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ABSTRACT 

Functional characterization of adenylyl cyclase (AC) isoforms has proven to be 

challenging in mammalian cells due to the endogenous expression of multiple AC 

isoforms, and the high background cyclic AMP (cAMP) levels induced by non-selective 

AC activators. To simplify the characterization of individual transmembrane AC (mAC) 

isoforms, we generated a HEK293 cell line with low cAMP levels by knocking out two 

highly expressed ACs, AC3 and AC6, using CRISPR/Cas9 technology. Stable HEK293 

cell lines were generated lacking either AC6 (HEK-ACΔ6) or both AC3 and AC6 (HEK-

ACΔ3/6). Knock out was confirmed genetically and by comparing cAMP responses of 

the knockout cells to the parental cell line. HEK-ACΔ6 and HEK-ACΔ3/6 cells revealed 

an 85% and 95% reduction in the forskolin-stimulated cAMP response, respectively. 

Forskolin- and Gαs-coupled receptor-induced activation was examined for the nine 

recombinant mAC isoforms in the HEK-ACΔ3/6 cells. Forskolin-mediated cAMP 

accumulation for AC1-6 and AC8 revealed 10- to 250-fold increases over the basal 

cAMP levels. All nine mAC isoforms, except for AC8, also exhibited significantly higher 

cAMP levels than the control cells following Gαs-coupled receptor activation. Isoform 

specific AC regulation by protein kinases and Ca2+/calmodulin was also recapitulated in 

the knockout cells. Furthermore, the utility of the HEK-ACΔ3/6 cell line was 

demonstrated by characterizing the activity of novel AC1 forskolin binding site mutants. 

Hence, we have developed a HEK293 cell line deficient of endogenous AC3 and AC6 

with low cAMP background levels for studies of cAMP signaling and AC isoform 

regulation. 
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INTRODUCTION 

Adenylyl cyclases (AC) are key transduction mediators of G protein-coupled 

receptor (GPCR) signaling by catalyzing the conversion of ATP into the secondary 

messenger, cyclic AMP (cAMP). Nine mammalian mACs (AC1-AC9) have been cloned 

and one soluble AC (sAC) has also been characterized. Although mAC isoforms exhibit 

high structural homology, they are differentially regulated by G protein subunits, 

Ca2+/calmodulin and protein kinases, and depending on these regulatory properties, 

mACs are classified into four groups (reviewed in Dessauer et al., 2017). Group 1, 

comprising AC1, AC3, and AC8 is regulated by Ca2+/calmodulin. Group 2, which 

includes AC2, AC4, and AC7, is conditionally stimulated by Gβγ subunits. AC5 and AC6 

belong to group 3 and both are inhibited by Ca2+. Lastly, AC9, the only mAC that is 

insensitive to the diterpene forskolin, is the sole member of group 4. These differential 

regulatory mechanisms of mAC isoforms, coupled with their tissue-specific expression 

patterns, correlates with knockout and overexpression studies that have implicated 

particular mACs with various physiological processes (Sadana and Dessauer, 2009). 

Consequently, AC signaling dysfunction has emerged as a potential therapeutic target, 

and considerable efforts have been made to identify potent and isoform selective AC 

modulators (Dessauer et al., 2017; Pierre et al., 2009; Seifert et al., 2012).  

Overexpression of mAC isoforms in various cellular models such as HEK293, 

COS-7, and CHO cells has allowed in vitro and in vivo characterization of AC activity 

(Brust et al., 2017; Mann et al., 2009). HEK293 are a human expression system that is 

widely used to study recombinant proteins because of their easy maintenance, rapid 

reproduction, and high transfection efficiency. However, mammalian cells usually 
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express multiple AC isoforms, resulting in high background cAMP responses arising 

from these endogenous ACs. Therefore, cautious interpretation is required when 

evaluating Gαs-coupled receptor- and forskolin-mediated stimulation of individual mAC 

isoforms in these heterologous systems. Other approaches to examine mAC activity 

have utilized the Sf9 cell line from Spodoptera frugiperda which expresses recombinant 

proteins in high yields and exhibits low cAMP levels (Schneider and Seifert, 2010). In 

vitro studies to assess AC activity for all nine membrane isoforms and to characterize 

mAC inhibitors’ activity and selectivity, have been successfully performed in Sf9 cells 

(Brand et al., 2013; Pinto et al., 2008). However, Sf9 cells also express an endogenous 

AC that is stimulated by forskolin and can be inhibited by P-site AC inhibitors (Gille et 

al., 2004; Pinto et al., 2008). In addition, possible disadvantages of using these insect 

cells is the difficulty of monitoring in real-time the spatiotemporal dynamics of the cAMP 

pathway, and the potential lack of expression of key upstream regulators or downstream 

effectors of AC isoforms. 

In an effort to facilitate the selective characterization of AC isoforms’ activity and 

regulation, it was the objective of this study to generate an isolated mammalian cell 

model with low cAMP production following drug-stimulated conditions. The CRISPR-

Cas 9 technology was employed to knockout two abundant endogenous ACs (AC3 and 

AC6) in HEK293 cells. Our HEK-ACΔ3/6 cell line showed a markedly reduced response 

to forskolin and Gαs-coupled receptor agonists and demonstrated to be a suitable 

cellular model to evaluate the individual responses of the nine mammalian mAC 

isoforms to forskolin, GPCRs, and other regulators such as Ca2+ and protein kinases. 

The HEK-ACΔ3/6 cells were also used to stably express representative AC isoforms for 
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membrane-based in vitro assays. Lastly, this new cellular model proved to be a valuable 

tool to functionally characterize the activity profiles of a series of AC1 forskolin-binding 

site mutants that were difficult to interpret in the parental HEK293 cells due to the high 

cAMP background. This cellular model offers advantages for future structure-function 

and structural biology studies as well as high throughput screening endeavors to identify 

AC isoform selective regulators.  
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MATERIALS AND METHODS 

Reagents 

The sgRNA oligos and primers for plasmid construction or qPCR analysis were 

synthesized by Integrated DNA Technologies (IDT) (Coralville, IA). Dulbecco’s modified 

Eagle’s medium (DMEM), penicillin-streptomycin-amphotericin B solution (Antibiotic-

Antimycotic), cell dissociation buffer, phosphate-buffered saline (PBS), and OptiMEM 

were purchased from Life Technologies (Carlsbad, CA). The HEK293 cell line was 

obtained from ATCC (Manassas, VA). Bovine Calf serum (BCS), Fetal Clone I (FCI), 

and HEPES were obtained from Hyclone (GE Healthcare, Pittsburgh, PA). 

Lipofectamine 2000 was purchased from Invitrogen (Carlsbad, CA), and XtremeGENE 

HP was obtained from Roche (Basel, Switzerland). A23187, adenosine 5′-triphosphate 

(ATP) disodium salt hydrate, bovine serum albumin (BSA), 3-isobutyl-1-methylxanthine 

(IBMX), (−)-Isoproterenol (+)-bitartrate salt, magnesium chloride (MgCl2) anhydrous, 

puromycin, and Tween 20 were purchased from Sigma-Aldrich (St. Louis, MO). The 

Pierce BCA protein assay kit was obtained from Thermo Fisher Scientific (Waltham, 

MA), and forskolin, phorbol 12-myristate 13-acetate (PMA), and prostaglandin E2 (PGE-

2) from Tocris (Bio-Techne, Minneapolis, MN). The 384-well white opaque plates 

(Catalog# 6007680) were from PerkinElmer (Waltham, MA), and the cAMP detection 

reagents, HTRF cAMP Dynamic 2, were obtained from Cisbio (Bedford, MA). The 

QuickExtract DNA extraction solution was purchased from Epicentre Biotechnologies 

(Illumina, Madison, WI), and the BbsI restriction enzyme and Phusion High-Fidelity DNA 

polymerase were from New England Biolabs (Ipswich, MA). The RNeasy Mini kit was 
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manufactured by QIAGEN (Hilden, Germany), and the iScript cDNA synthesis kit and 

iTaq Universal SYBR Green Supermix were from Bio-Rad Laboratories (Hercules, CA).  

Plasmids 

The CRISPR/Cas9 vector, pSpCas9(BB)-2A-Puro (PX459), was a gift from Feng Zhang 

(Addgene plasmid # 62988). The plasmids encoding for human AC1, AC3, AC4 and 

AC7 genes were synthesized, codon optimized for mammalian expression, and cloned 

into a pcDNA3.1+ expression vector by Genscript Biotech (Piscataway, NJ). The 

pcDNA3.1+/hAC5, pcDNA3.1+/hAC9, and pQE60/Gαs-His vectors were a gift from 

Carmen Dessauer. The pReceiver/hAC8 vector was purchased from GeneCopoeia 

(Rockville, MD), and the pcDNA3.1+/hAC2 plasmid was obtained from Genscript 

Biotech (Piscataway, NJ). The corresponding DNA mutations of the mutant AC1 

constructs (pcDNA3.1+/AC1-W419A, pcDNA3.1+/AC1-V423G, pcDNA3.1+/AC1-

N878A, and pcDNA3.1+/AC1-S924P) were incorporated into the pcDNA3.1+/hAC1 

plasmid by Genscript Biotech (Piscataway, NJ). All the adenylyl cyclase genes encoded 

for untagged proteins with expression driven by a CMV promoter.  

Design and construction of CRISPR/Cas9 plasmids  

Two abundant ACs in HEK293 cells are AC3 and AC6 encoded by the ADCY3 and 

ADCY6 genes respectively (Dessauer et al., 2017). To generate the HEK-ACΔ6 and 

HEK-ACΔ3/6 knockout cell lines we utilized the CRISPR/Cas9 system developed by the 

Zhang lab in which the pSpCas9(BB)-2A-Puro (PX459) vector co-expresses the single 

guide RNA (sgRNA), the human-codon optimized Cas9 nuclease, and a puromycin 

resistance gene (Ran et al., 2013). The specific sgRNAs for each gene were selected 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 27, 2018 as DOI: 10.1124/mol.118.111849

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #111849 

9 
 

from the CRISPR/Cas9 screening library designed by Wang. et al., and these targeting 

sequences for the ADCY3 and ADCY6 genes were: 5’ GGGAGAAGACCAAGACTGGG 

3’ and 5’ TGGGTGGCTCTGCATCCCGG 3’, respectively (Wang et al., 2014). To insert 

the customized sgRNAs into the PX459 vector, two oligos per sgRNA (ADCY3: 5’-

CACC-GGGAGAAGACCAAGACTGGGG-3’ and 5’-AAAC-

CCCCAGTCTTGGTCTTCTCCC-3’, ADCY6: 5’-CACC-

GTGGGTGGCTCTGCATCCCGG-3’ and 5’-AAAC-CCGGGATGCAGAGCCACCCAC-

3’) were synthesized by IDT, annealed according to the protocol by Ran et al., and 

cloned into the BbsI site of the PX459 backbone vector. Correct insertion of the sgRNAs 

was confirmed by Sanger sequencing.   

Stable knockout cell lines generation and validation 

HEK293 cells were transfected with either the sgRNA for AC6 (HEK-ACΔ6) or both AC3 

and AC6 sgRNAs (HEK-ACΔ3/6) using Lipofectamine 2000. After 24-hour transfection, 

the media was replaced with puromycin (2mg/mL) containing media to select for 

sgRNA- and Cas9-expressing cells. Transfected cells were then seeded sparsely into 

10cm-dishes after they had been exposed to puromycin for 72-hours, and cell colonies 

were allowed to form for 2-3 weeks in regular HEK293 media consisting of DMEM 

supplemented with 5% bovine calf serum (BCS), 5% fetal clone I (FCI) and 1% 

Penicillin-Streptomycin-Amphotericin B Solution. HEK-ACΔ6 and HEK-ACΔ3/6 cell 

clones were screened for loss of function of AC3 and AC6 genetically, and by 

comparing cAMP responses between the knockout cells and the parental HEK293 cell 

line. For genotypic characterization of the clones, genomic DNA was extracted from the 

HEK-ACΔ6 and HEKAC3/AC6 KO clones with QuickExtract DNA extraction solution 
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according to the manufacturer’s instructions. A portion of the ADCY3 and ADCY6 genes 

around the sgRNA site was amplified by polymerase chain reaction (PCR) from the 

genomic DNA with the following AC3 and AC6 set of primers (ADCY3: 5’-

GTTAAAGCCCGTCTAGTATTG-3’ and 5’-CATCAGTCGACCACACGTCG-3’, ADCY6: 

5’-ATGTCATGGTTTAGTGGCCTCC-3’ and 5’-CGTGTAGGCGATGTAGACAA-3’). The 

PCR conditions were as follows: after initial denaturation at 98 °C for 30 seconds, 30 

cycles were performed of denaturation at 98 °C for 10 seconds, annealing at 52 °C for 

30 seconds and extension at 72 °C for 30 seconds followed by a final extension at 72°C 

for 10 minutes. The PCR products were analyzed by agarose gel electrophoresis and 

by Sanger sequencing. The resulting gene mutation for the isolated HEK-ACΔ6 cell line 

was a single base pair insertion in both alleles of the ADCY6 gene that caused a frame 

shift and subsequent disruption of ADCY6 protein expression (Supplemental Figure 2b). 

For the isolated HEK-ACΔ3/6 cell line, ADCY3 expression was disrupted by a single 

base pair deletion for one allele and two-base pair insertion for the other allele, whereas 

loss of function of ADCY6 was a result of a single base pair deletion in both alleles of 

the gene (Supplemental Figure 2c). Phenotypic changes in the HEK-ACΔ6 and HEK-

ACΔ3/6 cell lines were assessed by comparing the forskolin- and Gαs-coupled receptor-

stimulated cAMP responses in the knockout cells and the parental HEK293 cell line.   

RT-qPCR   

Total RNA of the HEK293, HEK-ACΔ6 or HEK-ACΔ3/6 cells was isolated using the 

RNeasy Mini kit according to the manufacturer’s protocol, and the first-strand cDNA was 

synthesized from 500 ng total RNA using the iScript cDNA synthesis kit. The qPCR 

reactions were performed in 384-well plates using iTaq Universal SYBR Green 
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Supermix detection reagent and 10ng of cDNA template. Primers for the nine mACs 

were designed using PrimerQUEST (Integrated DNA Technologies), and their specificity 

was checked with PrimerBLAST (Ye et al., 2012). The primer sequences for the three 

housekeeping genes (Actin, GAPDH and 18S_rRNA) were selected from previously 

described reports in the literature. The forward and reverse primer sequences used for 

each corresponding gene are listed in Supplemental Table 1. Three biological samples 

were analyzed per cell line, and each primer set was run in duplicate. The qPCR 

protocol was as follows: after initial activation at 95 °C for 10 minutes, 40 cycles were 

completed of denaturation at 95 °C for 15 seconds, primer annealing at 60 °C for 1 

minute and extension at 72 °C for 1 minute, followed by a final melting curve step. Ct 

values of target genes were normalized to the Ct value of the housekeeping gene 

18S_rRNA (ΔCt: Ct [Target gene] – Ct [18S_rRNA]), and fold change in mRNA levels  

relative to the parental cell line was calculated for each target gene as follows:            

2^-(ΔCt [Knockout cell line] – ΔCt [HEK293]). The qPCR products from the total RNA 

isolated from the HEK293 cells were run in a 2 % agarose gel.      

cAMP assays in cells 

Parental HEK293, HEK-ACΔ6, and HEK-ACΔ3/6 cells were washed with PBS, 

dissociated from the culture plate with cell dissociation buffer, and centrifuged twice at 

150 x g for 5 minutes. The cell pellet was resuspended in Opti-MEM, and cells were 

counted and seeded in a white opaque 384-well plate at a cell density of 15,000 cells 

per well for the functional characterization of the knockout cells, and 10,000 cells per 

well for the experiments with the transient transfected HEK-ACΔ3/6 cells. Cells were 

incubated for 2 hours at 37°C with 5% CO2 before the drug-treatments to ensure cells 
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had adhered to the plate. HEK293, HEK-ACΔ6, HEK-ACΔ3/6, or transiently transfected 

HEK293 and HEK-ACΔ3/6 cells were treated with forskolin for 1-hour, the EP2R 

agonist, PGE-2, for 15 minutes or the β2AR agonist, isoproterenol, for 5 minutes. For 

Ca2+- and protein kinase C (PKC)-mediated AC activation and the synergistic 

experiments, cells were stimulated for 1-hour with 40 μM (4x) A23187 or 4 μM (4x) PMA 

in the absence or presence of 40 μM (4x) PGE-2 or 200 μM (4x) forskolin respectively. 

To evaluate Ca2+ inhibition of AC5 and AC6 activity, transfected cells were treated with 

40 μM (4x) forskolin followed by vehicle or 40 μM (4x) A23187 for 1-hour incubation. AC 

activity was triggered in HEK293 and HEK-ACΔ3/6 cells transiently expressing wild-type 

AC1 (AC1-WT) or mutant AC1 (AC1-W419A, AC1-V423G, AC1-N878A and AC1-

S924P) cells with increasing concentrations of forskolin in the presence or absence of 

12μM (4x) A23187 for a period of 1-hour. All the drug-treatments were performed in the 

presence of the phosphodiesterase inhibitor, IBMX, at a final concentration of 500 μM. 

After the corresponding incubation periods, Cisbio HTRF cAMP detection reagents, d2-

labeled cAMP and anti-cAMP cryptate, were added to all wells and time-resolved 

fluorescence was measured at dual emission wavelengths (620nm and 665nm) after 1-

hour incubation at room temperature. Cyclic AMP accumulation per well was calculated 

using GraphPad Prism by interpolating the 620/665 signal ratios from a cAMP standard 

curve ran in parallel.  

ACs transient transfections 

HEK-ACΔ3/6 cells were plated overnight prior transfection in a 12-well plate. The cells 

were then transiently transfected with Lipofectamine 2000 in a 1:2 (DNA:Lipofectamine) 

ratio or with XtremeGENE HP in a 1:1.5 or a 1:3 (DNA:XtremeGENE HP) ratio 
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according to the manufacturer’s protocol. Lipofectamine 2000 was used to transfect 

AC1-AC6 and AC8 for the forskolin, PKC, and Ca2+ inhibition experiments.  

XtremeGENE HP was used in a 1:1.5 ratio to transfect all mAC isoforms for the 

calcium- and Gαs-mediated AC activation assays, and it was used in a 1:3 ratio to 

transfect AC7 and AC9 in the forskolin experiments. After transfection, cells were 

cultured for 40 hours before cAMP responses were measured as described above.   

AC1, AC2, AC5, and AC8 stable cell pool generation 

HEK-ACΔ3/6 cells were seeded overnight in a 6-well plate to ensure that at the time of 

transfection, the cells had recovered and had reached 70% confluency. XtremeGENE 

was used in a 1:3 ratio (DNA:XtremeGENE) to transfect the pcDNA3.1+/hAC1, 

pcDNA3.1+/hAC2, pcDNA3.1+/hAC5 and pReceiver/hAC8 constructs. Media was 

replaced after 48-hour transfection to G418 (600ug/mL) or Puromycin (4μg/mL) 

containing media for the cells transfected with the pcDNA3.1 or the pReceiver 

expression vectors, respectively. The HEK-ACΔ3/6-AC1, HEK-ACΔ3/6-AC2, and HEK-

ACΔ3/6-AC5 pooled cell lines were maintained and proliferated for cellular membrane 

assays in media containing G418 (300ug/mL), and the HEK-ACΔ3/6-AC8 pooled cell 

line was maintained in media containing puromycin (2μg/mL). 

Isolation of cellular membranes 

HEK-ACΔ3/6, HEK-ACΔ3/6-AC1, HEK-ACΔ3/6-AC2, HEK-ACΔ3/6-AC5, and HEK-

ACΔ3/6-AC8 cells were proliferated in 15-cm cell culture dishes to a 90% confluency. 

Media was decanted and replaced with 10mL of ice cold lysis buffer containing: 1mM 

HEPES, 2 mM EDTA and 1mM EGTA at pH 7.4. The cell culture dish was incubated for 
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10 minutes with the lysis buffer on ice, and cells were scraped off using a disposable 

cell lifter. The cell suspension was transferred to a high-speed centrifuge tube and 

centrifuged at 30,000 x g for 20 minutes at 4°C. Supernatant was discarded, and the 

cell pellet was resuspended in binding buffer containing 4 mM MgCl2 and 50 mM Tris at 

pH 7.4. After the cell suspension was homogenized for 5 seconds using a Kinematica 

homogenizer, it was divided into 1mL-aliquots that were centrifuged at 10,000 x g for 10 

minutes at 4°C. Supernatant was discarded, and membrane pellets were frozen and 

stored at -80°C until the day of the assay. 

Gαs Purification and Activation 

Recombinant Gαs-His protein was expressed and purified using immobilized metal 

affinity and ion exchange chromatography as described previously (Lee et al., 1994) 

and stored at -80°C until it was activated for membrane assays. The purified Gαs protein 

was activated by incubation on ice in 50 mM HEPES, 2mM DTT, 250 μM GTPγS, and 

1mM MgCl2 for 20 minutes, followed by a 30 minute incubation at 30°C (Chen-

Goodspeed et al., 2005).    

cAMP assays in membranes  

Cells membranes were thawed on ice and resuspended in washing buffer containing 2 

mM Tris, 1 mM EGTA, and 1 mg/mL of BSA. Membrane suspension was centrifuged at 

10,000 x g for 10 minutes at 4°C, supernatant was aspirated, and the washing step was 

repeated two more times. Following the final wash, the membrane pellet was 

resuspended in membrane buffer containing 33 mM HEPES, 0.1% Tween 20, and 1 

mM EGTA. Protein concentration of the membrane suspension was measured using the 
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Pierce BCA Protein assay kit, and the protein concentration was adjusted to 250 μg/mL. 

Membrane suspensions were plated in a white opaque 384-well plate at 10 μL/well 

followed by the addition of increasing concentrations of Gαs or forskolin—prepared in 

membrane buffer without EGTA— and stimulation buffer containing: 33 mM HEPES, 

0.1% Tween 20, 2.5 mM MgCl2, 250 μM ATP and 500 μM IBMX at pH 7.4. Cellular 

membranes were incubated with the stimulants for 45 minutes at room temperature, 

and cAMP accumulation was measured using the Cisbio HTRF cAMP detection kit as 

described above for the cAMP assays in cells.     
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RESULTS  

CRISPR/Cas9-based HEK-ACΔ6 and HEK-ACΔ3/6 cell lines display reduced cAMP 

levels in response to forskolin or Gαs agonists 

HEK293 cells express multiple AC isoforms that when stimulated by forskolin and/or 

endogenous Gαs-coupled receptors promote high levels of cAMP. It has been reported 

based on qPCR studies, along with our own qPCR results (Supplemental Figure 1a), 

that HEK293 cells express AC1, AC2, AC3, AC5, AC6, AC7, and AC9 mRNA (Atwood 

et al., 2011; Ludwig and Seuwen, 2002). Preliminary and published functional studies 

further suggest that AC3 and AC6 are important for drug-stimulated cAMP accumulation 

in HEK293 cells (Yu et al., 2014). Therefore, to decrease cAMP levels in HEK293 cells, 

we cloned sgRNA sequences that targeted two abundant endogenous ACs (AC3 and 

AC6) into a CRISPR/Cas9 expression system. HEK-ACΔ6 and HEK-ACΔ3/6 cell lines 

were generated lacking either AC6, or both AC3 and AC6, respectively. We 

characterized the genotype of the knockout cells (Supplemental Figure 2) and 

determined loss-of-function of the ADCY3(AC3) and ADCY6(AC6) genes by comparing 

the drug-induced cAMP responses of the knockout cells with the parental cell line. The 

activity of the endogenous ACs was stimulated by two common mechanisms: direct AC 

activation with forskolin (Fig.1a), or Gαs subunit-mediated activation elicited by the β2AR 

agonist, isoproterenol (Fig.1b) or the EP2R agonist, PGE-2 (Fig. 1c). Knocking out the 

ADCY6 gene in the HEK-ACΔ6 cell line reduced the cAMP response to forskolin by 

nearly 85%, and by an additional 10% when AC3 expression was also disrupted, 

resulting in an overall reduction of cAMP accumulation by 95% in the HEK-ACΔ3/6 cells 

compared to the parental cell line (Fig.1a). Likewise, HEK-ACΔ6 cells exhibited 50% of 
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the maximal response to isoproterenol (Fig. 1b), whereas the HEK-ACΔ3/6 cells 

displayed >75% lower cAMP accumulation than the HEK293 parental cell line. In the 

case of the EP2R-mediated activation, HEK-ACΔ6 cells showed >85% reduction of the 

maximal response to PGE-2, but no significant differences in PGE-2-stimulated cAMP 

levels were noted between the HEK-ACΔ6 and HEK-ACΔ3/6 cells (Fig. 1c). No major 

changes in the relative mRNA levels of the mACs were observed in the HEK-ACΔ6 and 

HEK-ACΔ3/6 cell lines compared with parental HEK293 cells, except for a reduction of 

AC2 mRNA levels in both knockout cell lines (Supplemental Figure 1b).       

Forskolin-mediated responses of the mAC isoforms in the knockout cells 

Forskolin directly binds to a hydrophobic pocket at the interface between the AC 

catalytic domains, and it elicits stimulatory effects on ACs 1 to 8 by promoting a 

conformational change that facilitates cAMP synthesis (Tesmer et al., 1997). Hence, we 

employed our CRISPR/Cas9 based cell line to selectively assess forskolin-mediated 

responses in the nine mAC isoforms. Cyclic AMP levels were evaluated at increasing 

concentrations of forskolin in the HEK-ACΔ3/6 cell line transfected with control vector 

(Venus) or the individual mAC isoforms (Fig. 2). Forskolin induced cAMP production at 

a wide range of efficacies in the knockout cells expressing ACs, except for those 

transfected with AC7 and AC9. These forskolin-mediated responses ranged from 10- to 

a 250-fold increase over the basal cAMP levels for cells expressing AC1-AC6 and AC8, 

compared to a 4-fold increase over basal of the Venus-transfected cells. In particular, 

AC5- and AC8-expressing cells displayed the most robust cAMP response to forskolin 

relative to the other isoforms, whereas cells expressing AC9 were unresponsive to 

forskolin as has been previously described (Yan et al., 1998).  Lack of selectivity of 
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commercially available mAC antibodies or epitope tags on the constructs used here 

prevented the assessment of protein expression for a more rigorous comparison of 

forskolin-mediated cAMP responses across the other AC isoforms.  

Gαs-coupled receptor signaling through mACs  

Activation of GPCRs linked to Gαs is another major mechanism to activate mACs. 

Therefore, we evaluated the specific mAC isoform responses following activation of the 

endogenously expressed β2-adrenergic receptor (β2AR) and prostaglandin EP2 receptor 

(EP2R) (Andressen et al., 2006; Atwood et al., 2011). HEK-ACΔ3/6 cells transiently 

transfected with the different mACs were treated with a saturating concentration of 

isoproterenol (Fig. 3a) or PGE-2 (Fig. 3b). Activation of both Gαs-coupled receptors 

triggered a significant increase of cAMP levels above the basal response in all AC 

isoforms, except for AC8. AC8-expressing cells displayed high basal and forskolin-

mediated activity, but cAMP levels did not increase significantly to Gαs stimulation. 

Surprisingly, cells expressing AC4 showed the highest cAMP response to Gαs-coupled 

receptor activation, especially considering that this isoform was poorly activated by 

forskolin (Fig. 2). Knockout cells transfected with AC7 and AC9 also showed a 2-fold 

increase over venus-transfected cells when stimulated by Gαs-coupled receptors. This 

suggests that both isoforms are being expressed, and the lack of response of these 

isoforms to forskolin activation may reflect their unique regulatory properties (Hacker et 

al., 1998; Yan et al., 2001).  
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Selective regulation of mAC isoforms in the CRISPR/Cas9-based cell line 

In addition to activation by forskolin and Gαs-proteins, mAC isoforms are selectively 

regulated by Ca2+ or protein kinases. Thus, we further explored AC1/AC8 and AC5/AC6 

selective regulation by Ca2+, as well as, activation of AC2/AC7 by PKC in the HEK-

ACΔ3/6 cells (Fig. 4 and Supplemental Figure 3). First, we examined the response of 

Ca2+/calmodulin-stimulated cyclases, AC1 and AC8, in the HEK-ACΔ3/6 cell line (Fig. 

4a). An increase in intracellular Ca2+ with the calcium ionophore, A23187, elevated 

cAMP levels 5-fold over basal in AC1-expressing cells and by 8-fold in AC8-expressing 

cells, whereas Venus (mock) or AC2 (negative control) transfected cells failed to 

respond to Ca+2 influx. Additionally, we assessed whether Ca2+-induced AC1 and AC8 

activation was differentially modulated by simultaneous activation with Gαs. Stimulation 

with A23187 and PGE-2 (Gαs) elicited an apparent synergistic effect on HEK-ACΔ3/6 

cells expressing AC1, since the cAMP response was greater for the combination of Ca2+ 

and Gαs stimulation than to the additive response to both drugs. Instead, AC8-

expressing knockout cells were not robustly stimulated by Gαs, and no synergistic effect 

was observed when intracellular Ca2+ was elevated following Gαs activation. In contrast 

to AC1 and AC8, cAMP accumulation in response to forskolin of AC5- and AC6-

expressing cells was decreased by 34% and 24% respectively when cells were 

cotreated with A23187 (Supplemental Figure 3).   

Protein kinases are another set of important regulators of mACs. Particularly, activation 

of PKC with the phorbol ester PMA directly stimulates AC2 and AC7 activity (Harry et 

al., 1997; Jacobowitz and Iyengar, 1994). To determine whether AC2 and AC7 

expression will give rise to PKC-stimulated cAMP accumulation in the HEK-ACΔ3/6 
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cells, transiently transfected cells were incubated with PMA (Fig. 4b). In the presence of 

the phorbol ester, AC2-expressing cells showed a 3-fold increase over basal levels. In 

contrast, cells expressing AC7 (or AC1) showed no significant response to PMA. 

However, when AC2 and AC7 activity was stimulated with PMA and forskolin, both 

isoforms appeared to exhibit a robust synergistic response. In the case of AC7, the 

PMA and forskolin combination was able to induce a cAMP signal that was significantly 

higher than control cells, despite an absent response to forskolin or PMA alone.  

AC activity in cellular membranes 

In vitro studies of native or overexpressed mACs in membrane fractions of insect or 

mammalian cells have enabled the study of AC activity in a controlled environment 

providing valuable information about their pharmacology, regulatory mechanisms, and 

kinetic properties. Consequently, HEK-ACΔ3/6 pooled cell lines were generated that 

stably express AC1, AC2, AC5, or AC8 to isolate cellular membranes for in vitro studies. 

Forskolin- and Gαs-mediated cAMP accumulation was examined on membrane 

preparations in the presence of the metal ion cofactor, Mg2+, and the substrate, ATP 

(Fig. 5). An increase over basal catalytic activity was observed on cellular membranes 

overexpressing mACs with increasing concentrations of forskolin or purified Gαs, and 

these cAMP responses were significantly higher than the cAMP levels observed on the 

isolated membranes from untransfected HEK-ACΔ3/6 cells. Membranes isolated from 

HEK-ACΔ3/6-AC5 cells exhibited a markedly increased cAMP response to forskolin. 

Purified Gαs appeared to be more efficacious than forskolin in stimulating AC2 activity.  

Mutant AC1 constructs show different AC responses in HEK293 and HEK-ACΔ3/6 cells  
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To further demonstrate that our HEK-ACΔ3/6 cell line is an improved cellular model to 

study ACs, the cAMP responses of four mutant AC1 constructs (AC1-W419A, AC1-

V423G, AC1-N878A, and AC1-S924P) were examined in the HEK-ACΔ3/6 and HEK293 

cells. Based on the crystal structure of the C1(AC5) and C2(AC2) catalytic domains in 

complex with Gαs and forskolin (Tesmer et al., 1997), the AC1 constructs were 

designed to incorporate single amino acid mutations at the forskolin-binding site. The 

mutations introduced in the AC1-W419A, AC1-V423G, and AC1-S924P constructs were 

intended to perturb the forskolin-binding pocket and impair the response to forskolin, 

taking into consideration that all three residues are conserved across forskolin-sensitive 

isoforms, and Trp419 and Val423 (AC1 numbering) in the C1 domain directly interact with 

the diterpene, and Ser924 (AC1 numbering) in the C2 domain creates a bridge with 

forskolin and a nearby water molecule (Tesmer et al., 1997). Instead, the Asn878 residue 

is located within the forskolin binding site, but it is not conserved, and the mutation 

incorporated into the AC1-N878A construct was designed to resemble the forskolin 

binding pocket of the other Ca2+/calmodulin-stimulated cyclase, AC8. Fig. 6 shows a 

structural model of the AC1 catalytic domains with the location of the mutated residues 

within the forskolin-binding site.  

AC activity triggered by forskolin, A23187, or a combination of both was examined on 

transiently transfected HEK293 and HEK-ACΔ3/6 cells expressing Venus, AC1-WT, and 

the mutant AC1 constructs (Fig.7). As expected, Venus-transfected HEK293 cells 

displayed higher cAMP levels to forskolin-induced activation than the HEK-ACΔ3/6 

cells. In the presence of the calcium ionophore, A23187, the forskolin response of the 

HEK293 cells was reduced compared to the responses mediated by forskolin alone, but 
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no difference was observed on forskolin activation of Venus-transfected HEK-ACΔ3/6 

cells in the presence of A23187. At the highest concentration of forskolin (50 μM), AC1-

WT and Venus-transfected HEK293 cells showed a 3-fold difference in cAMP levels 

compared to a 20-fold difference between HEK-ACΔ3/6 cells expressing AC1-WT and 

Venus. Although both cell models revealed A23187 potentiation of forskolin-stimulated 

AC1 activity at low forskolin concentrations, the A23187-mediated potentiation in the 

AC1-expressing HEK-ACΔ3/6 cells was evident for all forskolin concentrations.    

In the HEK293 cells, AC1-W419A and AC1-S924P mutants appeared to be functionally 

inactive because neither forskolin, A23187, or a combination of both appeared to have 

an effect on cAMP accumulation. The AC1-V423G mutant seemed to be insensitive to 

forskolin but was responsive to A23187 (Supplemental Figure 4). Surprisingly, the 

effects of forskolin and A23187 on the AC1-N878A mutant were substantially greater 

than those observed for AC1-WT in the HEK293 cells. As anticipated, expression of the 

AC1 mutants in the HEK-ACΔ3/6 cells provided more distinct and observable 

pharmacological profiles in response to the stimulants. The AC1-W419A and AC1-

S924P mutants showed little to no response when stimulated with forskolin or A23187, 

but the combination of the two reagents was able to induce a distinguishable cAMP 

signal that was significantly higher than the control cells. In the case of the AC1-V423G 

mutant, expression in the HEK-ACΔ3/6 cellular model revealed that this mutant was 

responsive to forskolin, A23187, and a combination of both agents similar to AC1-WT. 

However, the extent of AC activation in response to forskolin was vastly reduced in the 

AC1-V423G mutant in comparison to AC1-WT. Although a stimulant-induced cAMP 

response was observed for the AC1-N878A mutant in the HEK293 cells, the forskolin 
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dose response curves in the presence or absence of A23187 for AC1-N878A were 

shifted to the left in the HEK-ACΔ3/6 cells.  

Different cAMP responses were observed for AC1-WT and the AC1 forskolin-binding 

site mutants in response to A23187, but these distinct responses were the same when 

the AC1 constructs were either expressed in the parental HEK293 or the HEK-ACΔ3/6 

cells (Supplemental Figure 4). 
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DISCUSSION 

We used CRISPR/Cas9 technology to disrupt the endogenous expression of AC3 and 

AC6 to develop a HEK293 cell line with a minimal background level of drug-stimulated 

cAMP. Functional characterization of the HEK-ACΔ6 and HEK-ACΔ3/6 cell lines 

revealed that the cAMP responses to forskolin and Gαs-coupled receptor activation 

were mediated predominantly by AC6 in HEK293 cells. Differences in the cAMP 

responses elicited by β2AR and EP2R activation of these knockout cells also suggested 

that endogenous AC3 and AC6 contribute to a different extent to the overall cAMP 

accumulation in HEK293 cells. Work with recombinant D1 and D5 dopamine receptors 

using AC directed siRNAs also suggested multiple ACs (i.e. AC3, AC5, AC6, AC7, and 

AC9) contribute differentially to dopamine agonist stimulated cAMP accumulation in 

HEK293 cells (Yu et al., 2014). Although it has been determined in vitro that Gαs 

activates all AC isoforms (reviewed in Simonds, 1999), cellular localization of the 

receptor and/or the AC presumably enable specific GPCR-AC coupling (Eichel and von 

Zastrow, 2018; Johnstone et al., 2017; Yu et al., 2014).  

Forskolin has been a valuable tool to study the functional roles of ACs and cAMP in 

various biological processes. Despite the lack of tools to accurately quantitate AC 

expression in cell models, a few general conclusions can be made. The increased 

potency of forskolin observed in the AC1-expressing HEK-ACΔ3/6 membranes relative 

to AC2, AC5, and AC8 is consistent with previous studies of forskolin and forskolin 

analogs on Sf9 membranes (Pinto et al., 2008). Furthermore, no major differences in 

the efficacy of forskolin to activate AC1, AC2, and AC5 were observed in the Sf9 

membranes (Pinto et al., 2008) or our knockout cell membranes, suggesting that the 
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increased potency on AC1 agrees with the higher binding affinity of forskolin for AC1 as 

demonstrated by photoaffinity assays with an iodinated forskolin derivative in Sf9 

membranes (Sutkowski et al., 1994). Also, the overall fold-change response to forskolin 

over the basal cAMP levels was significantly lower in the isolated membranes than that 

in cells, supporting the proposed contribution  of endogenous Gαs activity on forskolin-

mediated AC activation (Insel and Ostrom, 2003). In addition, the synergistic effects of 

forskolin and Gαs, and the observation that the forskolin binding affinity for AC2, AC5, 

and AC6 increases in the presence of Gαs, also support the larger responses observed 

in intact cells (Alewijnse et al., 1997; Sutkowski et al., 1994).  

Isolated membrane fractions from cells overexpressing AC isoforms have also been a 

key tool in the analysis of AC function and regulation. These in vitro assays are a more 

direct approach to discern the effects of forskolin, Gαs, and other modulators on AC 

activity; particularly, when evaluating the AC responses to Gαs given that Gαs-

stimulation in cell-based assays is contingent on GPCR expression levels, agonist 

sensitivity, and GPCR-AC subcellular localization (Ostrom and Insel, 2004). For 

example, all membrane-bound AC isoforms except for AC8 were stimulated by Gαs-

coupled receptor activation in HEK-ACΔ3/6 cells. The absence of an AC8 response in 

HEK293 cells is consistent with previous studies in intact cells (Nielsen et al., 1996), 

however, this result is not readily explained by the inability of Gαs to stimulate AC8 

because in vitro studies with AC8-expressing HEK-ACΔ3/6 membrane preparations 

showed a robust response. AC2-expressing HEK-ACΔ3/6 membranes showed a 

significantly higher response to purified Gαs than to forskolin as it was previously 

reported in Sf9 membranes (Sutkowski et al., 1994), whereas in the HEK-ACΔ3/6 cells 
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over expressing AC2, the fold-change over the basal response was higher to forskolin 

stimulation than to Gαs-coupled receptor activation. In conclusion, the ability to use the 

HEK-ACΔ3/6 cell line for both in vitro and cell-based assays provided insightful 

information about distinct AC isoform responses to general AC activators and 

demonstrated that our knockout cell line is an adequate system to study mACs.  

Because our newly developed HEK-ACΔ3/6 cell line is derived from mammalian cells, it 

also offers improvements over previously used Sf9 models. Significant differences in 

cholesterol content and glycosylation patterns are observed between mammalian and 

insect cells. The cholesterol:phospholipid ratio is more than an order of magnitude lower 

in membranes isolated from Sf9 compared to mammalian cells (Gimpl et al., 1995). 

Importantly, AC isoforms 1, 3, 5, 6, and 8 are found in cholesterol-rich lipid rafts, and the 

regulation of several isoforms is directly affected by localization into these domains 

(Bogard et al., 2011). For example, removal of membrane cholesterol with methyl-β-

cyclodextrin relieves inhibition of AC6 by Ca2+ entry (Fagan et al., 1996). Furthermore, 

cholesterol depletion disrupts Ca2+-mediated stimulation of AC8 in HEK293 cells (Smith 

et al., 2002). Glycosylation patterns arising from proteins produced in mammalian cells 

are often quite different than those observed in insect cells (reviewed in Betenbaugh et 

al., 2004). Glycosylation has been shown to regulate the activity of AC6 and AC8. 

Mutation of glycosylation sites N805 and N890 in AC6 resulted in decreased stimulation 

by forskolin and decreased inhibition by PKC and D2 receptor signaling, without 

affecting plasma membrane localization (Wu et al., 2001). Additionally, glycosylation of 

AC8 is required for proper localization into cholesterol-rich membrane regions (Pagano 

et al., 2009). Taken together, membranes harvested from our newly developed cell line 
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have advantages over Sf9 membranes in regard to cholesterol content and 

glycosylation, both of which can regulate AC function in vitro. Furthermore, mammalian 

expression systems have become attractive for the production of recombinant proteins 

(reviewed in Bandaranayake and Almo, 2014); thus, this cell line can offer a platform to 

rapidly screen recombinant AC expression and activity using forskolin-stimulated cAMP 

production.  

Selective regulatory properties of AC isoforms were also recapitulated in the HEK-

ACΔ3/6 cells. Consistent with previous reports in the literature, Ca2+ influx stimulated 

AC1 and AC8, and inhibited forskolin-stimulated activity of AC5 and AC6 (Cali et al., 

1994; Katsushika et al., 1992; Tang et al., 1991). Likewise, our results with the AC1- 

and AC8-expressing cells for the cotreatments with the calcium ionophore, A23187, and 

PGE-2 were also in agreement with previous reports in intact cells, where only AC1 

displayed an apparent synergistic response to Ca2+ stimulation in the presence of 

activated Gαs (Cumbay and Watts, 2001; Nielsen et al., 1996). In particular, by taking 

advantage of the unique regulatory properties of each mAC isoform, we ultimately 

demonstrated specific mechanisms to selectively activate all nine mACs with an 

improved signal window. We were also able to unmask subtle cAMP responses for AC 

isoforms such as AC7 or AC9 that failed to display a robust cAMP response to various 

stimulatory mechanisms in the HEK-ACΔ3/6 cell model.  

By disrupting the expression of AC3 and AC6 in the HEK293 cells, the enhancement of 

the signal window upon stimulation of AC activity in the knockout cells enabled AC 

responses that previously were masked by the high background cAMP levels. The 

cAMP responses detected for the previously uncharacterized AC1 constructs containing 
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mutations within the forskolin-binding pocket were significantly different when these 

constructs were expressed in HEK293 or HEK-ACΔ3/6 cells. Mutation of the Trp419 or 

Ser924 residues were predicted to disrupt forskolin activity based on the binding 

interactions revealed by the crystal structure of the mAC catalytic domains (Tesmer et 

al., 1997). This appeared true in HEK293 cells, but in the HEK-ACΔ3/6 cells forskolin in 

combination with A23187 induced a distinct increase of cAMP, demonstrating only a 

partial loss of function. The analogous mutation on Ser942 of AC2 (AC2-S942P) is 

forskolin insensitive in the absence or presence of Gαs despite showing similar Gαs-

mediated stimulation to AC2-WT (Brand et al., 2013), indicating that analogous 

mutations of conserved residues within the forskolin binding site of AC isoforms may 

differentially affect the cAMP responses to distinct stimulatory agents. The crystal 

structure of the C1-C2 heterodimer also suggested that Val423 directly interacts with 

forskolin (Tesmer et al., 1997). Comparison studies with AC1-V423G and AC1-WT 

revealed similar potency but reduced efficacy for forskolin, suggesting Val423 is 

important, but not essential for forskolin binding. That there were no significant effects of 

the mutation on the cAMP response mediated by A23187 alone also suggests that the 

AC1-WT and AC1-V423G constructs were expressed at similar levels. The robust 

enhancement of cAMP accumulation detected for AC1-N878A in comparison to AC1-

WT was unanticipated. All the forskolin-sensitive mACs have a charged or polar residue 

at this position on the forskolin binding site, except for AC3 and AC8 (Seifert et al., 

2012). By mutating Asn878 in AC1 to the counterpart Ala residue in AC8, it appears that 

the responses of AC1-N878A are comparable to the robust cAMP responses elicited by 

forskolin and A23187 on AC8-expressing cells. The HEK-ACΔ3/6 cell line is a useful 
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tool that has several advantages over the parental cell line for the study of mutant ACs 

with reduced catalytic activity and changes in forskolin sensitivity.  

For future applications, the HEK-ACΔ3/6 cellular system provides a more controlled 

environment for high throughput screening assays of selective AC modulators to 

ultimately lower false-positives rates (non-selective compounds) and simplify hit 

validation. This cell line could also be used as a mammalian expression platform for the 

production of purified, recombinant AC protein, as analysis of expression and activity of 

constructs could be evaluated by simply using forskolin-stimulated activity. Our 

CRISPR/Cas-based cell line is a valuable human cellular system to study AC isoforms 

in an unbiased manner and is a tool that could simplify and aid future efforts to develop 

selective AC modulators.  
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FIGURE LEGENDS 

FIGURE 1. Functional characterization of HEK-ACΔ6 and HEK-ACΔ3/6 cell lines. 

Parental HEK293 cells and the CRISPR/Cas9 based HEK-ACΔ6 and HEK-ACΔ3/6 cells 

were incubated at room temperature with increasing concentrations of the direct AC 

activator, forskolin (A), or the Gαs-coupled receptors agonists, isoproterenol (B) or PGE-

2 (C), and cAMP accumulation was measured. *The HEK-ACΔ6 and HEK-ACΔ3/6 

responses to PGE-2 are overlapping in panel (C). Data represents the mean and SEM 

of three to four independent experiments conducted in duplicate.  

FIGURE 2. Forskolin-stimulated cAMP responses for the nine mACs in the HEK-

ACΔ3/6 cell line. 

HEK-ACΔ3/6 cells were transiently transfected with Venus (solid circles) or the 

individual mAC isoforms (open circles) as indicated. After 40 hours, cAMP accumulation 

was stimulated with increasing concentrations of forskolin at room temperature. Data 

represents the mean and SEM of three to four independent experiments conducted in 

duplicate. 

FIGURE 3. Gαs-coupled receptor-mediated activation of the nine mACs in the HEK-

ACΔ3/6 cell line. 

HEK-ACΔ3/6 cells were transiently transfected with Venus or the individual mAC 

isoforms as indicated. After 40 hours, cAMP accumulation was stimulated with 10 μM 

isoproterenol (A) or 10 μM PGE-2 (B). Data represents the mean and SEM of three to 

four independent experiments conducted in duplicate. Statistical analysis was 
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performed using paired t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 

compared to the cAMP levels of the vehicle-treated cells.   

FIGURE 4. Ca+2 and PKC regulation of AC isoforms in the HEK-ACΔ3/6 cell line. 

(A). HEK-ACΔ3/6 cells were transiently transfected with the Venus control plasmid, 

AC1, AC2, or AC8. Cells were incubated with 10 μM A23187, 10 μM PGE-2, or a 

combination of both as indicated, and cAMP accumulation was measured. (B). Venus, 

AC1, AC2 or AC7-transfected HEK-ACΔ3/6 cells were incubated with 1 μM PMA, 50 μM 

forskolin, or a combination of both as indicated, and cAMP accumulation was 

measured. Data represents the mean and SEM of three to four independent 

experiments conducted in duplicate. Statistical analysis was performed using one-way 

ANOVA followed by a Dunnett’s comparison. *P < 0.05, **P < 0.01, ***P < 0.001, ****P 

< 0.0001 compared AC-transfected cAMP responses to the responses of the Venus-

transfected cells for each stimulation condition.  

FIGURE 5. Forskolin and Gαs-induced cAMP responses of isolated membranes from 

HEK-ACΔ3/6 cells overexpressing mACs. 

Membranes isolated from HEK-ACΔ3/6 cells (solid circles) or HEK-ACΔ3/6 cells stably 

expressing AC1, AC2, AC5, or AC8 (open circles) were stimulated with increasing 

concentrations of (A) forskolin or (B) purified Gαs, and cAMP accumulation was 

measured. Data represents the mean and SEM of three independent experiments 

conducted in duplicate. 
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FIGURE 6. Location of mutated residues on AC1 constructs within the forskolin-binding 

site.  

Model of the catalytic domains of AC1 based on the crystal structure of the C1(AC5)-

C2(AC2) catalytic domains (PDB: 1AZS) (Tesmer et al., 1997). The model includes the 

ATP and forskolin (FSK) molecules bound at their pseudo symmetric binding sites 

within the interface of the C1-C2 domains. The enlarge panel corresponds to the 

forskolin-binding site, and the side chains of the mutated amino acids are represented in 

orange sticks. The amino acid numbering corresponds to the numbering of the full 

amino acid sequence for human AC1. *In the 1AZS crystal structure, the Asn878 residue 

corresponds to a Lys897 on the C2 domain of AC2.    

FIGURE 7. Cyclic AMP responses to forskolin and A23187 of AC1 mutants expressed 

in HEK293 and HEK-ACΔ3/6 cells.  

HEK293 (A) or HEK-ACΔ3/6 cells (B) were transiently transfected with Venus, AC1-wt 

or a AC1 mutant construct as indicated. After 40 hours, cAMP accumulation was 

stimulated with increasing concentrations of forskolin in the absence (red) or presence 

(blue) of 3 μM A23187. Black and green circles represent the forskolin response of 

Venus-transfected cells in the presence or absence of A23187, respectively. Data 

represents the mean and SEM of three independent experiments conducted in 

duplicate. 
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