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Abstract 

Signalling pathways involving the vital second messanger, cAMP, impact on most significant 

physiological processes. Unsurprisingly therefore, the activation and regulation of cAMP signalling 

is tightly controlled within the cell by processes including phosphorylation, the scaffolding of protein 

signalling complexes and sub-cellular compartmentalisation. This inherent complexity, along with 

the highly conserved structure of the catalytic sites among the nine membrane-bound adenylyl 

cyclases, presents significant challenges for efficient inhibition of cAMP signalling. Here, we will 

describe the biochemistry and cell biology of the family of membrane-bound adenylyl cyclases, 

their organisation within the cell, and the nature of the cAMP signals that they produce, as a 

prelude to considering how cAMP signalling might be perturbed. We describe the limitations 

associated with direct inhibition of adenylyl cyclase activity, and evaluate alternative strategies for 

more specific targeting of adenylyl cyclase signalling. The inherent complexity in the activation and 

organisation of adenylyl cyclase activity may actually provide unique opportunities for selectively 

targeting discrete adenylyl cyclase functions in disease. 
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1.  Introduction 

The concept that hormones or other cellular regulators act from outside the cell to generate an 

internal second messenger arose with cAMP. The nucleotide is involved in regulating numerous 

processes, that can range from fast to slow, or from widespread to highly specialised. It occupies a 

paradigmatic place in cellular signalling in that, rightly or wrongly, the issues surrounding cAMP 

signalling became paradigms for how second messenger signalling was to be viewed in general. 

Thus, the principles established in cAMP signalling either translate directly to other systems or at 

least they have been assessed in other systems. For example, the cAMP field established 

phosphorylation and kinases as one of the major covalent devices for regulating cellular activity. 

Phosphorylation cascades, with their cycles of intertwined feedbacks and feed forwards of 

phosphorylation and dephosphorylation, are now accepted as the central motif of cellular 

signalling. Of course, mechanisms for terminating signals are just as important in shaping the 

nature and range of signals. The scaffolding of numerous signalling proteins is key to the actions 

and regulation of growth factors and both this concept and its application were readily established 

for cAMP signalling. In this way, recognition of the organisation inherent in cAMP signalling was a 

reciprocal benefit from exporting the notion of phosphorylation cascades from the cAMP to growth 

factor fields. Localism – a consequence of organisation in signalling – may have been proposed by 

the development of calcium dyes and the elegant organisation of cardiomyocyte calcium signalling, 

but it is today a directly demonstrable cornerstone feature of cAMP signalling. 

 

Notwithstanding the sixty-year study of cAMP, and the range of processes that cAMP regulates, or 

perhaps because of the complexity now surrounding cAMP signalling, strategies for interrupting 

cAMP signalling need to go far beyond the simple level of inhibition of the enzyme that produces 

the signal, adenylyl cyclase (AC). In this regard cAMP may yet again be pointing the way forward 

to creative strategies for interfering with general signalling processes. In this review we will 

address the family of ACs, in terms of their physiological roles, their biochemical and cell biological 

properties, their organisation and association within the cell, and the nature of cAMP signals. We 
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will assess strategies for interfering with cAMP signalling at these various points in an effort to 

direct us towards the most fruitful way of addressing the roles of this central second messenger. 

 

2.  What are ACs and what to do they do? 

i. ACs exert complex physiological effects 

Cyclic AMP can impact on most significant physiological processes, from regulatory events to 

metabolism to growth and differentiation. For instance, cAMP has dramatic effects on the 

regulation of cardiac contractility by the sympathetic nervous system by affecting ion channels and 

pumps (reviewed in Boularan & Gales, 2015; Efendiev & Dessauer, 2011); it is centrally involved in 

the control of glycogenolysis and lipolysis (reviewed in Ravnskjaer et al., 2016), as well as in the 

control of hormone release (reviewed in Szaszák et al., 2008). In addition, cAMP plays critical roles 

in learning and memory (reviewed in Lee, 2015), and affects cell growth and differentiation 

(reviewed in Borland et al., 2009; Stork & Schmitt, 2002). However, it is important to consider that 

in many of these situations, a diverse array of signalling pathways ultimately converge to 

determine the final outcome of hormonal or regulator control of a process.  

 

ii. ACs are diverse 

Cyclic AMP is synthesised by enzymes that belong to the nucleotidyl cyclase family; the Class III 

nucleotidyl cyclases, including all eukaryotic ACs and guanylyl cyclases (the enzymes that 

synthesise cGMP from GTP), are defined by the sequence homology of their catalytic domains. In 

mammals, cAMP is produced by 10 AC isoforms that are localised either to the plasma membrane 

(transmembrane ACs, ACs1-9) or to the cytosol (soluble AC, AC10). Here, we will focus on the 

nine membrane-bound isoforms of AC (herein referred to as ACs; for a comparison of 

transmembrane and soluble ACs see Kamenetsky et al., 2006; Steegborn 2014), which all share 

the same general architecture (Figure 1) but different regulatory susceptibilities (Table 1; reviewed 

in Halls & Cooper, 2011; Sunahara et al., 1996; Willoughby & Cooper, 2007). ACs can be directly 

regulated by G proteins following the stimulation of G protein-coupled receptors (GPCRs). Of the 

800 or so GPCRs, many act via Gas to stimulate AC, while other GPCRs inhibit a subset of ACs 
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via Gai/o (Table 1). Indirect regulation of ACs also occurs as a consequence of the activation of 

distinct signalling pathways. The most prominent of these is calcium, which following binding to 

calmodulin (CaM) can stimulate AC1 and AC8, and inhibit (independently of CaM) AC5 and AC6. 

Activation of protein kinases – including calcium acting via CaM kinase, as well as PKC and PKA – 

also regulates certain of the ACs (Table 1). Many ACs are allosterically regulated via the C1b 

domain, which is C-terminally adjacent to the catalytic site (Figure 1); for example, calcium-bound 

CaM binds to and activates both AC1 and AC8 within this region (Gu & Cooper, 1999; Vorherr et 

al., 1993), and Gbg subunits can also positively regulate AC2 via interactions with the C1b domain 

(Boran et al., 2011). 

  

The nine membrane-inserted isoforms are relatively conserved (around 60%) in their catalytic 

domains, but quite divergent outside these regions. However, even the most highly conserved 

catalytic domains of AC5 and AC6 are only 90% identical (Figure 2). This divergence is potentially 

enough to allow for significant differences in catalytic activity, as is clear from the fact that the 

basal activity of AC2 and AC6 are about five-fold different under comparable expression conditions 

(Pieroni et al., 1995). Such differences could be taken to support continued searching for specific 

catalytic site directed inhibitors.  

 

The largely hydrophobic residues within the transmembrane domains maintains the double six 

transmembrane-spanning architecture, although the precise differences between the ACs in these 

domains has never been closely investigated. Studies of bacterial Class III ACs, to which the 

mammalian ACs belong, demonstrate that the transmembrane clusters from Vibrio harveyi AC can 

be swapped for those of Mycobacterium tubercolosis AC. Catalytic function is fully retained in the 

chimera formed and a fatty acyl regulator of the Vibrio enzyme is equally active on the chimera 

(Beltz et al., 2016), indicating that the transmembrane domains were specifically the target of the 

regulator. The authors speculate that a sensitivity to lipid factors might be a general feature of the 

transmembrane domains of ACs independently of GPCRs (or the catalytic domain). This 
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observation is worth considering in the mode of action particularly of some fatty acyl regulators of 

ACs. 

 

Earlier studies had demonstrated that interactions between the two transmembrane domains were 

absolutely required for the proper trafficking and functional assembly of the two parts of the 

catalytic domain of AC8 at the plasma membrane (Gu et al., 2001). It has also been shown that 

ACs can form dimers through interactions between these domains (Gu et al., 2002). The formation 

of dimers might indicate a propensity of ACs to associate with other membrane inserted proteins 

via their transmembrane domains, which could contribute to their specific associations with ion 

channels (see below), although this issue has not been explored. Outside these non-conserved 

regions, the ACs are highly divergent in both the content and the length of their N- and C-terminal 

domains. For example, the length of the N-terminus ranges from 60 residues in AC1 to 240 

residues in AC5. These regions are believed (with experimental justification) to reflect the type-

specific regulatory domains of the ACs (reviewed in Halls & Cooper, 2011; Sunahara et al., 1996; 

Willoughby & Cooper, 2007). 

 

iii. ACs are highly organised and this organisation can be dynamic 

The plasma membrane is not a static, homogenous entity. All of the components are mobile 

(unless they are explicitly fixed) and implicit in the mobility of its components is the statistical 

likelihood of interacting elements concentrating locally. The lipid components of the plasma 

membrane are highly diverse with different solubilities, mobilities and affinities for each other. 

These basic properties by themselves can give rise to self-forming heterogeneous patches 

(reviewed in Lorent & Levental, 2015) but given the utility of heterogeneity it is not surprising that 

this property is also orchestrated by cellular processes. The most manifest example of plasma 

membrane heterogeneity is found in lipid rafts, which encompass the ‘raft’ membrane domains that 

include caveolae (Pike et al., 2002). Rafts are viewed to be concentrations of cholesterol, 

phospholipids with unsaturated side-chains and gangliosides, which are distinct in lipid and protein 

composition from non-raft domains. Depending on the methodology being applied, rafts have been 
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considered as rather stable elements or dynamic, rapidly changing assemblies. Early controversies 

on the existence of rafts criticised the static biochemical procedures used to isolate them (Munro, 

2003). However modern observations of the mobility of different lipids and proteins in the plasma 

membrane, along with super-resolution methods in live cells put beyond doubt that the plasma 

membrane is dynamic and heterogeneous (Foster et al., 2003; Hancock, 2006; Jacobson et al., 

2007; Janosi et al., 2012; Simons & Toomre, 2000). 

 

Proteins have differing propensities to segregate with these distinct plasma membrane domains, 

and the ACs are selective as to their associations with rafts; by biochemical criteria AC1, AC5/6 

and AC8 occur in rafts, whereas the others do not (Crossthwaite et al., 2005; Thangavel et al., 

2009). A variety of live cell methods also show that AC8 occurs in lipid rafts along with the 

components of store operated calcium entry (SOCE; which regulates the activity of AC8) (Ayling et 

al., 2012; Delint-Ramirez et al., 2011; Willoughby et al., 2012a). Although it is not clear precisely 

how the raft-localised ACs initially segregate to rafts, some studies indicate that it is by virtue of 

their cytosolic components, which may reflect their binding to other proteins (Crossthwaite et al., 

2005; Thangavel et al., 2009). It had been proposed that binding of ACs to caveolin might be a 

raft-targeting signal (Schwencke et al., 1999), as it is in the case of e-NOS (García-Cardeña et al., 

1996; Ju et al., 1997; Shaul et al., 1996). Indeed binding of caveolin to AC5 inhibits its activity and 

a binding peptide derived from the caveolin binding domain inhibits the localisation and activity of a 

number of ACs (Ostrom et al., 2004; Toya et al., 1998). Alternatively, ACs can also associate with 

the cytoskeleton (Ayling et al., 2012; Head et al., 2006), and in so doing they may form a signalling 

hub at the plasma membrane (see below).  

 

The association of ACs with rafts and the cytoskeleton might have regulatory or trafficking 

significance, or both. As in the case of e-NOS and caveolin, caveolin binding may be a part of the 

process that delivers ACs to rafts and then releases them once they reach the plasma membrane 

(reviewed in Cooper & Tabbasum, 2014). In addition, any molecule that resides in the plasma 

membrane traffics between the endoplasmic reticulum, the golgi, endosomes and the plasma 
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membrane. This dynamic process may be regulated or perturbed at multiple points, with 

implications for drugs that aim to disrupt AC targeting and could point to potential side effects of 

such drugs. These issues could be particularly relevant in the context of internalisation of ACs and, 

technically, these challenges become even greater in over-expression studies where increased 

trafficking or inappropriate targeting of the AC are almost inevitable. 

 

iv.  ACs are scaffolds that form specific molecular associations 

Two strands of investigation uncovered the fact that ACs can interact directly with other proteins to 

form larger signalling complexes: targeted research of specific protein candidates and undirected, 

blind screens. The untargeted approach has had only limited success. In a yeast two-hybrid search 

for AC binding partners that might confer sensitivity to SOCE, AC8 was found to bind protein 

phosphatase 2A (PP2A) (Crossthwaite et al., 2006). PP2A, a heterotrimeric protein, is also a 

scaffolding protein in addition to its nominate catalytic activities. The important discovery of an 

interaction between AC8 and PP2A occurred partly in an endeavour to account for the presence of 

certain AC species in caveolae, and partly as a result of trying to understand the dependence of 

calcium-regulated ACs on SOCE. (This study was contemporaneous with the first identification of 

the molecular elements of SOCE but prior to an understanding of their complex interplay (Feske et 

al., 2006; Liou et al., 2005; Penna et al., 2008; Roos et al., 2005; Vig et al., 2006b; Wang et al., 

2010; Zhang et al., 2006).) Other untargeted approaches, such as proteomic analyses of ion 

channel binding partners or GPCRs have not detected AC complexes (unpublished). The lack of 

appearance of ACs in proteomic analyses likely reflects the low abundance of ACs among cellular 

proteins and the fact that the forces involved in maintaining ACs in membranes are greater than 

the protein-protein associative forces, so that rigorous detergent solubilisation of membrane 

preparations often disrupts all but the tightest interactions (for instance, the binding of CaM by 

AC8; Herbst et al., 2013). 

 

Targeted research of specific protein candidates has been more successful in identifying proteins 

that interact with ACs. Following the identification of Orai1 as a major channel element responsible 
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for SOCE (Prakriya et al., 2006; Vig et al., 2006a; Yeromin et al., 2006), AC8 was shown to bind 

this protein by an extensive range of measures, including FRET analysis, co-immunoprecipitations 

and functional assays, and the residues responsible for this interaction were identified in both AC8 

and Orai1 (Willoughby et al., 2012a). As Orai1 also binds to STIM1 and other proteins required for 

SOCE (Vig et al., 2006a; Yeromin et al., 2006), the recruitment of these element by the AC reveals 

it to be acting as a scaffold. ACs have also been inferred to bind to L-type calcium channel 

subunits (Davare et al., 2001).  

 

Another robustly demonstrated interaction is that between ACs and A kinase anchoring proteins 

(AKAPs). AKAPs are a large family of approximately 50 scaffolding proteins (reviewed in Rubin, 

1994; Scott et al., 2013) that organise PKA along with the subject of its regulation; three basic 

functions are normally subserved i) binding of PKA ii) binding of a PKA target and iii) binding to a 

subcellular domain or a localisation anchor. In addition, it is now clear that other elements of cAMP 

metabolism can be localised by interactions with AKAPs, such as phosphodiesterases (PDEs, the 

enzyme that degrades cAMP) and PKC. Consequently, AKAPs are now seen as a major 

organisational motif in cAMP signalling. It probably should have been no surprise that ACs, as the 

initial source of cAMP signalling, should also bind AKAPs. Indeed all ACs bind AKAPs to varying 

degrees (except AC7, although this is likely due to omission rather than a lack of binding). 

Interestingly, it is not uncommon for the binding of the AKAP to exert a negative influence on AC 

activity (Ayling et al., 2012; Bauman et al., 2006; Delint-Ramirez et al., 2011; Efendiev et al., 2010; 

Kapiloff et al., 2009; Piggott et al., 2008; Willoughby et al., 2010), presumably by conformational 

constraints. Two examples outline the regulatory options provided by AKAPs; AKAP79 and Yotiao. 

AKAP79, or its congener AKAP150, is an almost ubiquitous AKAP. It has been shown to bind 

AC5/6 in cardiac myocytes and its associated PKA activity modifies the activity of L-type calcium 

channels (Bauman et al., 2006) and inhibits the AC. AKAP79 also binds PKC (reviewed in 

Dell'Acqua & Scott, 1997) and PKC can activate the calcium-insensitive AC2 (reviewed in Halls & 

Cooper, 2011). The regulation of AC2 by PKC absolutely depends on the binding of PKC to 

AKAP79, which is in turn also bound by AC2 (Shen & Cooper, 2013). The calcium-sensitive AC8, 
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also directly binds AKAP79, through identified residues (Willoughby et al., 2010), and the PKA 

bound by AKAP79 directly phosphorylates the N-terminus of the AC such that its catalytic activity 

is constrained (Willoughby et al., 2012b). In particular, this phosphorylation diminishes the ability of 

AC8 to respond to oscillations in calcium (Willoughby et al., 2012b). Thus AKAP79 is a multivalent 

facilitator and modulator of AC activity. Yotiao is another widely distributed AKAP, which binds 

multiple targets; for instance, it binds NMDA receptors, the KCNQ1 subunit of the potassium 

channel, protein phosphatase 1 and the IP3 type 1 receptor (Lin et al., 1998; Marx et al., 2002; Tu 

et al., 2004; Westphal et al., 1999). Yotiao binds to some but not all ACs, and interacts with AC1, 

AC2, AC3 and AC9 (Piggott et al., 2008). The binding of AC2 by Yotiao results in a dampened AC 

activity (Piggott et al., 2008). Thus the pattern of AC binding to AKAPs seems a general principle, 

however the significance of this is yet to be determined in numerous situations. 

 

v. ACs organise cAMP signalling and the signals may be complex 

By virtue of the fact that ACs bind scaffolds including AKAPs (which bind PDEs, as well as PKA 

and PKC), PP2A, caveolin, the actin cytoskeleton and Orai1, it is simple to conclude that ACs act 

as central foci of cAMP microdomains. Obviously these microdomains are highly individual, a 

property which provides both opportunities and challenges for cAMP pharmacotherapy. Moreover, 

the co-existence of ACs along with AKAP-tethered PDE activities in these microdomains can 

readily give rise to oscillations in cAMP concentrations. PDE4, which is bound to many AKAPs, is 

activated by PKA and thus can be anticipated to negatively track the changes in cAMP 

accumulation (Bauman et al., 2006; Tian et al., 2012; Willoughby et al., 2007; Willoughby et al., 

2006). As discussed below (see section 3v), cAMP oscillations have been observed and shown to 

be required in a number of situations and thus must be considered when manipulating cAMP 

signalling.  

 

The foregoing considerations illustrate that modulation of cAMP signalling is a multi-layered 

challenge. Nevertheless by embracing these complex issues the door may yet be opened to 

selective and more efficacious strategies to perturb cAMP signalling, as outlined below. 
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3.  How can we specifically interfere with AC/cAMP signalling? 

i. Inhibit catalytic activity 

ACs catalyse the conversion of a Mg2+.ATP complex to cAMP, by creating a cyclic phosphodiester 

bond based on the a-phosphate group of ATP and releasing pyrophosphate (PPi) (Figure 3). The 

release of PPi both yields energy for the reaction and it’s dissociation is ultimately the rate-limiting 

step in cAMP production (Dessauer, 2002). As the determinants of nucleotide binding and 

catalysis are shared between the two catalytic domains (termed C1 and C2), any change in this 

relative orientation will change the structure of the ATP-binding site. By this mechanism, Gas and 

forskolin (a plant diterpene) binding can generate a more active conformation of AC to increase 

cAMP production (reviewed in Hurley, 1999). Gas achieves this allosterically by binding to a site 

formed by two transmembrane domains of TM1 and the N-terminal domain of C2, whereas 

forskolin binds to a hydrophobic pocket (diterpene binding site) within the catalytic core of the AC 

to bring the two catalytic domains together. Currently available AC inhibitors can be broadly 

divided into three classes: competitive inhibitors (competitively target the catalytic ATP-binding 

site), non-competitive or P-site inhibitors (mimic and/or stabilise the cAMP/PPi transition state of 

the AC), and allosteric non-competitive inhibitors (that target either the diterpene site or an 

undefined allosteric site) (reviewed in Dessauer et al., 1999) (Figure 3). An intriguing property of a 

number of AC inhibitors, such as MANT-nucleotides (competitive catalytic site inhibitors) and some 

P-site inhibitors, is that their activity is catalytic (reviewed in Dessauer et al., 1999). As such, their 

therapeutic potential could be likened to that often proposed for allosteric modulators of GPCRs 

(Canals et al., 2011). As their inhibitory activity correlates with the degree of AC catalysis, these 

compounds have the potential to act as ‘dimmer switches’; thus in a pathological state, over-active 

ACs are inhibited whereas ‘normal’ AC activity could be left unaffected. This is advantageous when 

aiming to target over-active ACs, while retaining normal AC tone.  
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However, many AC inhibitors are inevitably nucleoside- or nucleotide-based compounds. This, in 

conjunction with the generally low potency of these compounds, introduces a high probability of 

off-target side effects on purine metabolism, phosphorylation reactions and DNA synthesis, leading 

to long-term cytotoxicity (Seifert et al., 2012). Non-nucleoside P-site inhibitors are generally of 

even lower potency, again increasing the likelihood of off-target side effects (Seifert et al., 2012). 

Similar problems in specificity arise with inhibitors that target the diterpene binding site, as 

diterpenes can also interact with a number of membrane transport and channel proteins (Laurenza 

et al., 1989; Seifert et al., 2012).  

 

In addition to the high potential for off-target side effects, inhibitors targeting AC activity typically 

use the highly conserved catalytic or diterpene sites, and as such achieving specificity for a 

particular AC sub-type, not only over other ACs but also the highly related soluble AC and guanylyl 

cyclases, is challenging (reviewed in Steegborn 2014). It therefore appears necessary to focus 

drug design efforts on other sites that are unique to a particular AC sub-type or class. In this 

context, a hydrophobic pocket within the AC catalytic site has been proposed as a crucial area for 

the design of potent and selective AC inhibitors (Seifert et al., 2012). The pocket is positioned 

adjacent to the ribose moiety binding site and is utilised by some AC inhibitors, but not ATP. Very 

small differences in this region are proposed to explain the observed 10-fold selectivity of MANT-

GTP for AC5/AC6 over AC2 (Mou et al., 2005). However, there remains a considerable degree of 

sequence conservation within the catalytic site across all nine membrane-bound ACs (Figure 2). 

Direct comparison of crystal structures from all nine membrane-bound ACs might predict whether 

this strategy would deliver enough binding selectivity to discriminate a single AC sub-type. 

Molecular simulations (as in Perez et al., 2015) could be a less demanding means for arriving at 

the likely structures of the individual AC catalytic domains than traditional crystal structure 

determination. Nevertheless, side-by-side measurements will always be required.  

 

Discriminating between the different AC sub-types is particularly important, as most cells express 

more than one form of AC, and individual cells can express multiple ACs from the one sub-family. 
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Whenever PCR probing is conducted for the identification of the endogenous AC form, commonly 

at least two and often up to six have been encountered. Expression of multiple ACs within a single 

cell type is particularly problematic if inhibitors are only broadly tested across ‘representative’ ACs 

from each sub-class (AC1, AC2, and AC5, are typically selected as representative ACs that 

express well in generic cell systems). As such an ‘AC5 inhibitor’ that cannot discriminate between 

AC5 and AC6 would not be a particularly useful or selective therapeutic agent. Taken together, 

most currently available AC inhibitors can really only be considered somewhat more selective 

(rather than specific) for a particular AC over other sub-types, and even this conclusion may be 

optimistic.  

 

Another challenging problem associated with direct inhibitors of specific ACs concerns 

discrepancies in in vitro potency and selectivity versus in vivo efficacy. Apart from the 

pharmacokinetic problems of maintaining or achieving the desired blood concentration of AC 

inhibitors, the actual efficacy of these compounds upon entering the target cell (not to mention how 

to achieve this targeting) is an issue that must be addressed. The existence of ACs in highly 

structured and organised domains of the cell renders the translation from in vitro conditions to 

intact cell conditions less then parallel. An essential requirement therefore in any comparison of 

inhibitor is the application of whole cell methods using cells that express appropriately targeted 

ACs. A nice angle on this problem is provided in a recent study which showed that the AC5 

inhibitor, vidarabine, protected against ischaemia in mice and pigs, but did not have any additional 

effects in AC5 knockout mice (Bravo et al., 2016). It may also be desirable to test the efficacy of 

the inhibitor in the domain where the cAMP is acting, which in some cases may be very close to its 

site of synthesis. In these cases, it is not a gross inhibition of cAMP accumulation that is sought but 

actually a decrease close to the site of synthesis – for instance, in a domain where PKA may be 

regulating an L-type calcium channel. The concentrations of inhibitor required to affect the global 

accumulation of cAMP may therefore be in gross excess of what is required to decrease cAMP in 

localised domains.     

 



16 

Unfortunately, the potential for off-target side effects of AC inhibitors does not cease even if we 

could develop a highly potent AC sub-type-specific compound. The ubiquitous expression of AC 

sub-types throughout the body, and the serious phenotypes of AC knockout mice (reviewed in 

Sadana & Dessauer, 2009), suggest that organ or even cell-type selectivity (in addition to AC sub-

type specificity) must also be achieved. Nevertheless, intriguing possibilities for selective 

therapeutic targeting of the physiological consequences of AC activation do exist and the notion of 

confirming selective efficacy in tissues with AC knockouts as described above may assist these 

efforts. In fact, the inherent complexity in the activation and regulation of AC activity (discussed in 

section 2) may actually provide multiple opportunities for the selective and specific targeting of AC 

dysfunction in disease. 

 

ii. Interfere with AC complex formation 

The activity and cellular consequences of AC activation are closely regulated by their association 

with AKAPs into higher-order signalling complexes (Figure 3). This allows the efficient spatial and 

temporal integration of many signalling processes into localised domains of the cell. It follows 

therefore that global strategies to delocalise AKAPs would also be anticipated to disrupt cAMP 

signalling. However, such an approach is likely to be very non-specific due to the ubiquitous 

distribution of AKAPs and their importance for many physiological processes. Efforts may therefore 

be better directed towards disrupting the specific AC/AKAP interactions that are responsible for 

direct binding. Indeed, there is increasing information available on the AC domains that bind 

AKAPs, and thereby stabilise signalling complexes (Efendiev et al., 2010; Kapiloff et al., 2009; 

Piggott et al., 2008; Willoughby et al., 2010; Willoughby et al., 2012a). As such, compounds that 

disrupt either the formation or function of AKAP/AC signalling complexes could be a unique and 

more selective method for inhibition of a particular AC sub-type.  

 

A number of AKAP disruptors are currently available, most of which target the highly conserved 

AKAP binding site within PKA (reviewed in Dema et al., 2015; Tröger et al., 2012). These peptides 

and peptidomimetics bind within the regulatory subunit of PKA and thereby effectively block the 
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interaction between PKA and canonical AKAPs. It is interesting to note that in some signalling 

complexes, disrupting this PKA/AKAP interaction appears to be sufficient to disrupt the function of 

the entire complex (Halls & Cooper, 2010; Shuttleworth, 2009; Tao et al., 2003). This could be due 

to the delocalisation of PKA, and thus decreased PKA-mediated phosphorylation of target proteins 

within the signalling complex, which may be required for stable protein-protein interactions. 

Whatever the case, these observations suggest that AKAP disruptors are likely to have a global 

effect on AC activity. Whether this would result in AC inhibition or an increase in basal activity 

could well depend on whether the AKAP itself regulates the AC in question (reviewed in Efendiev 

& Dessauer, 2011). As with direct inhibition of ACs (see section 3i), the problem with this approach 

is that most currently available AKAP disruptors target the highly conserved AKAP binding site 

within PKA. As such, they have no selectivity for particular AKAP/AC complexes, and are likely to 

have a very wide side effect profile in vivo.  

 

More subtle and specific approaches to inhibit AKAP/AC complexes could involve targeting 

allosteric sites with small molecules. FMP-API-1 is a relatively new small molecule AKAP disruptor 

that binds to an allosteric site within the RII subunit of PKA to non-selectively inhibit AKAP/PKA 

interactions and also increases PKA activity due to interference with the cAMP binding of the 

regulatory subunit (Christian et al., 2011). While this compound is still non-selective in terms of 

targeting distinct AKAPs, it is a good proof-of-concept that targeting allosteric sites with small 

molecules is a viable strategy to disrupt large protein complexes. Interestingly, the susceptibility of 

kinases to pharmacological inhibition can be allosterically altered due to their interactions with 

AKAPs. For example, AKAP79 binding to PKC appears to protect the kinase from the ATP 

competitor class of inhibitors, without affecting catalytic activity of the enzyme (Hoshi et al., 2010). 

An extension of this observation is that the assembly of protein complexes is likely to create novel, 

protein complex-specific allosteric sites that could be exploited by small molecules. Therefore, 

targeting an allosteric site is more likely to facilitate a high degree of protein complex specificity, to 

allow specific modulation of AC activity within a particular signalling complex. 
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iii. Interfere with AC targeting 

In addition to their incorporation into protein complexes, ACs are highly organised into very 

discrete regions of the plasma membrane (reviewed in Willoughby & Cooper, 2007). As such, any 

change in AC targeting to distinct membrane domains might offer an alternative to interfering with 

AC signalling. Such treatments, in addition to interfering with the spatial organisation of ACs, 

therefore also have the capacity to disrupt the temporal regulation, or pattern of AC activation. In 

fact it is increasingly recognised that the pattern of AC activation is just as important as spatial 

organisation for efficient encoding of cellular responses (see section 2v). 

 

Cholesterol is an important component of the plasma membrane, and has a higher affinity for 

sphingolipids (found in lipid-rich membrane domains) compared to unsaturated phospholipids 

(reviewed in Simons & Ehehalt, 2002). Chemical removal of cholesterol from the plasma 

membrane using compounds such as statins is often used to disrupt the architecture of lipid-rich 

domains. Interestingly, statins appear to have significant effects on the architecture of the plasma 

membrane by at least three separate mechanisms: disruption of lipid-rich domains by the depletion 

of cholesterol, mislocalisation of membrane proteins by decreasing post-translational 

isoprenylation (reviewed in Liao & Laufs, 2005; Lorent & Levental, 2015; Van Aelst & D'Souza-

Schorey, 1997) and decreased expression of caveolin-1 (Brouet et al., 2001; Matarazzo et al., 

2012; Plenz et al., 2004). Obviously chronic statin treatment, or any compounds that disrupt the 

organisation and architecture of the plasma membrane, would therefore also be expected to affect 

AC activity. Such an approach could be anticipated to have a greater impact on the activity of an 

AC that is intrinsically linked to their localisation in lipid-rich plasma membrane domains. The 

calcium-responsive ACs – AC1, AC3, AC5, AC6 and AC8 – have been localised to lipid-rich 

plasma membrane domains (reviewed in Willoughby & Cooper, 2007). In the case of AC8, calcium 

activation of the AC depends on the formation of a large protein complex (including AKAP79, PKA, 

and the calcium channel components Orai1 and STIM1) within lipid-rich domains (Delint-Ramirez 

et al., 2011; Willoughby et al., 2010; Willoughby et al., 2012a; Willoughby et al., 2012b). Thus any 

treatment that disrupted the lipid organisation of the membrane would be expected to delocalise 
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the proteins that are required for efficient complex formation, and thus decrease the sensitivity of 

AC8 to activation by calcium. Indeed, this has been demonstrated experimentally (Pagano et al., 

2009). 

  

As with currently available AC inhibitors and AKAP disruptors however, the limitation of such an 

approach is again a lack of specificity for a particular AC signalling complex. Multiple proteins and 

innumerable cellular processes rely on the precise ordering of the plasma membrane, and global 

disruption of this organisation would have far-reaching consequences. Nevertheless, the fact that 

AC signalling complexes are in some cases dependent on localisation within lipid-rich domains of 

the plasma membrane could be exploited during in the drug design process. 

 

iv. Selectively inhibit ACs within sub-cellular microdomains 

The advantage of targeting compounds to discrete regions of the plasma membrane or to distinct 

sub-cellular compartments is garnering more attention (reviewed in Rajendran et al., 2010). These 

approaches have multiple benefits that can enhance the efficacy of inhibitors, by increasing the 

local effective concentration of the compound, increasing the half-life, and increasing the diffusion-

limited interaction between compound and target (reviewed in Rajendran et al., 2010). Such 

modifications of existing AC inhibitors would therefore overcome many caveats regarding 

specificity that currently limit their use in vivo. For example, targeting a general AC inhibitor or 

AKAP disruptor to an AC8 microdomain, would be anticipated to greatly increase the likelihood of 

more potent inhibition of AC8 over any other AC.  

 

At a gross cellular level, targeting anti-cancer drugs specifically to tumours using antibodies with 

minimal toxicity is beginning to show promise (reviewed in Smaglo et al., 2014). However, there is 

also considerable interest in drug delivery to sub-cellular domains. Plasma membrane targeting of 

peptides shows more efficient inhibition of HIV and hepatitis B infection compared to unconjugated 

controls (Gripon et al., 2005; Hildinger et al., 2001; Melikyan et al., 2006). Moreover, drugs have 

been targeted to early endosomes by exploiting the low pH of the endosomal network or by 
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conjugation to ligands that are internalised via receptor-mediated processes (reviewed in 

Rajendran et al., 2010). As an alternative to conjugation, the use of nanoparticles to encapsulate a 

drug of interest provides greater flexibility due to the possibility of functionalising the exterior of the 

particle with targeting motifs, or the use of pH-sensitive polymers (Friedman et al., 2013; Xu et al., 

2013). A focus on the method of drug delivery, rather than on the design of novel small molecule 

allosteric compounds, may provide a much quicker and ultimately more efficient route to the 

generation of selective AC inhibitors. 

 

v. Interfere with the consequences of AC activation 

It is increasingly recognised that the duration and amplitude of cAMP signals (in addition to their 

spatial restriction) may be critical to the activation of downstream cellular responses. Here, the 

cooperation between ACs and PDEs is essential to control the speed and expansion of the cAMP 

signal. 

 

cAMP oscillations were first directly measured in developing Dictyostelium slime moulds (Gerisch 

& Wick, 1975), where oscillations in cytosolic cAMP lead to the periodic release of cAMP which 

acts as a chemotactic agent. Rapp and Berridge (1977) later proposed that cAMP/calcium 

oscillations would form “the basis of a range of high frequency biological rhythms”. Indeed, 

spontaneous cAMP oscillations occur in developing Xenopus embryonic spinal neurons 

(Gorbunova & Spitzer, 2002), and are important in axon guidance. Disruption of this precise 

temporal control of cAMP can lead to deleterious effects. For example, AC1-deficient mice have 

disturbed retinotopic ordering (Nicol et al., 2006; Ravary et al., 2003), and this phenotype is 

mimicked by action potential blockade. Interestingly, induction of cAMP oscillations but not stable 

increases in cAMP, rescued the effect of action potential blockade in developing retinal ganglion 

cells (Nicol et al., 2007). As such, calcium-dependent cAMP oscillations induced by depolarisation 

and leading to oscillations in PKA activity are important in the control of axon guidance 

mechanisms (Dunn et al., 2006; Nicol et al., 2007). cAMP oscillations have also been reported in 

response to high concentrations of glucose or the GLP-1 hormone in insulin-secreting MIN6 cells, 
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INS-1 b-cells and primary b-islets (Dyachok et al., 2006; Landa et al., 2005; Tian et al., 2012). In 

fact, the coordination of both cAMP and calcium oscillations is important for insulin secretion, 

whereas sustained elevation of cAMP leads to nuclear translocation of PKA (Dyachok et al., 2006). 

Given that the balance between AC and PDE activity determines the texture of the cAMP signal, 

both spatially and temporally, disruption of PDE activity would have profound effects on the cAMP 

response. As such, as an alternative to targeting ACs themselves, PDEs could instead be targeted 

in order to modulate the temporal dynamics of cAMP signals. In this way, and possibly counter 

intuitively, inhibition of PDE activity could in fact inhibit cAMP-dependent processes that depend on 

a unique temporal profile. Likewise, given that PDEs are major drug targets, it is also important to 

consider the temporal consequences of PDE inhibition on cAMP signalling. It may be that the true 

efficacy of PDE inhibitors as therapeutics will not directly relate to their ability to inhibit enzyme 

activity, but will also be influenced by how they might affect spatiotemporal patterns of cAMP. 

Indeed, with a number of family-selective PDE inhibitors available, PDEs are already considered 

attractive targets to facilitate enhanced insulin secretion in type 2 diabetes (Tian et al., 2012). 

 

At a simpler level, if we remove the complexity of temporal patterning of AC activation, the efficacy 

of a particular AC inhibitor needs to be tested across multiple cAMP effectors. While PKA is most 

commonly recognised as the target of cAMP, there are multiple effectors of this second 

messenger; cAMP also directly activates Epac1 and Epac2, and regulates cyclic nucleotide-gated 

ion channels. The newly emerging family of POPEYE domain expressing proteins bind cAMP and 

are proposed as another target (Schindler & Brand, 2016), which may yet have to be evaluated 

when considering downstream effects of the second messenger. The activation of these effectors 

following cAMP production will result in distinct cellular responses. As such, it is important to 

ensure that a particular inhibitor correspondingly decreases the activation of the downstream 

effector protein responsible for the target physiological response. This pleiotropy raises the 

possibility of generating ‘biased inhibitors’ that have a preference for the inhibition of a particular 

cAMP-effector pathway over another. In the GPCR field, the recognition that many ligands are in 
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fact biased for a particular signalling pathway is already changing the drug discovery process 

(Luttrell, 2014).  

 

4.  Conclusions 

The ubiquity of cAMP involvement in regulating numerous physiological processes provides a key 

opportunity to modulate these events. We have outlined the themes that have evolved to constrain 

and finetune the actions of cAMP, from the activation of ACs to their selective associations and 

placement within the cell. The range of elaborate devices that describe cAMP signalling in 

particular contexts provide potentially unique assemblies that may be amenable to specific 

perturbation, should appropriately targeted therapeutics be developed. Clearly strategies that do 

not acknowledge the complexity of these systems cannot avoid off-target effects and cannot be but 

problematic. Therefore, we hope that by recognising this elaborate organisation, novel targets can 

be considered and thereby precise manipulation of cAMP signalling to enhance or correct its 

actions may become a feasible pharmacotherapeutic strategy.     
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Table 1. Regulation of ACs by G protein, calcium and kinase signalling. Consensus from data 

reviewed in Cooper & Tabbasum, 2014; Halls & Cooper, 2011; Sadana & Dessauer, 2009. ACs 



29 

are organised according to sub-group classification; the enzymes are typically categorised as 

belonging to one of four groups, according to sequence relatedness and initial reports of regulatory 

properties (Halls & Cooper, 2011). CaM, calmodulin; CaN, calcineurin; PKA, protein kinase A; 

PKC, protein kinase C; CaMK, calmodulin kinase. 

 G proteins Calcium Kinases 
Isoform Gas Gai/o Gbg Alone CaM CaN PKA PKC CaMK 
AC1 Activation Inhibition Inhibition  Activation     
AC3 Activation Inhibition      Activation Inhibition 
AC8 Activation Inhibition   Activation  Inhibition   
AC2 Activation  Activation     Activation  
AC4 Activation  Activation     Activation  
AC7 Activation       Activation  
AC5 Activation Inhibition  Inhibition   Inhibition Activation  
AC6 Activation Inhibition  Inhibition   Inhibition Inhibition  
AC9 Activation Inhibition    Inhibition    
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Figure Legends 

 

Figure 1. Structural domains of the membrane-bound ACs. The nine membrane-bound ACs 

comprise an intracellular N-terminus, two transmembrane regions (TM1 and TM2) of six 

transmembrane-spanning domains linked by an intracellular region containing the C1a and C1b 

regions, and an intracellular C-terminus containing the C2a and C2b regions. The highly conserved 

catalytic domain is formed following the association of the C1a and C2a regions (indicated by 

green shading). More divergence in length and sequence occurs in the C1b, C2b and N-terminal 

domains of the ACs. 

 

Figure 2. Conservation of the catalytic domain. Sequence alignment (Clustal Omega) of the (A) 

C1a and (B) C2a domains of the nine membrane-bound human ACs. ACs are organised according 

to sub-group classification; the enzymes are typically categorised as belonging to one of four 

groups, according to sequence relatedness and initial reports of regulatory properties (Halls & 

Cooper, 2011). C1a and C2a domain boundaries (adenylyl/guanylyl cyclase catalytic domain) were 

taken from the human NCBI protein entries with accession numbers as follows: AC1 Q08828.2, 

AC2 Q08462.5, AC3 O60266.3, AC4 Q8NFM4.1, AC5 O95622.3, AC6 O43306.2, AC7 

AAI26272.1, AC8 P40145.1 and AC9 AAI51208.1. Sequences were aligned within the four sub-

groups (indicated by symbols) and across all nine ACs (indicated by coloured bars). * or dark blue 

coloured bar indicates fully conserved residue, : or light blue bar indicates residues have very 

similar properties, and . or tan coloured bar indicates residues that have only weakly similar 

properties. 

 

Figure 3. Sites of action of currently available AC inhibitors. (A) ACs catalyse the conversion 

of the Mg2+.ATP complex to cAMP, by creating a cyclic phosphodiester bond at the a-phosphate 

group of ATP and releasing pyrophosphate (PPi). Both cAMP and PPi are released from AC; 

release of cAMP occurs in preference to PPi, and the release of PPi provides energy for the 
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reaction and is ultimately the rate-limiting step in cAMP production. Currently available AC 

inhibitors can be broadly classified into three classes (indicated by encircled numerals): 1, 

competitive inhibitors that target the ATP binding site (green); 2, non-competitive or P-site 

inhibitors that mimic or stabilise the AC.PPi state (blue); or 3, allosteric non-competitive inhibitors 

that target distinct sites within the AC (orange). (B) Orientation of the target sites for these broad 

classes of inhibitors within the AC. Competitive (green) and P-site (blue) inhibitors target different 

sites within the catalytic domain. Allosteric inhibitors (orange) could target any other region of the 

AC, which could include the C1b domain that is, for example, the site for allosteric regulation of 

AC1 and AC8 by calcium-bound CaM. The N-terminus (purple) is the region of the AC that 

interacts with AKAPs. 

 

 


