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Abstract

Membranous adenylyl cyclases (mACSs) constitute a family of nine isoforms with different
expression patterns. Studies with mAC gene knockout mice provide evidence for the notion that
AC isoforms play distinct (patho)physiological roles. Consequently, there is substantial interest in
the development of isoform-selective mAC inhibitors. Here, we review the current literature on
mAC inhibitors. Structurally diverse inhibitors targeting the catalytic site and allosteric sites (e.g.
the diterpene site) have been identified. The catalytic site of mMACs accommodates both purine and
pyrimidine nucleotides, with a hydrophobic pocket constituting a major affinity-conferring domain
for substituents at the 2'- and 3’-O-ribosyl position of nucleotides. BODIPY-forskolin stimulates
ACs 1 and 5 but inhibits AC2. However, so far, no inhibitor has been examined at all mAC
isoforms, and data obtained with mAC inhibitors in intact cells have not always been interpreted
cautiously enough. Future strategies for the development of the mAC inhibitor field are discussed
critically.

mACs

ACs catalyze the conversion of ATP into the second messenger cCAMP. cAMP plays a
crucial role in the regulation of numerous cell functions. Mammals express nine mAC
isoforms and a SAC. mACs consist of two transmembrane domains with six predicted
helices each, and two cytosolic domains, referred to as C1 and C2, respectively [1-3]. The
C1- and C2-domains of mACs show considerable homology with each other and together
constitute the catalytic core of the enzyme. The C1- and C2 domains are
pseudosymmetrically arranged and, at their interface, form a pair of ligand-binding sites, i.e.
the catalytic site and the regulatory diterpene site.

The diterpene forskolin (FS) comes from the Indian plant Coleus forskohlii [4] and activates
mACs 1-8, but not mAC9 [1,2]. It has been postulated that in polycystic kidney disease, an
endogenous FS-like molecule occurs in the cysts [5], but these studies need to be confirmed.
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FS possesses some structural similarity with a-D-glucose [4]. However, the interactions of
the diterpene site of mACs with sugars have still to be examined. All mAC isoforms are
activated by the G-protein Gg being stimulated following binding of hormones and
neuotransmitters to their cognate G protein-coupled receptors (GPCRs) [1-3].

mAC isoforms are differentially expressed in cells and organs, suggesting specific
(patho)physiological functions of each isoform [1-3]. This notion is supported by unique
phenotypes of transgenic animals overexpressing defined AC isoforms or knock-out animals
missing a single AC isoform. For example, Ca2*/calmodulin-stimulated AC1 plays a role in
learning, memory formation, neurotoxicity, and pain responses, and AC5 provides
protection from heart failure and enhances life span [3,6,7]. Deletion of AC5 in mice
provides protection from heart failure and enhances life span, and ACL1 is involved in
neurotoxicity and pain responses [3,6-8]. These findings have evoked considerable
enthusiasm in the research community that selective ACS5 inhibitors could constitute
innovative drugs for treatment of heart failure and ageing and that AC1 inhibitors could be
used in the treatment of diseases associated with neuronal damage and chronic pain.

The aim of this review is to critically discuss the challenges in the field of mAC inhibitor
development, recent progress on mAC inhibitors and future directions. Table 1 presents the
specific properties and limitations of representative mAC inhibitors, and Table 2 provides a
summary of selected patents in the mAC inhibitor field. Potential clinical indications for
mAC inhibitors covered in patents include ageing, cardiovascular diseases, gastrointestinal
infections, vascular diseases and neurological disorders.

Challenges to isoform-specific mAC inhibitors

AC inhibitors are divided into four classes: i), inhibitors competing with the substrate ATP
at the catalytic site [9]; ii), non-competitive/un-competitive inhibitors mimicking the
cAMPPP; transition state (P-site inhibitors) [10]; iii), allosteric non-competitive inhibitors
targeting the diterpene site [11]; and iv), allosteric non-competitive inhibitors targeting as
yet undefined sites [12]. Both the catalytic and diterpene site are highly conserved among
mAC isoforms (Figure 1). Thus, from a structural perspective, the development of mAC
isoform-selective inhibitors is very challenging.

Historically, research on mAC inhibitors has focused on the catalytic site. The first mAC
inhibitors available were nucleoside-based compounds such as SQ 22,536 [9-(tetrahydro-2-
furanyl)-9H-purin-6-amine; also known as THFA or 9-THF-Ade] that inhibit mACs non-
competitively [13]. Although these compounds are sufficiently lipophilic to penetrate the
plasma membrane so that they can be used in intact cell studies, the generally low potency
of these compounds is of concern [14,15]. Given the fact that high concentrations (often
above 100 uM) are required to elicit effects [3], limited solubility and off-target effects
cannot be dismissed. In intact cell studies it is often assumed that AC inhibitors reduce
cAMP concentrations, but CAMP concentrations are actually not determined [16]. Moreover,
the low potency of compounds renders it very difficult to achieve full saturation in
concentration/response curves so that 1Cgqg values cannot be precisely calculated [14].

Investigators who use AC inhibitors as pharmacological tools in their specific fields of
research may not be sufficiently aware of potential off-target effects. One typical P-site
inhibitor, AraAde [9-p-D-arabinosyladenine (vidarabine)], is also used as virustatic drug
[17], and it is likely that such nucleoside-based AC inhibitors also interfere with purine
metabolism and DNA synthesis and exhibit long-term cytotoxic effects. However, a
systematic analysis of the off-target effects of P-site inhibitors has not yet been performed.
So far, no mAC inhibitor has been systematically examined at all mAC isoforms with a
complete profile of 1Cs values/K;j values. Hence, claims about mAC isoform-specificity of
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a given compound are generally not sufficiently supported by experimental data. “Selective
ACS inhibitors” are a particular problem in this respect [14,18-21]. Such compounds should
discriminate between ACs 5 and 6, but there is little compelling evidence that currently
available inhibitors do so when they are compared side-by-side [22].

MANT [2'(3")-O-(N-methylanthraniloyl]- and TNP [2’,3'-O-(2,4,6)-trinitrophenyl)]-
substituted nucleotides are much more potent mAC inhibitors than P-site inhibitors
[9,14,15,22-29]. However, MANT/TNP-nucleotides are too hydrophilic to penetrate the
plasma membrane and are, therefore, not useful for intact cell studies. In an
electrophysiological study, MANT-nucleotides were delivered into the cytosol of
cardiomyocytes via the patch pipette to inhibit AC5-dependent activity of voltage-dependent
calcium channels [30]. Strikingly, even the most potent mAC inhibitor known so far,
MANT-ITP, exhibits unexpected paradoxical stimulatory effects on calcium channel activity
that cannot be explained by AC5 inhibition [30]. MANT/TNP-nucleotides can bind with
considerable affinity to purinergic receptors, G-proteins and protein kinases, thereby
modulating signal transduction processes [9,27,30,31].

A less intuitive target for the development of mAC inhibitors is the diterpene site because
traditionally, this site has been associated with AC activation [4,32]. Substantial efforts were
devoted towards the development of mAC isoform-selective diterpenes, but with only
modest success [11,14,33,34]. The serendipitous identification of BODIPY-FS as an AC2
inhibitor [11,34], as opposed to being an activator of ACs 1 and 5, showed that the diterpene
site is a valuable target for mAC inhibitors. However, as is the case for nucleoside/
nucleotide-based inhibitors targeting the catalytic site [9,30,31], diterpenes bind to, and
influence the activity of, multiple other targets such as glucose transporters [4,34,35].

Exploring the catalytic site of mACs with MANT- and TNP-nucleotides

MANT-nucleotides nucleotides have provided valuable structural information on the
properties of the catalytic site of mACSs. Four crystal structures of the purified catalytic mAC
subunits VC1:11C2 in complex with various MANT- and TNP-nucleotides have been
resolved (Figures 2A and C) [23-25]. This information provides an excellent basis for future
development of non-nucleoside/nucleotide-based mAC inhibitors. The inhibitory potencies
of MANT-nucleotides are catalysis-dependent, (i.e. the higher the AC activity is, the more
potent are the MANT-nucleotides) [9,22-29]. This property may be of therapeutic relevance
because activity-dependent AC inhibition could result in selective inhibition of
pathologically increased cAMP formation while leaving normal AC activity unaffected.
Catalysis-dependent AC inhibition has also been observed for P-site inhibitors [10,15,18].

MANT-nucleotides and the structurally related TNP-nucleotides inhibit ACs 1, 5 and 6 with
similar potencies, whereas AC2 is inhibited only ~10-fold less potently [22,26-29]. Hence,
as for the classic P-site inhibitors, no compelling isoform-specificity was observed [15]. Part
of the moderate preference of MANT-nucleotides for ACs 1 and 5 relative to AC2 is due to
an alanine—proline exchange (position 409, VC1 numbering) in AC2, hindering the
movement of an a-helix that is important for hydrophobic interactions of the MANT-group
with mACs in a closed conformation [23]. MANT- and TNP-nucleotides also potently
inhibit nitric oxide (NO)-stimulated soluble guanylyl cyclase (sGC) [22,27]. Considering the
structural similarities of mACs with sGC in the catalytic core (Figure 1) [1,36], the overlap
in inhibitor pharmacology is not unexpected. By contrast, the structurally distinct SAC is
much less sensitive to inhibition by MANT- and TNP-nucleotides than mACs and sGC
[22,27]. Certain bis-MANT-nucleotides, bearing a MANT-group both at the 2'- and 3'-O-
ribosyl position, inhibit the Bordetella pertussis AC toxin CyaA much more potently than
mACs [26], opening the door for the development of potent CyaA inhibitors for treatment of
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whooping cough. Like protein kinases [37], mMACs possess a tripartite catalytic site with
binding regions for the base, the ribosyl moiety and the triphosphate chain (Figure 2C) [24].
Protein kinases and ACs exhibit a hydrophobic pocket adjacent to the ribosyl moiety that is
not exploited by the substrate ATP, but is occupied by hydrophobic 2'- and 3'-O
substitutents of inhibitors. For the development of potent and isoform-selective protein
kinase inhibitors, this hydrophobic pocket is crucial [37].

In the crystal structures of VC1:11C2 in complex with MANT-GTP, MANT-ITP, MANT-
ATP and TNP-ATP, the base, the ribosyl substituent and the triphosphate chain align very
similarly (Figure 2C) [23-25]. The triphosphate chain of MANT-ITP tightly associates with
Mn?2*, resulting in an exceptionally high affinity of VC1:11C2 for MANT-ITP [25]. The
(M)ANT- and TNP groups provide the largest contribution to inhibitor affinity (Figures 2C
and D) [24]. Among the ribosyl substituents, the order of preference is MANT > ANT >
TNP. The dominant contribution of these substituents to inhibitor affinity is afforded by the
aforementioned hydrophobic pocket adjacent to the catalytic site of AC [24]. By analogy to
the situation with protein kinase inhibitors [379], this pocket is of high importance for the
development of high-affinity non-nucleoside/nucleotide-based inhibitors. The length and
nature of the phosphate chain provide the second-largest contribution to inhibitor affinity; y-
phosphate > By-imidophosphate > y-thiophosphate (Figures 2C and D). Among the bases,
hypoxanthine is optimal, although it forms fewer hydrogen bonds with mAC than guanine or
adenine. Probably, the smaller molecular volume of hypoxanthine relative to guanine allows
for a better fit of the MANT-group into the hydrophobic pocket [25]. mACs exhibit
preference for uracil relative to adenine, guanine and cytosine (Figure 2D) [24,27,28]. The
broad base-specificity of mACs provides ample opportunities for structural variations in
future inhibitor development.

Recent developments on P-site inhibitors

Although highly potent P-site inhibitors such as 2’,5'-dideoxy-3'-ATP have been described
and mAC crystal structures with this ligand resolved (Figure 2B) [10,15,38], a major
problem has been the lack of isoform-specificity of these compounds [10,15]. More recently,
non-nucleoside P-site inhibitors with supposedly higher mAC isoform-specificity have been
reported (Table 1). Patent activity on P-site inhibitors, in contrast to competitive inhibitors
or diterpenes, has been substantial (Table 2), but documentation of the AC isoform-
selectivity of the disclosed compounds such as SQ 22,536 is incomplete, most notably with
respect to a side-by-side comparison of ACs 5 and 6 [14,15].

PMCS6 [1R,4R-3-(6-aminopurin-9-yl)-cyclopentanecarboxylic acid hydroxyamide], AraAde
and NKY80 [2-amino-7-(2-furanyl)-7,8-dihydro-5(6H)-quinazolinone] exhibit selectivity
for AC5 relative to ACs 2 and 3 [14,18]. Although these AC isoforms belong to different
families [1,2], true AC5-selectivity can only be claimed when all mACs are examined and
off-target effects ruled out. We conducted molecular modelling studies with PMC6, AraAde
and NKY80 using VC1:11C2 as template (Figure 3C). Our in silico studies did not reveal a
structural basis for selectivity at the AC5 catalytic site. Publications on PMC6, AraAde and
NKY80 did not provide structural information for the supposed AC5-selectivity either
[14,18]. It is possible that novel P-site inhibitors bind to an as yet unidentified allosteric
mAC site that is not the catalytic site.

An advantage of PMC6, AraAde and NKY80 relative to (M)ANT- and TNP-nucleotides is
that they can penetrate the plasma membrane [14,18,30] (Table 1). A disadvantage,
however, is their low potency relative to (M)ANT- and TNP-nucleotides, raising concerns
regarding target-specificity. As an example, NKY80, distributed as a “selective AC5
inhibitor” for experimental purposes, inhibits renin release from juxtaglomerular cells, so
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that is has been suggested that AC5 mediates protease secretion [19]. However, studies with
knockout mice unequivocally revealed that both ACs 5 and 6 are involved in the activation
of renin release [20]. These data highlight the importance of discriminating between effects
on ACs 5 and 6 and the need for control experiments with AC knockout mice. In another
study, NKY80 was designated as a dual AC5/6 inhibitor [21], although AC6 data are not yet
available. NKY80 failed to inhibit cAMP accumulation in mouse cardiomyocytes [18].
Considering the structure of NKY80 (Table 1) and the fact that NKY80 shows effects in
other intact cell systems [19], it is unlikely that the lack of effect of the compound in
cardiomyocytes [18] is attributable to inability of NKY80 to penetrate membranes. Perhaps,
inhibition of ACs 5 and 6 is rescued by as yet unidentified NKYY80-insensitive ACs
expressed in heart [29]. Alternatively, NKY80 could be converted to an as yet unknown
inactive metabolite.

Selective AC1 inhibitors may be useful for neuroprotection because AC1 is activated by
Ca?*/calmodulin following stimulation of various [Ca%*];-increasing receptors, most notably
ionotropic glutamate receptors [7]. Moreover, AC1 inhibition may be beneficial for
treatment of chronic pain [3,8]. (M)ANT- and TNP-nucleotides are not selective for AC1
relative to AC5 [22-29]. Recently, NB001 [6-((2-(6-amino-9H-purin-9-
yl)ethyl)amino)hexan-1-ol] has been suggested to be a selective AC1 inhibitor [8]. In silico
studies indicate that like PMC6, AraAde and NKY80, NB0O1 can bind to the catalytic site
of mACs, and the alcohol tail stretches to the phosphate-binding region (Figure 3C).
Unfortunately, it is not clear why NB0OO1 exhibits AC1-selectivity, and other binding sites of
NBO001 on mACs cannot be excluded. Moreover, the molecular mechanism of action of
NBO0O1 (competitive versus non-competitive) has not yet been examined, and a
comprehensive analysis of all mMAC isoforms has not yet been presented. Like NKY80,
AraAde and PMC6, NBO0O1 is not a potent AC1 inhibitor [8,14,18]. Despite these
shortcomings, NBOO1 exhibits beneficial effects in animal models of chronic pain,
supporting the notion that AC1 inhibition may be a valuable therapeutic principle [8].

The diterpene site as target for mAC inhibitors

Traditionally, diterpenes have been associated with stimulatory effects on mACs [4,32].
Early studies showed that ACs 1, 2 and 5 interact differently with diterpenes [33], and later
studies documented different activation patterns of these ACs by diterpenes [11,34].
Fluorescence studies with MANT-GTP at VC1:11C2 revealed that, in contrast to earlier
assumptions [39], 1-deoxy-forskolin (1d-FS) and 1,9-dideoxy-forskolin (1,9dd-FS) bind to
AC [40]. Unlike FS and 9-deoxy-forskolin (9d-FS), 1d-FS and 1,9dd-FS stabilize a
catalytically inactive conformation of mAC. Formation of a hydrogen bond between the 1-
OH group of diterpenes and Val-506 (VC1 numbering) is crucial for catalytic activation
[40]. 1d-FS and 1,9dd-FS inhibit FS-stimulate cAMP formation both at VC1:11C2 and intact
mMACs [34,40]. Intriguingly, a recent study on TRPC6 channel regulation by cAMP-
dependent protein kinase suggests that 1,9dd-FS can also exert stimulatory effects on certain
as yet unidentified mAC isoforms [41]. Thus, a careful analysis of the effects of both FS and
1,9dd-FS on all mAC isoforms is warranted.

BODIPY-FS was synthesized as a fluorescence probe to study AC localization in intact
cells, but it has not yet been widely used for this purpose. BODIPY-FS is a partial activator
of VC1:1IC1 and ACs 1 and 5 [11,34]. Unexpectedly, BODIPY-FS substantially reduces Gs-
stimulated activity of AC2 [11,34]. A specific requirement of G for diterpene interaction
with AC2 was noted previously [33]. An explanation for this observation is provided by
molecular modelling studies (Figures 3A and B). In the case of AC2, the negatively charged
BODIPY group is attracted to the positively charged Arg-402 and Mn?* ion, whereas in
ACS5, BODIPY is attracted to Lys-1063 (an Asp residue in AC2 and the VC1:11C2
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complex). If one docks the ATPaS substrate mimic (protein data bank (PDB):1CJK) into
these models, BODIPY and the tether may interfere with binding of the y-phosphate in AC2.
An arginine corresponding to Arg-402 in AC2 is also found in ACs 4 and 7, and in AC9,
there is a lysine. Thus, we predict that BODIPY-FS also reduces the basal activity of ACs 4,
7 and 9. In ACs 5 and 6, nucleophilic amino acids are at this position, a glycine in AC1, and
a glutamine in AC3. Thus, ACs 1, 3, 5 and 6 are expected not be inhibited by BODIPY-FS.
In fact, BODIPY-FS partially activates ACs 1 and 5 [11,34]. Introduction of the bulky
BODIPY group into ligands of the diterpene site increased affinity [11,34], indicating
productive interactions of BODIPY with mACs. Intriguingly, 6-acetyl-7-deacetyl-forskolin
(6A7DA-FS) constitutes a dual high-potency inhibitor/low-potency activator of AC2 in the
presence of Mg2* [11], indicating that the diterpene site can exist in different affinity states.
[3H] Forskolin binding studies in rat brain membrane revealed high- and low-affinity
binding sites, too, but it remained unclear whether these sites are attributable to mACs only
[39].

Remaining questions

There is great interest in obtaining selective AC5 inhibitors as potential drugs for treatment
of heart failure and ageing (Table 2) [6]. However, based on the high amino acid sequence
similarities of the C1- and C2-domains, respectively, of mAC isoforms (Figure 1),
pharmacological discrimination between ACs 5 and 6 is challenging, at least when the
catalytic site is targeted [15]. Even if selective AC5 inhibitors can be developed,
neurotoxicity constitutes a serious issue. Specifically, AC5 knockout leads to extrapyramidal
motor disorders, alcohol addiction and stress-related behavioural problems [42-44]. Thus,
achievement of organ-selectivity of AC5 inhibitors is crucial. Originally, ACs 5 and 6 were
assumed to play opposite roles in heart function [2,3], but recent data have raised doubts
about this notion [45]. Thus, future studies will have to answer the question whether it is
necessary to discriminate between ACs 5 and 6 [6,22]. Perhaps, dual AC5/6 inhibitors are
more useful than currently appreciated. At least, the development of dual AC5/6 inhibitors is
a more realistic goal than the development of selective ACS5 inhibitors.

There are significant differences in basal (constitutive) activity among various
recombinantly expressed AC isoforms, with AC2 exhibiting particularly high constitutive
catalytic activity [46]. However, whether mACs also exhibit different basal activities in
physiological systems is unknown. Most AC studies have focused on activation
mechanisms, and therefore, basal catalysis has been mostly considered as “noise”, serving to
define the zero point in a normalized stimulation experiment. Demonstration of
physiologically significant constitutive activity by certain mAC isoforms may justify a
search for specific inhibitors of basal catalytic activity that, by analogy to the two-state
model of GPCR activation, could be classified as inverse agonists [47].

A general problem in the field is that no single inhibitor has been examined at all mAC
isoforms, SAC and guanylyl cyclases (GCs). Although our group has almost two decades of
experience in expressing mACs in Spodoptera frugiperda Sf9 cells [48], nonetheless, we
have encountered great difficulties in functionally expressing AC isoforms other than ACs 1,
2 and 5 in this system. Other leading groups also focus their efforts on these three ACs
[33,49] that express very robustly. ACs 1, 2 and 5 represent prototypical members of various
AC families [1-3]. It is reasonable to assume that within a given mAC family,
pharmacological similarities are greater than among different mAC families. Co-expression
with pharmacological chaperones may be a useful strategy to improve expression of
“difficult” AC isoforms. In case of GPCRs, this strategy has been successful [48]. Efforts to
stably express all mAC isoforms in mammalian expression systems are necessary, t0o. An

Trends Pharmacol Sci. Author manuscript; available in PMC 2013 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Seifert et al.

Page 7

advantage of this strategy may be that, unlike in insect cells, relevant mAC-interacting
proteins are endogenously expressed [50].

Unfortunately, there is also a paucity of isoform-selective mAC antibodies [29,51]. Such
antibodies must be tested against all mAC isoforms and in tissues of mAC knockout
animals. The rigorous quality criteria established for GPCR antibodies must also be met for
mAC antibodies [52], specifically in view of the fact that in native cells, mACs, are
expressed only at low levels, increasing the risk of non-specific immunoreactions. Only with
meticulous immunological studies will we be able to observe the true expression patterns of
ACs at the protein level. To partially compensate for the lack of high-quality mAC
antibodies, we have used a combination of pharmacological activators and inhibitors to
characterize AC isoforms in organs [29,53]. However, this approach is not perfect. With few
exceptions [54], previous studies on the expression of AC isoforms at the mMRNA level did
not allow quantitative comparison of AC isoform expression patterns. Only real-time
polymerase chain reaction (PCR) studies with appropriate calibrations are suitable for
comparison of relative expression levels of AC isoforms.

In the GPCR field, striking species differences in pharmacological properties have been
observed [55]. However, with respect to AC inhibition, the species issue has been largely
ignored so far, although there is evidence for species-specific inhibition of AC9 [12,56].
There is only a limited number of amino acid differences in the C1- and C2 domains,
respectively, between human and mouse AC9 (Figure 1) so that site-directed mutagenesis
can be used to unmask the molecular basis for the different pharmacological properties
between AC9 species orthologs. Thus, mammalian expression plasmids and/or
baculoviruses for all mAC isoforms from several species, at least from human and mouse,
are needed.

Future directions

Future studies aiming at the development of inhibitors targeting the catalytic site of ACs, by
analogy to protein kinases [37], should consider non-nucleoside/nucleotide-based
compounds. Such studies entail high-throughput screening and are a task for the
pharmaceutical industry. mAC inhibitors, particularly if they specifically explore the
hydrophobic pocket in the catalytic site (Figure 2A), should possess better membrane-
permeability than nucleosides/nucleotides.

In principle, it is possible to deliver nucleotide-based mAC inhibitors into cells as
mononucleoside phosphate prodrugs [57]. However, this approach is more complicated than
it appears on first glance. For example, certain types of phosphate-protecting groups work
well, whereas others, for unknown reasons, do not. Moreover, in some cases, very
substantial inhibitor concentrations may build up in cells so that off-target effects can
become an issue [57]. Furthermore, the complement of cells with the enzymes required for
prodrug conversion to the pharmacologically active compound, in addition to the cellular
complement of mAC isoforms, may determine inhibitor effects.

Much more effort should be devoted towards the exploration of the diterpene site as target
for mAC inhibitors. The diterpene site tolerates large outward-projecting substituents
(Figures 3A and B) [11,34], providing a large and almost completely unchartered
pharmacological territory. Starting from BODIPY-FS, we anticipate that variations on this
theme will yield isoform-selective mAC inhibitors. The structure/activity relationships of
diterpenes and glucose transporters are different [35], indicating that in principle, it is
possible to avoid off-target effects of compounds targeting the mAC diterpene site.

Trends Pharmacol Sci. Author manuscript; available in PMC 2013 February 1.
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A substantial limitation of the field constitutes the fact that crystal structures with a
functional catalytic site and diterpene site are available only for the VC1:11C2 heterodimer
[23-25,38]. Therefore, it would be most desirable to obtain crystal structures from the
catalytic cores of other mAC isoforms, but yield and stability of the respective proteins are
formidable problems. Even more challenging is the crystallization of holo-mACs. However,
considering the recent progress in the techniques for crystallization of membrane proteins
and the increasing number of high-resolution GPCR structures [58], holo-mACs may
ultimately be crystallized. This would be very important since mAC isoforms differ
substantially from each other in the as yet poorly understood transmembrane domains,
offering multiple opportunities for the development of isoform-selective mAC inhibitors.
Calmidazolium and tyrphostin may represent (low-potency) archetypes of such inhibitors
targeting novel allosteric sites [12,59].

mAC inhibitor studies also require an in-depth understanding of the precise
(patho)physiological function of any given mAC isoform. To this end, most
pathophysiological studies on mACs have focused on mAC knock-out and overexpression
models [2,3]. However, we also need to understand the specific roles of individual mAC
isoforms in disease models where all mAC isoforms are present, since compensatory
changes in mAC function and expression as a result of a gene knock-out cannot be excluded.
Lastly, the effects of inhibitors targeting the catalytic site and the diterpene site are
substantially affected by the type of divalent cation present (Mg?* or Mn?*) [11]. It is
assumed that Mg2* is the physiological cation for mACs [1], but proof for this assumption is
missing. The resolution of this question will also provide guidance for future mAC inhibitor
development.

Concluding remarks

By combining methods from biochemistry, pharmacology, biophysics and medicinal
chemistry, substantial progress has been made towards understanding the molecular basis of
the interactions of inhibitors with the catalytic and diterpene sites of mACs. However, none
of the AC inhibitors presently available has been comprehensively evaluated for isoform-
specificity and selectivity against other proteins. Targeting the diterpene site rather than the
catalytic site may be a more promising strategy to obtain isoform-selective AC inhibitors.
Furthermore, we need to express all mMAC isoforms and analyze constitutive AC activity
before we can make a judgement whether we need isoform-specific inhibitors or more non-
specific inhibitors to abrogate pathologically increased constitutive or stimulated cAMP
formation. Finally, the transmembrane domains and flanking regulatory domains of mAC
isoforms, in contrast to their catalytic and diterpene sites, show considerable structural
differences. Thus, the development of ligands for these as yet poorly understood domains
may be another promising avenue towards isoform-selective mAC inhibitors.
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915 .F..RV..K..INE.KELREHNENM.R 1008
997 1082
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421 TTIL.SG.VG..A.CSKHASGEGAMKIV 447

1
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Fig. 1. Multiple sequence alignment of the C1 and C2 subunits of mAC isoforms and of sGC a1-
and B4 subunits

Sequences are identified with human (hAC), murine (muAC) or human soluble GCS (hsGC)
and a unique GenBank identification number. The full sequence of AC1 is shown as
reference sequence. A, C1 domain of ACs and aj-subunit of hsGC; B, C2 domain of ACs
and B1-subunit of hsGC. The conserved residues correspond to the C1 and C2 subunits of
other AC isoforms and hsGC subunits and are indicated as “.”; amino acid differences are
indicated in the one-letter code, and sequence gaps are indicated as “-”. The secondary
structures correspond to the C1 from AC5 (VC1) and C2 from AC2 (11C2) constructs that
were determined by X-ray crystallography and are shown above the alignment; arrows
represent [ strands, and the cylinders represent a helices. Other structural elements, such as
random coils and turns, are represented by a solid line. The functional residues in C1 and C2
subunits are indicated: bold, substrate binding; bold/italic, FS binding. The underlined
residues indicate the hydrophobic region important for binding to (M)ANT- und TNP
groups of 2',3'-O-ribosyl-substituted nucleotides.
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C Ribose Substituent

(MANT, TNP, ANT)
K,=0.01 nM

Base
(A’P’ C, U, 1) Triphosphate
Ki=13.7 uM (PPP, PPSP, PPNP)

K;= 0.37 uM
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D
SVD analysis of the x; values for independent components from a set of AC inhibitors
Pharmacophore Cg]r?\gi)dnl:::t* & (M)

Adenine 46.7

Guanine 69.9

Cytosine 45.7

Base

Uracil 17.2

Hypoxanthine 0.2

Xanthine 1392147

MANT 0.0004x103

Ribose Substitutent TNP 0.002

ANT 0.001x10-3

P 41865

PP 345

Phosphate PPP 0.03

PPSP 5.21

PPNP 0.32

Fig. 2. Crystal structures and general pharmacophore model of VC1:11C2 in complex with
MANT- or TNP-nucleotides or P-site inhibitors

All data presented in this Figure refer to VC1:11C2. A, Detailed views of the substrate
binding site in the complex of Gas—activated mAC with the competitive inhibitors MANT-
GTP (PDB:1TL7) [23], MANT-ATP (PDB:2GVZ) [24], MANT-ITP (PDB:3G82) [24] and
TNP-ATP (PDB:2GVD) [25], and two Mn?* ions. Structures of inhibitors as bound to their
respective complexes with Gas-VC1:11C2 are superimposed. The molecular surface was
calculated using PYMOL (DeLano Scientific, San Carlos, CA, USA), based on the atomic
coordinates of the Gas-VC1:11C2- TNP-ATP complex. Ligands are shown as stick models.
Carbon atoms are colored magenta for MANT-GTP, cyan for MANT-ATP, yellow for
MANT-ITP, and gray for TNP-ATP, nitrogens blue, oxygens red, sulfur yellow, and
phosphorous green; the two Mn2* jons are shown as metallic orange spheres. The secondary
structures of VC1 and 11C2 domains are shown in tan and mauve, respectively. Ligands and
two metal ions occupy the interdomain cleft between the C1 and C2 domains. Inhibitors
prevent transition of the enzyme from the catalytically inactive open conformation to the
catalytically active closed conformation because the MANT- and TNP-groups act like rigid
body movement-impairing wedges. The MANT- and TNP groups insert into a hydrophobic
pocket close to the catalytic site, providing substantial binding energy and giving rise to
hydrophobicity-dependent fluorescence increases. Substitution of the 3'-hydroxyl group in
MANT- and TNP-nucleotides prevent the 3":5’-ATP cyclization reaction. B, Comparative
views of substrate binding site of the Gas-activated mAC complex with the prototypical
non-competitive/uncompetitive P-site inhibitor, 2',5'-dideoxy-3'-ATP (PDB:1CUL) [38].
Atoms are colored according to panel A. The Mg2* ions are shown as metallic limeyellow
spheres. Note that 2',5’-dideoxy-ATP, while occupying the catalytic site, in contrast to
MANT- and TNP-nucleotides, does not exploit the hydrophobic pocket. Right-most panels
show views of the binding pocket for ribose substitutes of inhibitors and are rotated ~80°
relative to the view shown on the left-most panels. The ribose substituents of inhibitor
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molecules are positioned between the a4 helix of 11C2 and al- a2 helices of VC1. C,
Structures of MANT-ATP, MANT-GTP, MANT-ITP, and TNP-ATP, as bound to their
respective complexes with Gas:VC1:11C2 are superimposed and colored as above. Average
Kj values are indicated, corresponding to contributions from each type of functional group,
derived from singular value decomposition analysis (SVD) D, SVD analysis of the x;j values
for independent components from a set of AC inhibitors. SVD analysis was performed as
described [16] using published K; values as basis [22,24,28]. P, monophosphate; PP
diphosphate; PPP for triphosphate; PPSP, [y-thio]triphosphate; PPNP, [B,y-
imido]triphosphate.
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Glu 396

/

Fig. 3. Model of the interactions of BODIPY-FS and various P-site inhibitors with mAC
Molecular modelling studies were performed using the Surflex module in SYBYL 8.1
(Tripos Associates, St. Louis MO, 2010). To dock BODIPY-FS (in A, B), the Surflex
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protomol file was defined by residues within 5.0 A of the known diterpene site plus any
cationic residues within 15.0 A of the diterpene site. To dock non-nucleoside P-site
inhibitors (in C), the protomol file was defined by residues within 5.0 A of the catalytic site.
Atoms of each ligand are represented as sticks according to standard CPK coloring except
for boron (black; present only in A and B) and carbon atoms (specified below). A,
Interaction of BODIPY-FS (white C atoms) with AC5 showing the relative position of co-
crystallized ATPaS (green C atoms). B, Interaction of BODIPY-FS (white C atoms) with
AC?2 showing the relative position of co-crystallized ATPaS (green C atoms). C,
Interactions of ATPaS (white carbons), PMC6 (green carbons), AraAde (black carbons),
NKY80 (pink carbons) and NB0OO1 (brown carbons) with VC1:11C2. In all cases above, the
receptor surface is represented as a solvent-accessible Connolly surface, colored as follows:
lipophilic regions are yellow, polar oxygens are red, polar nitrogens are blue, donatable
protons are cyan, and polarized alkyl or aryl moieties are white. Approximate locations of
the a-carbon atoms of key residues are labeled for reference. Note that interactions of the P-
site inhibitors shown in C with sites in mACs other than the catalytic site cannot be
excluded, particularly in light of the fact that our modeling does not explain the reported
mAC isoform-specificity of the compounds (see Table 1). Moreover, crystal structures of
VCL1:11C2 with the above-mentioned P-site inhibitors, in contrast to MANT-nucleotides,
TNP-nucleotides and 2',5’-dd-3'-ATP (see Fig. 2 and Table 1) are not yet available.
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