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Abstract
Introduction: The Luteinizing Hormone (LH) regulates Leydig cell activities through LHR occupation, promoting Gs protein and/or β-arrestin
activation. The activated GsαGTP subunit stimulates Adenylyl Cyclase (ACs) and, therefore, intracellular cyclic Adenosine Monophosphate (cAMP)
accumulation from the AC substrate Adenosine Triphosphate (ATP). The divalent cations, magnesium (Mg 2+) or manganese (Mn2+) associate with
ATP to form the real substrates of ACs. In addition, ACs are sensitive to calcium (Ca 2+) but in a different way than Mg2+ or Mn2+. Indeed, LH
increases the cytoplasmic calcium ion concentration ([Ca 2+]cyt) but only when Ca2+ is present in the extracellular medium.
Materials and Methods: In the present study, the effects of intracytoplasmic Ca 2+, Mg2+, and Mn2+ on the cyclic AMP response to human LH in
mLTC-1 Leydig tumor cells were investigated. The mLTC-1 cells were incubated at 37 °C in media supplemented with and without 5 µM Ca2+, 5 µM
Mg2+, or 5 µM Mn2+. The intracellular cyclic AMP accumulation was then monitored under LH stimulation.
Results: Our findings revealed that only Mg2+ and Mn2+ in the extracellular medium potentiate the cAMP response to hLH, in contrast to Ca 2+. In
addition, we also showed that HCO3- increased the stimulation of the adenylyl cyclase enzyme by Ca2+, Mg2+ or Mn2+.
Conclusions: In mLTC-1 cells, extracellular Mg2+ and Mn2+ might potentiate LH-stimulated ACs activity by favoring LH interaction with its
receptor, whereas Ca2+ from internal stores might be mobilized towards the cytoplasm to increase ACs activity, possibly through the soluble isoform.
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Introduction
In mammalian cells, the cAMP synthesis from ATP is
catalyzed by ACs and its degradation into 5′-AMP is
catalyzed by phosphodiesterases.1 In response to the binding
of extracellular ligands to specific G Protein-Coupled
Receptors (GPCRs), and Gs protein activation, one or
several ACs are activated. The cAMP released in the
cytoplasm, acts as a second messenger by interacting with
PKA or other targets (like EPAC) in independent cAMP
signaling microdomain.1,2 In mammalian cells, there are two
distinct families of adenylyl cyclases; nine genes encode a
family of transmembrane adenylyl cyclases (tmACs), and a
single, alternatively spliced gene encodes a family of soluble
Adenylyl Cyclase (sAC) isoforms. Also distinct from
tmACs, the sAC activity is modulated by Ca2+,3,4 and is
sensitive to variations in intracellular ATP concentrations. 4,5
More than 25 years ago, when sAC activity was first
discovered, it was predicted to be molecularly distinct from
tmACs because its activity appeared to be dependent on the
presence of the divalent cation, Mn2+, and it was insensitive
to forskolin and G protein regulation.6,7

The activity of adenylate cyclase is affected by many
factors, and among these are divalent cations. The addition
of either Mg2+ or Mn2+ to adenylate cyclase preparations is
required to elicit enzyme activity, and it is generally
accepted that the Mg2+ is the natural cofactor. The addition
of Ca2+ in place of Mg2+ has no activating effect on the
enzyme.8
It has been demonstrated, however, that the adenylate
cyclase depends upon both Ca2+ and Mg2+ for maximal
activity.9 Maximal activities in the presence of Mg2+ depends
upon trace amounts of Ca2+ which appear to be bound to the
particulate matter containing the adenylate cyclase. The
chelation of these ions by the relatively Ca2+-specific chelator
1,2-bis-(2-dicarboxymethylaminoethoxy) ethane (EGTA) results
in the inhibition of the enzyme which is reversed by the
addition of Ca2+.10
A number of reports have provided evidence that Ca 2+ may
play a similar role in controlling the adenylate cyclase
activity of other tissues as well.11-13 The association of Ca2+
and Mg2+ has also been shown in some previous studies, but
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the mechanism of their interaction is still limited. Ca 2+
caused a competitive inhibition of Mg2+-activated skeletal
adenylate cyclase. Lowering the Mg2+ concentration increased
the contribution of the high affinity Ca2+ binding site to the
overall Ca2+ inhibition, and raising the Mg2+ concentration
had an opposite effect.14 Mahaffee et al. (1982) have shown
that the sensitivity of adenylate cyclase of rat parathyroid
membranes to Ca2+ inhibition was dependent upon the Mg2+
concentration.15 Ca2+ may decrease the Parathyroid Hormone
(PTH) secretion at least in part by a direct inhibition of
adenylate cyclase. Mg2+ may promote PTH secretion either
by enhancing the activation of adenylate cyclase by endogenous
guanine nucleotides or by competing with Ca2+ for binding
to a distinct regulatory site on the enzyme.15 In addition,
substitution of Mg2+ by Mn2+ abolished the inhibitory effect
of Ca2+ on basal adenylate cyclase activity. Since Mg2+ and
Ca2+ compete for a common allosteric site and Mn2+ abolished
the effects of these cations, it would appear that Mn2+ also
competes for the binding site of Mg2+ and Ca2+.16 In the
present study, a kinetic analysis of the effects of Ca 2+, Mg2+,
and Mn2+ on the adenylate cyclase activity has been
performed for the first time in mLTC-1 Leydig cells. It
provides further evidence for the involvement of sAC in LHstimulated cAMP synthesis in mLTC-1 cells. Our results are
consistent with those from other reports about the catalytic
role of divalent cations on LH-stimulated adenylate cyclase
activation in cells.
Materials and Methods
Chemicals and Reagents
All chemicals used in this study were purchased from
Sigma-Aldrich unless otherwise noted. Protease inhibitor
cocktail was from Roche diagnostics (Mannheim, Germany).
pGlosensor-22F cyclic AMP plasmid and Cell Titer-Blue
Cell viability assay (G8080) were purchased from Promega
(France), and the XtremeGENE HP DNA transfection
reagent was from Roche (France).
mLTC-1 Cells
mLTC-1 cells17 were obtained from the American Tissue and
Cell Collection (ATCC) (LGC Standards, Molsheim,
France). Cells were expanded in supplemented RPMI 1640
medium (Gibco, Invitrogen, 10% fetal bovine serum, 50
µg/ml gentamicin, 10 units of penicillin/ml and 10 µg/ml
streptomycin), grown at 37 °C and 5% CO2, which were
used between their 6th and 30th passage.
Experiments
mLTC-1 cells (about 100.000 cells per well) on a 96-well
Greiner white/clear bottom plate (Dutscher, Brumath
France) were transfected with pGlosensor-22F cyclic AMP
plasmid using XtremeGENE HP DNA transfection reagent
as previously described for mLTC-1 cells.18,19 Quantitations
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of intracellular cAMP were carried out as previously
described for mLTC-1 cells.18,19 The intracellular ATP
levels were measured using the CellTiter-Glo 2.0 Assay
(Promega, Madison, WI, USA) using the manufacturer’s
recommendations.18,19 Cell viabilities were estimated using
CellTiter-Blue Reagent (Promega, Madison, WI, USA) as
recommended by the manufacturer.18,19
Area Under Curve (AUC) Calculations and Statistical Analyses
The GraphPad 5.00 package (GraphPad Software, San
Diego CA) was used for the Area Under Curve (AUC)
determinations of individual kinetics as well as for slope
calculation by linear fitting of initial accumulation rate.
Mean and SEM values for each triplicate AUCs were
determined. One-way ANOVA with Dunnett’s test was also
performed using this package. The level of significance was
at p < 0.05.
Results
Effect of Mg2+, Mn2+ or Ca2+ on Intracellular Cyclic AMP
Response to hLH in mLTC-1 Leydig Cells
In this study, we used mLTC-1 cells transiently expressing a
chimeric cyclic AMP-responsive luciferase so that real-time
variations of intracellular cyclic AMP concentration could
be followed using oxiluciferin luminescence produced from
catalyzed luciferin oxidation. The effects of Mg2+, Mn2+ or
Ca2+ were evaluated using the AUC of their kinetics over 60
min stimulation. To determine whether Mg2+, Mn2+ or Ca2+
affects the expression of the cyclic AMP response to hLH,
mLTC-1 cells were cultured for 90 min in the absence
(control, Ctrl) or presence of 5 µM Mg2+, 5 µM Mn2+ or 5 µM
Ca2+.
Figure 1A shows that the typical kinetics of fluorescence
increase upon stimulation of cyclic AMP-dependent
luciferase transfected mLTC-1 cells by hLH in the presence
of Mg2+, Mn2+ or Ca2+ compared to the control. The relative
activities are shown in Figure 1B using the kinetics AUCs.
Mg2+ increases the cAMP response to hLH over a longer
period of time than Mn2+ (Figure 1A), explaining its higher
effect (Figure 1B). The data indicate that the presence of 5
µM Ca2+ in the extracellular medium has no effect on the
cyclic AMP response to 0.7 nM hLH.
Effect of ATP with Mg2+ or Mn2+ on Intracellular Cyclic
AMP Response to hLH in mLTC-1 Leydig Cells
The activity of the ACs is sensitive to variations in the
relative concentrations of ATP and Mg2+ or Mn2+. The
interrelationship between ATP and Mg2+ or Mn2+ is
illustrated by the experiments in Figure 2. The intracellular
cAMP response to hLH significantly increased in mLTC-1
preparations treated with Mg2+ or Mn2+ in the presence of
25 µM ATP compared to those treated with Mg2+ or Mn2+ in
the absence of 25 µM ATP.
http://www.biotechrep.ir
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Figure 1. Effect of Mg2+, Mn2+ or Ca2+ on Intracellular cAMP Response of mLTC-1 Cells to hLH. (A): Real-time recording of luminescence under
stimulation of mLTC-1 cells by hLH in the presence of 5 µM Mg2+, 5 µM Mn2+ or 5µM Ca2+; (B): Dose-dependent effects of Mg2+, Mn2+ or Ca2+ on
hLH responses, respectively, determined by the Area Under Curve (AUC) of individual kinetics. Data represent mean ± SEM of 3 independent
experiments (n=3). Results were analyzed by one-way ANOVA, followed by the Dunnett’s test. Different letters indicate significant differences
between control and treatment.

HCO3- Supports the Presumed Role of Extracellular Mg2+,
Mn2+ or Ca2+ in Intracellular Cyclic AMP Response to
hLH in mLTC-1 Leydig Cells
In order to ascertain that the observed changes were actually
due to Mg2+, Mn2+ or Ca2+ -activation, we compared the
effects of Mg2+, Mn2+ and Ca2+ in the presence of
bicarbonate (HCO3). mLTC-1 cells were pre-treated with
60mM of HCO3- for 60 min, and then treated with 5 µM
Mg2+, 5 µM Mn2+ or 5 µM Ca2+ for 30 min. Our recent
results have shown that HCO3- stimulates the intracellular
cyclic AMP response to hLH in mLTC-1 Leydig cells after
90 min of incubation at 60 mM.19 They also show that, when
pre-incubating the cells for 60 min with HCO3- at 60 mM,
extracellular Mg2+, Mn2+ or Ca2+ increased the cAMP
response to hLH (Figure 3).

Discussion
Adenylyl cyclases require a divalent cation for catalytic
activity. The structure of tmACs is characterized by two
membrane-spanning domains and two cytosolic loops C1
and C2.20 C1 and C2 form the catalytic core and are
relatively conserved among the different AC isoforms. The
catalytic core of AC also exhibits two regulatory sites for
Mg2+.21 Mg2+ interacts with ATP, forming the biologically
active chelate cation ATP complex and thus preparing the
molecule for the nucleophilic attack by ACs.21 Since Mn2+ is
very similar to Mg2+ in terms of its chemical properties,
Mn2+ is often used as a divalent cation in in vitro AC
studies.22 However, differences in catalytic and regulatory
properties of ACs have been noted depending on whether
Mg2+ or Mn2+ served as the metal cofactor.23 Our data demonstrate

Figure 2. Effect of ATP and Mg2+ or Mn2+ on Intracellular Cyclic AMP
Response to hLH in mLTC-1 Leydig Cells. Dose-dependent effects of
25 µM ATP and 5 µM Mg2+ or 5 µM Mn2+ on hLH responses,
respectively, determined by the Area Under Curve (AUC) of individual
kinetics. Data represent mean ± SEM of 3 independent experiments
(n = 3). Results were analyzed by one-way ANOVA, followed by the
Dunnett’s test. Different letters indicate significant differences between
control and treatment.

Figure 3. Effects of Extracellular Mg2+, Mn2+ or Ca2+ in Presence of 60 mM
HCO3- on the LH-Stimulated Intracellular cAMP Accumulation in mLTC-1.
The cells were preincubated in HEPES buffer solution with 60 mM HCO3for 60 min and then exposed to 5 µM Mg2+, 5 µM Mn2+ or 5 µM Ca2+
extracellular for 30 min, before stimulation by 0.7 nM hLH. The values in
all experiments are means ± SEM for 3 independent experiments (n = 3). p
value of <0.05 was considered statistically significant using a one-way
ANOVA followed by the Dunnett’s test. Different letters indicate significant
differences between control (0 µM) and each treatment at p < 0.05.
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that extracellular Mg2+ or Mn2+ activated adenylyl cyclase in
mLTC-1, but Ca2+ did not do so. Both cations are necessary
for maximal enzyme activity. The addition of these divalent
cations has increased the activity of the ACs enzyme through
increased intracellular cAMP concentration. The activation
of adenylyl cyclases by Mg2+ is undoubtedly due to its effect
on enzyme affinity for its substrate which in fact is ATPMg.12 The sensitivity of adenylyl cyclases increases in the
presence of Mg2+ and ATP, which was also observed in
adipocytes and myocardial cells.12,24,25 The authors have
proposed that the substrate for the enzyme is the Mg-ATP
chelate.12 Free ATP competes with Mg-ATP chelate for
catalytic sites on enzymes. The increased activity of Mg2+
was also observed with adenylyl cyclase in fat cells12 and
cardiac tissue.24 ACs enzyme is also known to be more
active in the presence of Mn2+, a distinctive feature that led
to its discovery in mammals.6 Mn2+ cations are potent
stimulators of human sperm motility through the stimulation
of the ACs enzyme activity.26 In vivo, Mg2+-ACs activity
increases the affinity for ATP of the mammalian ACs
enzyme.4 In the structure- and kinetics-based model, ATP,
with Ca2+ binds to its -phosphate in the ACs catalytic
center. This results in an open ACs state. Then, Mg2+ ion
binds to the α-phosphate of ATP, leading to a distinct set of
catalytic residue interactions referred to as the closed state.
This change, from an open state to a closed state, induces the
esterification of the α-phosphate with the ribose in adenosine
and the concomitant release of the - and -phosphates.27
cAMP and Ca2+ are arguably the prototypical second
messengers that control cellular homeostasis. The mammalian
ACs, which catalyze cAMP synthesis are potentially
regulated either directly by Ca2+ and/or calmodulin (CaM),
or indirectly either by CaM kinase (CaMK), protein kinase C
(PKC), or calcineurin (CaN), all of which are potentially
activated when [Ca2+]i is increased.28-30 The nine plasma
membranes AC isoforms are classically grouped according
to the ability of Ca2+ to regulate their activity. It has been
accepted that AC1, AC3, and AC8 are activated by Ca 2+ via
CaM, whereas Ca2+ alone inhibits AC5 and AC6, but has no
effect on AC2, AC4, AC7, or AC9. In our study, the
incubation of extracellular calcium at 5 µM with mLTC-1
cells did not affect intracellular cAMP concentrations.
However, the incubation of extracellular calcium in the
presence of HCO3- causes an increase in the cAMP response
to hLH. A similar result is also observed for Mn2+ and Mg2+.
We know that cAMP is produced by adenylyl cyclase
enzymes (including soluble adenylyl cyclase (sAC) and
transmembrane adenylyl cyclase (tmAC)) that use ATP as a
substrate. sAC activity is directly stimulated by HCO3-, and
sAC has been confirmed to be a HCO3- sensor in a variety of
mammalian cell types.31 Calcium directly stimulates sAC
activity while functioning independently from calmodulin to
increase the affinity of sAC for its substrate ATP-Mg2+.4 A
373 | J Appl Biotechnol Rep, Volume 8, Issue 4, 2021

micro-domain consisting of sAC and cyclic nucleotide gated
calcium channels could explain the observed cAMP/calcium
oscillations in cells.32 Because of the synergy between
calcium and bicarbonate, even small intracellular changes in
calcium or subtle changes in intracellular pH and/or carbon
dioxide, which will be in equilibrium with bicarbonate, will
result in significant changes of cellular cAMP. Thus, our
results show that divalent cations are required for the
activation of adenylyl cyclases, but the mechanisms by
which they produce activation are quite dissimilar.
Conclusion
Collectively, the results show that the AC response to hLH
in mLTC-1 requires extracellular Mg2+ or Mn2+, but not
Ca2+. Adding HCO3- with Ca2+, Mg2+ or Mn2+ leads to an
increase of the intracellular cAMP response to hLH. Our
data favor the conclusion that the catalytic component of
adenylyl cyclase contains a divalent cation allosteric site in
many different cellular models. We also showed that HCO3increases the stimulating role of Ca2+, Mg2+ or Mn2+ in ACs
activity.
Acknowledgements
This work was supported by the Institut National de la
Recherche Agronomique, INRAe for TMDN internships in
France. The funders had no role in the study design, data
collection and analysis, decision to publish, or preparation
of the manuscript.
Authors’ Contributions
TMDN conceived and supervised the project. TMDN
designed the experiments. TMDN, VGT, TCHN, and BNN
carried out the laboratory work. TMDN wrote the manuscript.
All authors read and approved the final manuscript.
Conflict of Interest Disclosures
The authors declare that they have no conflicts interest.
References
1.

2.

3.

4.

5.

Valsecchi F, Ramos-Espiritu LS, Buck J, Levin LR,
Manfredi G. cAMP and mitochondria. Physiology.
2013;28(3):199-209. doi:10.1152/physiol.00004.2013
Davare MA, Avdonin V, Hall DD, Peden EM, Burette A,
Weinberg RJ, et al. A β2 adrenergic receptor signaling
complex assembled with the Ca2+ channel Cav1. 2.
Science. 2001;293(5527):98-101. doi:10.1126/science.2
93.5527.98
Jaiswal BS, Conti M. Calcium regulation of the soluble
adenylyl cyclase expressed in mammalian spermatozoa.
Proc Natl Acad Sci U S A. 2003, 100(19):1067681. doi:10.1073/pnas.1831008100
Litvin TN, Kamenetsky M, Zarifyan A, Buck J, Levin LR.
Kinetic properties of "soluble" adenylyl cyclase.
Synergism between calcium and bicarbonate. J Biol
Chem. 2003, 278(18):15922-6. doi:10.1074/jbc.M2124
75200
Zippin JH, Chen Y, Straub SG, Hess KC, Diaz A, Lee D,
http://www.biotechrep.ir

Effect of Intracellular Divalent Cations on the Adenylate Cyclase

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

et al. CO2/HCO3−-and calcium-regulated soluble
adenylyl cyclase as a physiological ATP sensor. J Biol
Chemi. 2013;288(46):33283-91. doi:10.1074/jbc.M113.
510073
Braun T, Dods RF. Development of a Mn-2+-sensitive,"
soluble" adenylate cyclase in rat testis. Proc Natl Acad
Sci U S A. 1975;72(3):1097-101. doi:10.1073/pnas.72.3.
1097
Rojas FJ, Patrizio P, Do J, Silber S, Asch RH, MorettiRojas I. Evidence for a novel adenylyl cyclase in human
epididymal sperm. Endocrinology. 1993;133(6):3030-3.
doi:10.1210/endo.133.6.8243332
Sutherland EW, Rall TW, Menon T. Adenyl cyclase: I.
Distribution, preparation, and properties. J Biol Chem.
1962;237(4):1220-7. doi:10.1016/S0021-9258(18)60312
-6
Bradham LS, Holt DA, Sims M. The effect of Ca2+ on the
adenyl cyclase of calf brain. Biochim Biophys Acta. 1970;
201(2):250-60. doi:10.1016/0304-4165(70)90299-0
Williams RH, Walsh SA, Ensinck JW. Effect of metals
upon the conversion of adenosine triphosphate to
adenosine 3′, 5′-monophosphate in lipocytes. Proc Soc
Exp Biol Med. 1968;128(1):279-83. doi:10.3181/00379
727-128-32997
Ba̋r HP, Hechter O. Adenyl cyclase and hormone action
III. Calcium requirement for ACTH stimulation of adenyl
cyclase. Biochem Biophys Res Commun. 1969;35(5):681
-6. doi:10.1016/0006-291X(69)90459-8
Birnbaumer L, Pohl SL, Rodbell M. Adenyl cyclase in fat
cells: I. Properties and the effects of adrenocorticotropin
and fluoride. J Biol Chem. 1969;244(13):3468-76. doi:10
.1016/S0021-9258(18)83395-6
Ray TK, Tomasi V, Marinetti GV. Hormone action at the
membrane level. I. Properties of adenyl cyclase in
isolated plasma membranes of rat liver. Biochim Biophys
Acta. 1970;211(1):20-30. doi:10.1016/0005-2736(70)90
119-7
Rude RK. Skeletal adenylate cyclase: Effect of Mg 2+, Ca
2+, and PTH. Calcif Tissue Int. 1985;37(3):318-23.
doi:10.1007/BF02554881
Mahaffee DD, Cooper CW, Ramp WK, Ontjes DA.
Magnesium promotes both parathyroid hormone secretion
and adenosine 3',5'-monophosphate production in rat
parathyroid tissues and reverses the inhibitory effects of
calcium on adenylate cyclase. Endocrinology. 1982;110
(2):487-95. doi:10.1210/endo-110-2-487
Bellorin-Font EZ, Tamayo JU, Martin KJ. Regulation of
PTH receptor-adenylate cyclase system of canine kidney:
influence of Mn2+ on effects of Ca2+, PTH, and GTP.
Am J Physiol. 1982;242(5):F457-62. doi:10.1152/ajpren
al.1982.242.5.F457
Rebois RV. Establishment of gonadotropin-responsive
murine Leydig tumor cell line. J Cell Biol. 1982;94(1):706. doi:10.1083/jcb.94.1.70
Klett D, Meslin P, Relav L, Nguyen TM, Mariot J, Jegot G,
et al. Low reversibility of intracellular cAMP
accumulation in mouse Leydig tumor cells (MLTC-1)
stimulated by human Luteinizing Hormone (hLH) and

http://www.biotechrep.ir

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Chorionic Gonadotropin (hCG). Mol Cell Endocrinol.
2016;434:144-53. doi:10.1016/j.mce.2016.06.028
Nguyen TMD, Filliatreau L, Klett D, Hai NV, Duong NT,
Combarnous Y. Effect of Soluble Adenylyl Cyclase
(ADCY10) Inhibitors on the LH-Stimulated cAMP
Synthesis in Mltc-1 Leydig Cell Line. Int J Mol Sci. 2021;
22(9):4641. doi:10.3390/ijms22094641
Sunahara RK, Taussig R. Isoforms of mammalian adenylyl
cyclase: multiplicities of signaling. Mol Interv. 2002;2(3):
168-184. doi:10.1124/mi.2.3.168
Tesmer JJ, Sunahara RK, Johnson RA, Gosselin G, Gilman
AG, Sprang SR. Two-metal-ion catalysis in adenylyl
cyclase.
Science.
1999;285(5428):756-60.
doi:10.1126/science.285.5428.756
Cech SY, Broaddus WC, Maguire ME. Adenylate cyclase:
the role of magnesium and other divalent cations. Mol
Cell biochem. 1980;33(1):67-92. doi:10.1007/BF00224572
Wald H, Popovtzer MM. Effect of divalent ions on basal
and hormone-activated renal adenylate cyclase/cyclic
AMP system. Miner Electrolyte Metab. 1984;10(2):13340.
Drummond GI, Severson DL, Duncan L. Adenyl cyclase:
kinetic properties and nature of fluoride and hormone
stimulation. J Biol Chem. 1971;246(13):4166-73. doi:10.
1016/S0021-9258(18)62068-X
Pohl SL, Birnbaumer L, Rodbell M. The glucagonsensitive adenyl cyclase system in plasma membranes of
rat liver: I. Properties. J Biol Chem. 1971;246(6):1849-56.
doi:10.1016/S0021-9258(18)62386-5
Magnus O, Brekke I, Åbyholm T, Purvis K. Effects of
manganese and other divalent cations on progressive
motility of human sperm. Arch Androl. 1990;24(2):15966. doi:10.3109/01485019008986875
Steegborn C, Litvin TN, Levin LR, Buck J, Wu H.
Bicarbonate activation of adenylyl cyclase via promotion
of catalytic active site closure and metal recruitment. Nat
Struct Mol Biol. 2005;12(1):32-7. doi:10.1038/nsmb880
Sunahara RK, Dessauer CW, Gilman AG. Complexity and
diversity of mammalian adenylyl cyclases. Annu Rev
Pharmacol Toxicol. 1996;36(1):461-80. doi:10.1146/
annurev.pa.36.040196.002333
Willoughby D, Cooper DM. Organization and Ca2+
regulation of adenylyl cyclases in cAMP microdomains.
Physiol Rev. 2007;87(3):965-1010. doi:10.1152/physrev.
00049.2006
Sadana R, Dessauer CW. Physiological roles for G
protein-regulated adenylyl cyclase isoforms: insights from
knockout and overexpression studies. Neurosignals.
2009;17(1):5-22. doi:10.1159/000166277
Tresguerres M, Barott KL, Barron ME, Roa JN. Established
and potential physiological roles of bicarbonate-sensing
soluble adenylyl cyclase (sAC) in aquatic animals. J Exp
Biol. 2014;217(5):663-72. doi:10.1242/jeb.086157
Levin LR, Han PL, Hwang PM, Feinstein PG, Davis RL,
Reed RR. The Drosophila learning and memory gene
rutabaga encodes a Ca2+ calmodulin-responsive
adenylyl cyclase. Cell. 1992;68(3):479-89. doi:10.1016/
0092-8674(92)90185-F

J Appl Biotechnol Rep, Volume 8, Issue 4, 2021 | 374

