,77 ± 9,49 %. Side-by-side 

comparisons were performed with the Kruskal-Wallis test for unpaired data. **: P<0.01, 

ns : not significant. B. Immunoblot showing the levels of expression of AC8E, AC8E∆Nt, 
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AC8E∆2-44; AC8E∆45-89; AC8E∆90-135, AC8E∆135-179 and β-actin in HEK-293 cells 

transiently transfected. 

  

Supplementary Table 1: Cloning primers and strategies. 

Supplementary table 2: List of primers used for RT-qPCR. 
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