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Abstract

Cyclic AMP (cAMP), the prototypical second messenger, has been implicated in a wide variety of
(often opposing) physiological processes. It simultaneously mediates multiple, diverse processes,
often within a single cell, by acting locally within independently-regulated and spatially-restricted
microdomains. Within each microdomain, the level of cAMP will be dependent upon the balance
between its synthesis by adenylyl cyclases and its degradation by phosphodiesterases (PDES). In
mammalian cells, there are many PDE isoforms and two types of adenylyl cyclases; the G protein

regulated transmembrane adenylyl cyclases (tmACs) and the CO,/HCO5/pH-, calcium-, and ATP-

sensing soluble adenylyl cyclase (SAC). Discriminating the roles of individual cyclic nucleotide
microdomains requires pharmacological modulators selective for the various PDEs and/or
adenylyl cyclases. Such tools present an opportunity to develop therapeutics specifically targeted
to individual cCAMP dependent pathways. The pharmacological modulators of tmACs have
recently been reviewed, and in this review, we describe the current status of pharmacological tools
available for studying sAC.
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1. Introduction

Dr. Earl Sutherland was awarded the Nobel Prize for identifying cCAMP as the mediator of
cellular control over metabolic activity (Robison, Butcher, & Sutherland, 1968). Over the 60
years it has been studied, CAMP has been implicated in a wide variety of (often opposing)
physiological processes, including different aspects of cell proliferation, apoptosis,
differentiation, migration, development, ion transport, pH regulation, and gene expression.
Recent advances in cCAMP signaling, which have revolutionized our understanding of this

"Corresponding author. llevin@med.cornell.edu (L.R. Levin).

Conflict of interest

Drs. Buck and Levin own equity interest in CEP Biotech which has licensed commercialization of a panel of monoclonal antibodies
directed against SAC. Drs. Steegborn, Levin, and Buck are named inventors on use patent applications for LRE1.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiggins et al.

Page 2

ubiquitous second messenger, clarify how this single second messenger could
simultaneously mediate so many diverse processes. In cells, CAMP signaling is
compartmentalized into multiple, independently-regulated microdomains. Cyclic AMP
micro-domains control distinct functions by possessing unique effectors, targets, and means
of regulating the concentration of the second messenger [reviewed in (Arora et al., 2013;
Desman, Waintraub, & Zippin, 2014; Lefkimmiatis & Zaccolo, 2014). Cyclic AMP is
produced from ATP by adenylyl cyclases (ACs), and degraded by catabolizing
phosphodiesterases (PDES). There are two distinct types of AC in mammals; bicarbonate-
regulated soluble adenylyl cyclase (SAC, ADCY10) and G protein regulated transmembrane
adenylyl cyclases (tmACs; ADCY1-9) (Kamenetsky et al., 2006). TmACs mediate the
cAMP response to hormonal signals operating via G protein coupled receptors (GPCR). The
idea that hormones regulate distinct cAMP microdomains was proposed over thirty years
ago (Buxton & Brunton, 1983, 1986), and the functional significance of membrane-
proximal, GPCR-signaling cAMP microdomains were among the first to be appreciated
(Davare et al., 2001; Marx et al., 2002). Efforts to selectively target individual, GPCR-
defined microdomains include identifying pharmacological reagents selective for individual
tmAC isoforms (Brust et al., 2017; Conley et al., 2013; Dessauer et al., 2017; Hayes, Soto-
Velasquez, Fowler, Watts, & Roman, 2017; Seifert, Schneider, & Bahre, 2014) as well as
numerous efforts to identify selective PDE inhibitors [reviewed in (Francis, Blount, &
Corbin, 2011; Houslay, 2010)].

Cyclic AMP targets also reside inside the cell, far from the plasma membrane. The best
characterized effector of CAMP, Protein Kinase A (PKA), is tethered to multiple intracellular
sites via A Kinase Anchoring Proteins (Pawson & Scott, 1997; Aggarwal-Howarth & Scott,
2017), and the more recently identified effector, Exchange Protein Activated by cAMP
(EPAC), is also distributed throughout the interior of cells (Schmidt, Dekker, & Maarsingh,
2013). Both PDEs and adenylyl cyclases ‘sculpt’ intracellular cAMP microdomains to
control the activity of these intracellular targets (Fischmeister et al., 2006; Monterisi et al.,
2017; Oliveira et al., 2010; Terrin et al., 2006). For example, intracellular microdomains can
be “fed’ by persistent signaling from G protein stimulated tmACs during endocytosis
(Calebiro et al., 2009; Kotowski, Hopf, Seif, Bonci, & von Zastrow, 2011).

A second type of adenylyl cyclase in mammalian cells, SAC, defines an independent source
of second messenger at intracellular microdo-mains. sAC is found distributed through the
cytoplasm and in cellular organelles (Acin-Perez et al., 2009; Di Benedetto, Scalzotto,
Mongillo, & Pozzan, 2013; Lefkimmiatis, 2014; Lefkimmiatis, Leronni, & Hofer, 2013;
Lefkimmiatis & Zaccolo, 2014; Valsecchi, Konrad, & Manfredi, 2014; Valsecchi, Ramos-
Espiritu, Buck, Levin, & Manfredi, 2013; Zippin et al., 2003; Zippin et al., 2004; Zippin,
Chadwick, Levin, Buck, & Magro, 2010), including inside the nucleus (Zippin et al., 2004;
Zippin, Chadwick, Levin, Buck, & Magro, 2010) and the mitochondrial matrix (Acin-Perez
et al., 2011; Acin-Perez, Salazar, Kamenetsky, et al., 2009; Zippin et al., 2003). Inside the
matrix, the sAC-defined intramitochondrial cAMP signaling cascade regulates ATP
production (Acin-Perez, Salazar, Kamenetsky, et al., 2009; Di Benedetto, Scalzotto,
Mongillo, & Pozzan, 2013; Lefkimmiatis, 2014; Lefkimmiatis, Leronni, & Hofer, 2013;
Lefkimmiatis & Zaccolo, 2014). In the cytoplasm, SAC has been identified as the AC
responsible for the cAMP regulating lysosomal acidification (Rahman, Ramos-Espiritu,
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Milner, Buck, & Levin, 2016), apoptosis (Ladilov & Appukuttan, 2014), and the
downstream effects from the trafficking GPCRs corticotropin-releasing hormone receptor
(Inda et al., 2016, 2017). Thus, spatial control of cCAMP signaling involves at least three
distinct types of enzymatic activities which locally modulate levels of the second messenger;
PDEs, tmACs, and sAC. Understanding cCAMP signal transduction requires tools to
distinguish between these enzymatic activities, and in this review we detail the
pharmacological tools available for selectively studying sAC.

2. Soluble adenylyl cyclase genetics and biochemistry

There are six unique classes of ACs; however, all mammalian nucleotidyl cyclases (i.e.,
adenylyl and guanylyl cyclases) come from the same class, Class 11, and share homologous
catalytic cores. Among mammalian ACs, nine genes encode tmAC isoforms (ADCY1-9)
while a tenth gene, ADCY 10, encodes soluble AC (SAC) (Kamenetsky et al., 2006;
Steegborn, 2014). sAC’s activity was first identified in mammals in the 1970°s (Braun,
1975; Braun, Frank, Dods, & Sepsenwol, 1977) but it was only appreciated to define a
separate subfamily of ACs after the cloning of ADCY10 in 1999 (Buck, Sinclair, Schapal,
Cann, & Levin, 1999). Both sAC-like and tmAC-like AC enzymes are found throughout the
animal kingdom, but mammalian sAC is most similar to ACs found in cyanobacteria (Buck,
Sinclair, Schapal, Cann, & Levin, 1999; Kleinboelting, van den Heuvel, & Steegborn, 2014).
Because modern day cyanobacteria appear to be indistinguishable from the oldest known
forms of life in the fossil record, we speculate SAC represents the evolutionarily ancient
source of CAMP in mammalian cells (Cann, Hammer, Zhou, & Kanacher, 2003; Hall et al.,
2010; Topal et al., 2012).

Unlike the G protein regulated tmACs, sAC is directly regulated by bicarbonate anions
(HCO3) (Chen et al., 2000; Kleinboelting, van denHeuvel, & Steegborn, 2014). Due to the

ubiquitous presence of carbonic anhydrases (CA), which catalyze the instantaneous
equilibration of carbon dioxide (CO,), bicarbonate (HCO5), and protons, mammalian SAC

and its HCO3 -regulated orthologs serve as Nature’s physiological CO,/HCO5 /pH; sensors

(Reviewed in (Blackstone, 2014; Buck & Levin, 2011; Chang & Oude-Elferink, 2014; Levin
& Buck, 2015; Tresguerres, 2014; Tresguerres, Barott, Barron, & Roa, 2014; Tresguerres,

Buck, & Levin, 2010)). In mammalian cells, via HCOj regulation of sSAC, CO,/HCO5 /pH;

act as signals regulating sperm activation and motility (Hess et al., 2005); intraocular
pressure in the eye (Lee et al., 2011); ciliary beat frequency in airway (Chen et al., 2014;
Schmid et al., 2007); luminal pH in the epididymis (Pastor-Soler et al., 2003) and most
likely in the kidney (Paunescu et al., 2008; Paunescu et al., 2010); the mitochondrial electron
transport chain (Acin-Perez et al., 2009); activity dependent feeding of neurons in the brain
(Choi et al., 2012); and glucose stimulated insulin release from B cells of the pancreas (Holz,
Leech, & Chepurny, 2014; Zippin et al., 2013).

In addition to bicarbonate regulation, SAC activity is directly stimulated by Ca?* (Jaiswal &
Conti, 2003; Kleinboelting et al., 2014; Litvin, Kamenetsky, Zarifyan, Buck, & Levin,
2003), and it is sensitive to physiological relevant fluctuations in substrate ATP (Litvin,
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Kamenetsky, Zarifyan, Buck, & Levin, 2003; Zippin et al., 2013). Thus, while tmACs
respond to signals originating in other cells (i.e., hormones and neuro-transmitters acting via
GPCRs), sAC functions as an environmental sensor and an integrator of intracellular signals
(HCO~, ATP, or Ca2*)(Chen et al., 2000; Kleinboelting et al., 2014; Litvin, Kamenetsky,
Zarifyan, Buck, & Levin, 2003; Steegborn, Litvin, Levin, Buck, & Wu, 2005; Zippin et al.,
2013).

2.1. Overall sAC architecture

The catalytic cores of SAC and tmACs are homologous and share many common features
with respect to structure and catalysis. Both types of enzymes are comprised of two
homologous and structurally similar Class Il catalytic domains, which dimerize in a head-
to-tail fashion to form the pseudo-symmetric Class Il catalytic core. Most mammalian
genomes have a single SAC locus (ADCY10) with alternative splicing generating a number
of SAC isoforms (Levin & Buck, 2015). When initially cloned, two active SAC cDNAs were
identified (Buck, Sinclair, Schapal, Cann, & Levin, 1999); the longer cDNA encoded an
isoform considered to be full-length (SACfl) while a second cDNA encoded a ‘truncated’
isoform (sACt) (Buck, Sinclair, Schapal, Cann, & Levin, 1999; Jaiswal & Conti, 2001),
which corresponds to the protein originally purified from rat testis (Buck, Sinclair, & Levin,
2002; Buck, Sinclair, Schapal, Cann, & Levin, 1999). The sACt isoform comprises the two
catalytic domains (C1 and C2), which reside in the ~470 N-terminal residues (Fig. 1A).
SACt is sufficient for cAMP formation and the regulatory effects of ATP, calcium and
bicarbonate (Steegborn, 2014).

The specific activity of SACt is at least ten times higher than the longer sACfl isoform
(~1600 residues), due to inclusion of an autoinhibitory regulatory domain in sACfl
(Chaloupka, Bullock, lourgenko, Levin, & Buck, 2006). The autoinhibitory motif is
immediately C-terminal to the C2 catalytic domain (Chaloupka, Bullock, lourgenko, Levin,
& Buck, 2006). It might be part of a larger NTPase domain arrangement, which was
postulated based on weak sequence similarities to so-called “Signal Transduction ATPases
with Numerous Domains” (STAND) proteins (Danot, Marquenet, Vidal-Ingigliardi, &
Richet, 2009). In STAND proteins, an intrinsic NTPase activity controls signaling activity
through conformational changes in linker and/or effector domains; examples include the
bacterial transcription factor MalT and the apoptosis regulator Apaf-1, whose activating
oligomerizations are controlled by ATP.

The region of SACfl which is C terminal to the catalytic domains (SAC-CTR) also features
three putative tetratricopeptide repeat (TPR) motifs (Middelhaufe, Leipelt, Levin, Buck, &
Steegborn, 2012), which can serve as effector domains in STAND proteins. But STAND-
related sAC regulation has yet to be demonstrated experimentally. The only experimentally
characterized SAC-CTR domain besides the autoinhibitory module is a heme binding
domain (SAC-HD; Fig. 1A) (Middelhaufe, Leipelt, Levin, Buck, & Steegborn, 2012). sAC-
HD shows no significant sequence similarity to the NO-recognizing heme domain of the
related Class I11 enzyme soluble guanylyl cyclase (sGC) or to any other known heme
proteins (Middelhaufe, Leipelt, Levin, Buck, & Steegborn, 2012). sAC-HD can bind the
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gaseous signaling molecules NO and CO, but physiological relevance and function of the
heme ligand remain to be clari-fied (Steegborn, 2014).

Both sACt and sACTl protein isoforms are expressed in testis (Hess et al., 2005). Molecular
cloning and directed PCR experiments identified additional alternatively spliced SAC
isoforms from the ADCY 10 locus (Geng et al., 2005; Jaiswal & Conti, 2001; Middelhaufe,
Leipelt, Levin, Buck, & Steegborn, 2012; Schmid et al., 2007). Reverse-transcription PCR
(RT-PCR) reveals that exons are differentially expressed; e.g., while exons encoding the C
terminus of SACfl are found to be widely expressed (Geng et al., 2005), exons encoding the
Heme binding domain appear to be only expressed in testis and skeletal muscle
(Middelhaufe, Leipelt, Levin, Buck, & Steegborn, 2012). In addition, molecular cloning
(Geng et al., 2005; Schmid et al., 2007), 5'"RACE (Farrell et al., 2008), and the recent
mapping of the human proteome (www.proteomicsdb.org) revealed the existence of an
alternate SAC promoter generating SAC isoforms missing the first of the two catalytic
domains (i.e., SAC-C2 isoforms). cDNAs encoding sAC-C2 isoforms have been cloned from
kidney, small intestine (Geng et al., 2005) and bronchial epithelial cells (Schmid et al.,
2007), and proteins containing this unique N-terminus are specifically targeted to cilia in
bronchial epithelial cells. However, cyclase activity from these SAC-C2 only isoforms has
yet to be characterized, and a deeper understanding of SAC isoform expression and function
awaits further studies.

2.2. sAC catalytic core structure and regulation

Crystal structures for human sAC catalytic core (hsAC-cat) alone and complexed with a
range of ligands (Kleinboelting et al., 2014), as well as prokaryotic SAC-like enzymes in the
presence and absence of modulating compounds (Steegborn et al., 2005; Steegborn, Litvin,
Levin, Buck, & Wu, 2005; Topal et al., 2012) have added to our understanding of Class IlI
nucleotidyl cyclase features. In particular, these structures reveal nucleotidyl cyclase
catalytic mechanism, as well as insights into how sAC is modulated by physiological and
pharmacological regulators. The structurally characterized human sAC N-terminus
comprises residues 1-469 (Fig. 1B). An N-terminal tail forms a helical subdomain with the
~68 residue linker between C1 (residues 34-219) and C2 (residues 288-463) (Kleinboelting
etal., 2014). The catalytic domains both feature the generic Class I1l fold with a central
seven-stranded p-sheet shielded from solvent by three helices and dimerize into the typical,
pseudo-heterodimeric Class 11 AC catalytic core (Fig. 1B) (see (Kleinboelting et al., 2014;
Sinha & Sprang, 2006; Steegborn, 2014)). A detailed structure-based comparison of SAC
and sAC homologs with tmACs revealed only small differences in overall structure
(Kleinboelting, van den Heuvel, & Steegborn, 2014; Steegborn, 2014), with specific
differences contributing to the unique regulatory properties of SAC versus tmACs.

The tmACs are prototypically regulated by heterotrimeric G proteins. The activities of most,
if not all, tmAC isoforms are stimulated by the GTP-bound alpha subunit of stimulatory G
proteins (Gsa.), and there is isoform specific regulation by the alpha subunit of the inhibitory
class of G proteins (Gia) as well as by the G protein beta gamma (G+y) subunits (Dessauer
etal., 2017). Thus far, all published (Buck, Sinclair, Schapal, Cann, & Levin, 1999) and
unpublished (LRL & JB, unpublished observations) tests exploring G protein regulation of
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SAC have been negative. A single report showing that the SAC inhibitor KH7 blocked
signaling by mitochondrial G Protein coupled cannabinoid receptors postulated G protein
regulation of SAC; however, the data can also be explained by indirect regulation of SAC
(Hebert-Chatelain et al., 2016). For tmAC activation, the effector region of GTP-bound Gsa
subunit (i.e., the switch I1 helix) inserts into the groove formed by a2’ and the a3’-p4’
loop of the tmAC C2 domain (Tesmer et al., 1999). In SAC, shortened loops between C2
domain al” and a2’ aswell as a3’ and 3" seem to preclude Gsa interaction. Similarly,
Gali binds and inhibits tmACs by interacting with the analogous cleft of the tmAC C1
domain, i.e., between the al/a2 loop and a.3/B4 loop (Dessauer, Tesmer, Sprang, & Gilman,
1998). These regions are also significantly different in SAC, in particular the al/a2 loop is 8
residues longer (Kleinboelting et al., 2014). And importantly, the critical tmAC residues for
interacting with Ga.i, which are conserved among Gi-inhibited tmACs, are not conserved in
SAC. Finally, two regions have been implicated in G-y regulation of tmACs; the extended
loop between 3" and a3” in the tmAC isoform Il C2 domain (Brand, Sadana, Malik,
Smrcka, & Dessauer, 2015) and/or a region within the C1b region outside of the conserved
catalytic core (Brand, Sadana, Malik, Smrcka, & Dessauer, 2015). Both regions are missing
in sSAC. Thus, all known molecular determinants of heterotrimeric G protein regulation of
tmACs are missing in SAC. Another difference between SAC and tmACs is a four-residue
insertion in the C2 p2—B3 loop of SAC, which contributes to binding of the physiological
SAC activator bicarbonate and to SAC’s insensitivity to the pharmacological tmAC activator
forskolin (see below) (Kleinboelting et al., 2014; Steegborn, 2014).

2.2.1. Active site, regulation by Ca?* and ATP levels—ACs synthesize cCAMP by
catalyzing formation of a phosphoesterbond between ATP’s a.-phosphate group and the 3’
hydroxyl group of its ribose moiety. The active site of SAC, as in tmACs, is located at the
pseudo-dimer interface and comprises residues from C1 and C2, including a set of
catalytically essential residues conserved between all Class 111 ACs. Conservation of these
residues and of the overall structure as well as all available biochemical data indicate that
SAC and tmACs act via the same two-ion mechanism involving a pseudo-binuclear
nucleophilic substitution (Sn2) at the a-phosphate. Two divalent cations,ionA and ion B, are
bound between the two Asp residues (Asp47 and Asp99) conserved in all Class 111 ACs
(Sinha & Sprang, 2006; Steegborn, 2014). Both sites are normally occupied by Mg?*, but
the sAC ion B site can also be occupied with Ca?* (Kleinboelting et al., 2014; Steegborn,
Litvin, Levin, Buck, & Wu, 2005). lon B is coordinated by the ATP p- and -y-phosphates,
and replacing Mg2* with Ca2* in this site provides them with a stronger interaction partner.
Ca?* thereby increases the substrate affinity of SAC ~10-fold (reflected by a lowering of the
Km from 10 mM to 1 mM), leading to increased SAC activity at physiological ATP
concentrations (Kleinboelting et al., 2014; Litvin, Kamenetsky, Zarifyan, Buck, & Levin,
2003; Steegborn, 2014; Steegborn, Litvin, Levin, Buck, & Wu, 2005). This activation
mechanism has only been observed for SAC-like AC, while tmAC inhibition by Ca2* or
activation by Ca2*/calmodulin are based on other mechanisms and metal binding sites
(Dessauer et al., 2017).

Even in the presence of both Ca2* and Mg2*, SAC has a 20-50 fold higher Km for its
substrate ATP (Litvin, Kamenetsky, Zarifyan, Buck, & Levin, 2003) than most other ATP
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utilizing enzymes including all other known mammalian ACs (i.e., the tmACs) (Kamenetsky
et al., 2006; Steegborn, 2014). Due to this elevated Km, sAC is not saturated with substrate
at physiological ATP concentrations and its activity will thus vary with ATP fluctuations.
This ATP-sensor feature of SAC seems physiologically relevant in glucose-sensing p cells of
the pancreas, where SAC activity appears to be regulated by glucose-dependent fluctuations
in ATP (Zippin et al., 2013). In Class I1l ACs, the ATP ribose moiety is accommodated in a
mainly hydrophobic pocket and forms a polar contact with its ring oxygen to a conserved
residue, Asn412 in sAC. In addition, this oxygen interacts with a Ser conserved in tmACs
(Ser1028* in tmAC2-C,). In contrast, SAC enzymes have a conservedAla at this position
(Ala415*), which prevents this additional polar interaction and contributes to SAC’s reduced
ATP affinity in absence of Ca2* (Kleinboelting et al., 2014; Litvin, Kamenetsky, Zarifyan,
Buck, & Levin, 2003; Steegborn, Litvin, Levin, Buck, & Wu, 2005). Furthermore, SAC’s
affinity for ATP may be relatively low because it must undergo a substrate-induced
rearrangement. In the apo state, the SAC active site assumes a unique, non-productive
conformation. A salt bridge between Arg176 and one of the ion-coordinating residues,
Asp99, causes the Asp99-harboring loop to overlap with the ion sites (Kleinboelting et al.,
2014). During substrate (ATP/Mg?*) binding, shifts of Arg176 and Asp99 and additional,
small rearrangements release the salt bridge and enable ion site formation (Kleinboelting et
al., 2014). The energy required for these SAC adjustments is likely provided by the substrate
binding energy and thus lowers the affinity of this ligand.

Substrate binding places the adenine in a mostly hydrophobic cleft, which features two polar
residues for base recognition. A Lys residue found in all Class 111 ACs, Lys334 in SAC,
recognizes the ring nitrogen 1. It interacts with this base atom in several tmAC/nucleotide
analog complexes and its role has been confirmed by mutagenesis in tmACs, mammalian
SAC, and bacterial AC. Interestingly, it forms only a water-mediated interaction with the
base in the available hsAC-cat complexes with substrate analogs or even unmodified ATP
(Kleinboelting et al., 2014) and was suggested to form only upon transition state formation
(Kleinboelting et al., 2014; Kleinboelting, van den Heuvel, & Steegborn, 2014; Steegborn,
2014). Interestingly, the direct Lys/base interaction was also not formed in a tmAC/ATP
complex crystal structure in a Ca*-inhibited state (Mou, Masada, Cooper, & Sprang, 2009),
supporting the model that this interaction requires catalytic active site rearrangements. A
major difference to tmACs in SAC’s adenine binding pocket is the replacement of the second
adenine-recognizing residue, an Asp in tmACs, with a functionally equivalent Thr. Since Thr
can act as H-bond donor and acceptor, in contrast to the tmAC Asp, this replacement could
explain sAC’s slightly lower selectivity for ATP over GTP (Kleinboelting, van den Heuvel,
& Steegborn, 2014).

2.2.2. Bicarbonate activation—A sAC complex structure with bicarbonate shows that
the activator binds between Lys95 and Arg176 (Fig. 1C) (Kleinboelting et al., 2014). In
mammalian ACs, C1 and C2 are homologous, but because C1 and C2 provide different
essential catalytic residues, the pseudo-symmetric site (i.e., the site formed at the dimer
interface opposite to the active site) in SAC and tmACs lacks essential catalytic residues and
is inactive. This pseudo-symmetric site in tmACs binds the non-physiological activator,
forskolin (Tesmer, Sunahara, Gilman, & Sprang, 1997). In sAC, the pseudo-symmetric site
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is tightened through an insertion of four residues in the p2/3* loop and the side chain of the
SAC-specific Argl76 (replaced by Ala in tmACs). Due to this insertion, which is conserved
among sAC orthologs, the pseudo-symmetric regulatory site is too small to accommodate
forskolin. However, it is optimized for accommaodation of the small, physiological SAC
activator bicarbonate. In the presence of bicarbonate, Arg176 is oriented towards this
bicarbonate binding site (BBS) and interacts with the activator. The Arg176 orientation is
flipped in apo SAC, where it adopts an inhibitory interaction with Asp99 (Kleinboelting et
al., 2014). The bicarbonate-induced rearrangement releases Asp99 and allows for ion site
formation and substrate binding (see above). Arg176 is thus assumed to act as a trigger
connecting active and regulatory sites, and its reorientation upon bicarbonate binding allows
the active site to assume its active conformation (Kleinboelting et al., 2014; Steegborn,
2014). Bicarbonate binding induces some additional, smaller active site rearrangements,
many of them also resembling the changes observed upon complex formation with substrate
(Kleinboelting et al., 2014; Steegborn, 2014). Kinetically, bicarbonate was shown to mainly
affect ket rather than Ky, (Litvin,Kamenetsky, Zarifyan, Buck, & Levin, 2003), which is
consistent with the model that substrate binding coincides with substrate distortion towards
the transition state (Steegborn, 2014).

3. Pharmacological inhibitors (Table 1)

3.1. P site ligands preferably inhibit tmACs

The search for SAC modulating reagents began by exploring whether known inhibitors of
tmACs were efficacious against SAC. Adenosine and adenine analogs were among the first
identified inhibitors of G protein regulated tmAC activity (Johnson, Yeung, Stubner,
Bushfield, & Shoshani, 1989). Because inhibition appeared to be non- or uncompetitive with
the substrate ATP, they were initially postulated to inhibit via an undefined P-site inhibitory
region. However, crystallographic studies revealed that these inhibitors in fact bind to the
nucleotide binding site of the catalytic center, either by themselves or together with the pyro-
phosphate product of the cyclization reaction (Tesmer et al., 2000).

They inhibit tmACs by trapping the enzyme in a product complex-like state. Given SAC’s
lower affinity for its nucleotide substrate (ATP), it is not surprising that P site inhibitors
exhibit reduced affinity for SAC relative to tmACs (Bitterman, Ramos-Espiritu, Diaz, Levin,
& Buck, 2013; Gille et al., 2004; Stessin et al., 2006; Wu et al., 2006). In particular, the cell
permeable P-site inhibitor 25’ -dideoxyadenosine (ddAdo) does not inhibit SAC activity in
cellular systems when used at concentrations up to 100 puM (Bitterman, Ramos-Espiritu,
Diaz, Levin, & Buck, 2013). Because P site inhibitors show low tmAC isoform selectivity
(Dessauer et al., 2017; Dessauer, Tesmer, Sprang, & Gilman, 1999) they are useful as broad
specificity tmAC inhibitors. In fact, ddAdo effectively inhibits cellular tmAC activity at
concentrations between 1 and 50 uM; thus, ddAdo selectively inhibits tmAC-dependent
signaling (Ramos, Zippin, Kamenetsky, Buck, & Levin, 2008; Stessin et al., 2006; Wu et al.,
2006).
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3.2. Catechol derivatives of estrogen inhibit sAC and tmACs

3.3. KH7

Catechol derivatives of estrogen (CEs) are naturally produced steroid metabolites. Both 2-
Hydroxyestradiol (2-HE) and 4-Hydroxyestradiol (4-HE) were fortuitously discovered to
diminish cAMP production in testis extracts enriched for SAC activity (Braun, 1990).
Following the cloning and heterologous expression of SAC, in vitro studies confirmed that
CEs inhibit purified mammalian and bacterial SAC proteins with affinities in the low uM
range (Steegborn et al., 2005). CE inhibition is noncompetitive with substrate, and crystal
structures of CEs with a cyanobacterial SAC ortholog reveal that CEs bind to a partially
conserved hydrophobic cleft and chelate essential metal cofactors (Pastor-Soler et al., 2003;
Steegborn et al., 2005). Although they had >10-fold lower affinities than they had for SAC,
CEs also inhibited the in vitro activities of membrane preparations enriched with tmACs
types I, Il and V. Thus, CEs appear to be general inhibitors of AC activity in vitro. However,
in cellular systems, CEs proved to selectively inhibit SAC. Cellular sAC activity is inhibited
with an ICsgq just slightly above 10 uM while concentrations in excess of 100 UM are
required to observe inhibition of tmACs (Bitterman, Ramos-Espiritu, Diaz, Levin, & Buck,
2013). While CEs do not appreciably regulate estrogen receptors, they exhibit non-genomic
effects (Hill, Gebre, Schlicker, Jordan, & Necessary, 2010; Samartzis, Imesch, Twiehaus,
Dubey, & Leeners, 2016). These effects are mimicked by the metabolite methoxyestradiol
which is inert towards sSAC (Steegborn et al., 2005), suggesting CEs modulate additional
cellular targets. In early studies of SAC physiology, CEs were the only available SAC
selective inhibitors, and CEs were successfully used to identify SAC as a modulator of
vacuolar H* ATPase translocations in response to extracellular pH (Pastor-Soler et al.,
2003). CEs remain useful for probing sAC functions, especially to confirm functions
identified genetically or using other sAC inhibitors (Di Benedetto, Scalzotto, Mongillo, &
Pozzan, 2013; Tresguerres et al., 2010; Wang et al., 2016; Wu et al., 2006).

To identify selective SAC inhibitors, we performed a small molecule high throughput screen
and identified the SAC specific inhibitor, KH7 (Hess et al., 2005). KH7 was shown to be
noncompetitive with substrate Mg2*-ATP (Hess et al., 2005), but its binding site has
remained uncharacterized. KH7 is cell permeable; both its ICsq in cellular systems and its in
vitro ICsq on purified sAC protein is low pM (Bitterman, Ramos-Espiritu, Diaz, Levin, &
Buck, 2013). KH7 has no detectable activity versus tmACs (Bitterman, Ramos-Espiritu,
Diaz, Levin, & Buck, 2013; Ramos, Zippin, Kamenetsky, Buck, & Levin, 2008; Stessin et
al., 2006; Wu et al., 2006), and it inhibits SAC in tissues and animals (Choi et al., 2012; Lee
et al., 2011; Schmid et al., 2007; Tresguerres et al., 2010; Tresguerres, Levin, Buck, &
Grosell, 2010; Zippin et al., 2013). Thus, KH7 quickly became the most widely used
pharmacological tool for elucidating SAC functions, and it, along with our defined
methodology for using ddAdo to selectively inhibit tmACs (Bitterman, Ramos-Espiritu,
Diaz, Levin, & Buck, 2013), has been widely used by numerous laboratories to identify
cAMP signaling functions mediated by SAC (Table 3).

As with most pharmacological tools, KH7 is imperfect. As mentioned above, its binding site
remains uncharacterized because it has resisted crystallographic characterization, and use of
KH7 is limited by an off-target uncoupling effect (Di Benedetto, Scalzotto, Mongillo, &
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Pozzan, 2013; Ramos-Espiritu, Kleinboelting, et al., 2016; Tengholm, 2012) which can
cause SAC independent cellular toxicity (Ramos-Espiritu, Kleinboelting, et al., 2016). For
these reasons, KH7 use should be restricted to short term assays.

3.4. DIDS - 4,4’ diisothiocyanatostilbene- 2,2’ — disulfonic acid

DIDS is an inhibitor of bicarbonate transporters (Boron, 2001) and while it was shown to
inhibit cAMP accumulation in sperm (Visconti, Muschietti, Flawia, & Tezon, 1990), it was
unclear if that reflected a direct effect on SAC or a block of bicarbonate import. We found
DIDS can directly inhibit SAC activity (Kleinboelting et al., 2014). DIDS inhibition of SAC
is competitive with bicarbonate, and co-crystals of DIDS with human sAC show it inhibits
SAC activity by interfering with the active site and by blocking bicarbonate access. Due to
its limited sAC potency and inhibitory effect on bicarbonate transporters, its use to study
specific functions of sAC is limited.

3.5. ASI-8

Fragment screening identified the SAC inhibitor ASI-8 formally known as (4-
Aminofurazan-3-yl)-[3-(1H-benzoimidazol-2-ylmethoxy)phenyl]methanone (Saalau-Bethell
et al., 2014). The crystal structure of a hsAC-cat/ASI-8 complex reveals that this inhibitor
occupies the binding sites for bicarbonate and ATP (Saalau-Bethell et al., 2014). It was
reported to inhibit SAC in vitro activity with an 1Csq 0f0.4 pM, but its selectivity for SAC
relative to tmACs and efficacy in cellular systems were not reported.

3.6. Bithionol

Over forty years ago, the bisphenol hexachlorophene was identi-fied as an inhibitor of
mammalian adenylyl cyclase activity (Mavier, Stengel, & Hanoune, 1976), and we showed
recently that it specifically inhibits SAC (Kleinboelting et al., 2016). Both hexachlorophene
and the related bisphenol bithionol inhibit SAC by binding to the bicarbonate binding site of
the enzyme. In addition to inhibiting bicarbonate-dependent SAC activity via binding to the
allosteric bicarbonate regulatory site, bithionol binding induces a rearrangement of the
substrate binding residues which affects SAC affinity for ATP. Therefore, these compounds
also inhibit SAC activity measured in the absence of bicarbonate. Bithionol and
hexachlorophene affect several targets and have pleiotropic effects in cellular systems
(Kleinboelting et al., 2016) and thus appear not suitable for probing cellular sAC functions.

3.7. LRE1l

Following the success of KH7, we employed a second small molecule screen to identify a
new generation of SAC-specific inhibitors with improved pharmacological profile. We
screened a more extensive small molecule library using a novel mass spectrometry-based
cyclase assay (Ramos-Espiritu, Kleinboelting, et al., 2016). This screen identified LRE1. A
hsAC-cat/LRE1 complex structure revealed that the inhibitor binds to SAC’s allosteric
regulatory bicarbonate binding site (Fig. 1C), similar to bithionol, and its binding was
competitive with bicarbonate (Ramos-Espiritu, Kleinboelting, et al., 2016). Even though
LRE1 inhibition was non-competitive with substrate binding, it inhibited basal SAC activity
(i.e., measured in the absence of bicarbonate). LRE1 inhibits basal SAC activity via a novel
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allosteric mechanism; it alters the conformation of the active site and disturbs the proper
arrangement of the bound ATP for turnover. Similar to KH7, LREL is selective for SAC
relative to tmACs (Ramos-Espiritu, Kleinboelting, et al., 2016) and it is efficacious in both
cellular systems and in animals (Gandhi et al., 2017). In particular, LRE1 was confirmed to
block sAC-specific functions in sperm, mitochondria (Ramos-Espiritu, Kleinboelting, et al.,
2016), and the eye (Gandhi et al., 2017). LRE1 does not have the non-sAC mediated
mitochondrial uncoupling effect observed with KH7, and it is non-toxic to a variety of cell
types for at least 48 h (Ramos-Espiritu, Kleinboelting, et al., 2016). Thus, LRE1 is the
preferred SAC specific inhibitor to use for mitochondrial studies and for long-term cellular
assays and animal studies.

4. Activators

Our understanding of cyclic nucleotide biology has been propelled by the availability of
pharmacological activators of tmACs and guanylyl cyclases. In contrast, there are not good
ways to pharmacologically stimulate SAC activity in cells. The plant diterpene, forskolin,
binds to the allosteric regulatory site in tmACs to directly stimulate their activity
independent of hormonal regulation (Tesmer et al., 1999). sAC is insensitive to forskolin
(Buck, Sinclair, Schapal, Cann, & Levin, 1999; Forte, Bylund, & Zahler, 1983) because of
its smaller regulator binding site (Kleinboelting et al., 2014). Many of the physiological
processes ascribed to cCAMP have been revealed, or confirmed, through the use of forskolin,
and because sAC is insensitive to forskolin, these processes are thought to be controlled by
tmAC-generated cCAMP. However, conclusions from studies using forskolin need to be
interpreted with caution. Forskolin is an extremely potent activator of tmACs that elevates
intracellular cAMP levels to supraphysiological levels. And from the earliest demonstrations
that cAMP signaling is spatially restricted, which used micro-injected FRET-based cCAMP
sensors (Bacskai et al., 1993), forskolin was shown to overwhelm the mechanisms ensuring
compartmentalization. Thus, even though forskolin does not stimulate SAC, forskolin could
result in elevation of second messenger in SAC-controlled cAMP microdomains. In addition
to this lack of selectivity for modulating second messenger production in tmAC-defined
microdo-mains, the ability of forskolin to induce supraphysiological levels of cAMP mimics
the disease-causing mechanism employed by multiple human pathogens (McDonough &
Rodriguez, 2011). Similar to forskolin, cholera toxin from Vibrio cholorae and pertussis
toxin from Bordetella pertussis constitutively stimulate host adenylyl cyclase activity. Other
bacterial pathogens (i.e., Bacilus anthracis, Pseudomonas aeruginosa, and Yersinia pestis)
cause disease by directly injecting a bacterially encoded AC (Gancedo, 2013). Thus, like
forskolin, these pathogen-induced stimulators of cCAMP result in simultaneous activation of
multiple intracellular cAMP signaling microdomains which may actually contribute to their
pathogenicity.

Our understanding of cGMP signaling, specifically signaling via the nitric oxide-regulated
soluble guanylyl cyclase (sGC), has greatly benefited from two sGC-specific
pharmacological activators, YC-1 and BAY 41-8543 (Ramos-Espiritu, Hess, Buck, & Levin,
2011). We tested their efficacy towards SAC. While BAY 41-8543 was inert towards sAC,
YC-1 had a complicated relationship with SAC generated cAMP (Ramos-Espiritu, Hess,
Buck, & Levin, 2011). Treating cells with YC-1 elevated specifically SAC-generated cCAMP,
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but because there was no evidence YC-1 directly stimulated sAC, its use for probing
functions of SAC generated cAMP would be suspect.

The absence of pharmacological activators of SAC is exacerbated by the problems inherent
in manipulating the known physiological modulators of SAC. As described above, SAC

activity is directly regulated by three intracellular signals (HCO;, ATP, and Ca?*) (Chen et
al., 2000; Jaiswal & Conti, 2003; Kleinboelting et al., 2014; Litvin, Kamenetsky, Zarifyan,
Buck, & Levin, 2003), but none can be experimentally manipulated without pleiotropic
effects. (1) Varying intracellular HCOj is accompanied by changes in CO; or pHi. (2)

Intracellular ATP (and HCO3) levels are carefully controlled by the cell, which makes

manipulating their levels in cellular systems difficult. And (3) altering Ca2* levels has broad,
pleiotropic effects. Thus, our understanding of SAC and cAMP biology remain hindered by
the absence of pharmacological mechanisms for experimentally stimulating sAC activity
inside cells.

5. Physiological roles of sAC identified using sAC inhibitors

SAC has been shown to play a role in a number of physiological processes (Buffone,
Wertheimer, Visconti, & Krapf, 2014; Chang, Beuers, & Oude Elferink, 2017; Desman,
Waintraub, & Zippin, 2014; Ladilov & Appukuttan, 2014; Lee, Marmorstein, &
Marmorstein, 2014; Levin & Buck, 2015; Muller, 2016; Schmid, Meili, & Salathe, 2014;
Shim, Kim, & Ju, 2017; Stiles, Kapiloff, & Goldberg, 2014; Valsecchi, Konrad, & Manfredi,
2014). A number of SAC’s physiological roles have been identified genetically, via
phenotypes observed in genetically engineered mice (Table 2). There are two independently
derived sAC knockout (KO) mouse strains; SAC-C1 KO which removes three exons
encoding most of the first catalytic domain (Esposito et al., 2004; Hess et al., 2005), and
SAC-C2 KO which removes three exons encoding the second catalytic domain (Chen,
Martinez, Milner, Buck, & Levin, 2013). A third genetically altered strain harbors loxP sites
surrounding the C2 encoding exons for generating tissue-specific SAC KO mice (Watson et
al., 2015). Pharmacological inhibitors have also been used to suggest functions for SAC
(Table 3). Many pharmacologically identified functions have been confirmed genetically;
either the SAC KO or knockdown recapitulates the phenotype observed in the presence of a
SsAC pharmacological inhibitor, and/or the effects of the inhibitor are not observed in cells,
tissue, or animals where sAC is knocked out. In this review, we focus on the pharmacologic
and genetic evidence supporting the various confirmed functions for SAC, and we highlight
SAC functions where modulators targeting SAC have potential therapeutic applications.

As mentioned above, sAC functions as a physiological CO,/HCO5/pH chemosensor (Buck

& Levin, 2011; Chang & Oude-Elferink, 2014; Levin & Buck, 2015; Rahman, Buck, &
Levin, 2013; Tresguerres, Buck, & Levin, 2010), and its activity is also regulated by calcium
(Jaiswal & Conti, 2003; Litvin, Kamenetsky, Zarifyan, Buck, & Levin, 2003) and
physiologically relevant changes in ATP (Litvin, Kamenetsky, Zarifyan, Buck, & Levin,
2003; Zippin et al., 2013). sAC is also likely to be subject to additional allosteric forms of
regulation via its autoinhibitory domain and/or its presumptive interaction domains in the C
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terminal region (SAC-CTR). These uncharacterized regulatory domains appear to be
differentially included (or excluded) in alternatively spliced isoforms of SAC. However,
because all known inhibitors block SAC’s catalytic center, and all genetic experiments
performed thus far have deleted sAC’s catalytic domains (Table 2), the identified functions
apply to all catalytically active forms of SAC and do not distinguish among the various
spliced forms.

A number of the functions ascribed to sAC (i.e., those associated with specific organelles
such as mitochondria and lysosomes) have been demonstrated in multiple cellular contexts
and appear to define widely distributed, cellular functions. Other functions are unique to
specific cells or tissues.

5.1. General, cellular functions

5.1.1. Mitochondrial matrix—sAC was found to reside inside the mitochondrial matrix
where it de-fines a cAMP microdomain which couples activity of the Krebs cycle with flux
through the electron transport chain and ATP generation (Di Benedetto, Gerbino, &
Lefkimmiatis, 2017; Lefkimmiatis, 2014; Lefkimmiatis & Zaccolo, 2014; Valsecchi,
Konrad, & Manfredi, 2014; Valsecchi, Ramos-Espiritu, Buck, Levin, & Manfredi, 2013).
The Krebs cycle produces the electrons which feed the electron transport chain to create the
electrochemical gradient which drives ATP production. The Krebs cycle also produces CO»
as a by-product. SAC senses the CO, generated (after nearly instantaneous equilibration into
bicarbonate via mitochondrial carbonic anhydrases) and regulates the activity of enzymes in
the electron transport chain so their activities matches the output of the Krebs cycle. SAC
localization inside the matrix and SAC-dependent regulation of the electron transport chain
were first demonstrated by inhibition of SAC using KH7, and confirmed using RNAI-
mediated knockdown (Acin-Perez, Salazar, Brosel, et al., 2009). This intramitochondrial
SAC-cAMP signaling cascade was subsequently demonstrated using two independently
developed FRET-based cAMP sensors (Di Benedetto, Scalzotto, Mongillo, & Pozzan, 2013;
Lefkimmiatis, Leronni, & Hofer, 2013), and the sSAC-dependent regulation of oxidative
phosphorylation was confirmed using catechol estrogens (Di Benedetto, Scalzotto,
Mongillo, & Pozzan, 2013) as well as in SAC knockout (KO) cell lines (Ramos-Espiritu,
Kleinboelting, et al., 2016; Valsecchi et al., 2017). Exactly how sAC-derived cCAMP
regulates oxidative phosphorylation remains under investigation. One consequence of
intramitochondrial SAC derived cCAMP is phosphorylation of complex IV of the electron
transport chain (Acin-Perez, Salazar, Brosel, et al., 2009) and sAC-dependent regulation of
complex IV activity was confirmed using LRE1 (Ramos-Espiritu, Kleinboelting, et al.,
2016) and sAC KO cell lines (Ramos-Espiritu, Kleinboelting, et al., 2016; Valsecchi et al.,
2017). However, whether this phosphorylation is mediated by the cCAMP effector, Protein
Kinase A (PKA), remains questionable (Di Benedetto, Gerbino, & Lefkimmiatis, 2017; Di
Benedetto, Scalzotto, Mongillo, & Pozzan, 2013). Other studies have implicated the cAMP
effector, Exchange Protein activated by cAMP (EPAC) as the downstream target of
intramitochondrial SAC-generated cCAMP (Fazal et al., 2017; Lezoualc’h, Fazal, Laudette, &
Conte, 2016; Wang et al., 2016).
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5.1.2. Lysosomal pH—Lysosomal enzymes, which degrade proteins, lipids, and
polysaccha-rides, are optimally active in an acidic environment; thus, in the majority of
cells, the pH of the lysosomal lumen is maintained around 4.7 (Pillay, Elliott, & Dennison,
2002). In immortalized mouse fibroblasts, primary mouse neurons, and human liver cell
lines, inhibition of SAC using KH7 resulted in lysosomal acidification defects (Rahman,
Ramos-Espiritu, Milner, Buck, & Levin, 2016). This KH7 induced acidification defect was
accompanied by decreased degradative capacity of the lysosomes and an accumulation of
autophagic vacuoles. The effects of KH7 were genetically confirmed to be SAC-dependent.
Specifically, SAC KO neurons and fibroblasts exhibited a lysosomal acidification defect, and
the effects of KH7 were specific to WT cells; KH7 had no effect in SAC KO cells. As
expected, the lysosomal acidification defects in KH7-treated and SAC KO cells were rescued
by the product of SAC, cAMP.

5.1.3. Apoptosis and cellular growth—Using KH7 along with sAC-specific RNAI
knockdown, Ladilov and coworkers identified SAC as a regulator of stress-induced apoptosis
in coronary endothelial cells (Kumar, Kostin, Flacke, Reusch, & Ladilov, 2009), cardiac
myocytes (Appukuttan et al., 2012), and smooth muscle cells (Appukuttan, Kasseckert,
Kumar, Reusch, & Ladilov, 2013; Kumar et al., 2014). In these cascades, clinically relevant
stresses such as ischemia or acidosis induces translocation of SAC from the cytoplasm to the
mitochondria where sAC generated cAMP activates a local pool of Protein Kinase A (PKA)
and promotes apoptosis via mitochondrial engagement of Bax or other pro-apoptotic Bcl2
family members (Kumar, Kostin, Flacke, Reusch, & Ladilov, 2009).

The role of sAC in supporting cellular growth is complicated and likely has an as yet
undefined cell type specificity (Ladilov & Appukuttan, 2014). In some systems (i.e., skin,
breast), inhibition of SAC promotes tumorigenesis (Onodera, Nam, & Bissell, 2014; Ramos-
Espiritu, Diaz, et al., 2016), while in others (i.e., prostate), the loss of SAC prevents
proliferation (Flacke et al., 2013). Similarly, in cardiac myocytes, inhibition of SAC prevents
hypertrophy in response to a number of different stimuli (Schirmer et al., 2018).

5.2. Cell- or tissue-specific functions

5.2.1. Male fertility—Mammalian sperm must acquire the capacity to fertilize the egg
asthey transit through the reproductive tract in a process known as capacitation
(YYanagimachi, 1994). This process is SAC dependent (Esposito et al., 2004; Hess et al.,
2005). Male sAC KO mice are sterile (Esposito et al., 2004; Hess et al., 2005), and sSAC KO
sperm (Hess et al., 2005; Xie et al., 2006) or WT sperm in the presence of either of two,
molecularly distinct, SAC-specific inhibitors KH7 (Hess et al., 2005) or LRE1 (Ramos-
Espiritu, Kleinboelting, et al., 2016), exhibit motility defects, have reduced ATP levels, do
not capacitate, and fail to fertilize in vitro. Because sAC is absolutely required for male
fertility, SAC inhibitors have been considered as potential male contraceptives. However, the
widespread distribution of SAC, and the likelihood of pleiotropic effects, complicates this
idea.

5.2.2. Intraocular pressure regulation—The anterior portion of the eye is bathed in a
transparent watery solution called aqueous humor (AH). AH is constantly produced by the
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ciliary epithelium, and its pressure, termed the intraocular pressure (I0P), is maintained via
outflow through various drainage tissues including the trabecular meshwork. sAC KO mice
have elevated 0P and systemic treatment of WT mice with either KH7 (Lee &
Marmorstein, 2014) or LRE1 (Gandhi et al., 2017) elevated IOP in WT mice; SAC inhibitors
were inert in SAC KO mice confirming their effects are mediated specifically by inhibiting
SAC. Ocular hypotony is a rare, but potentially blinding condition where 0P falls to
critically low levels. There is currently no effective treatment for hypotony. A safe and
effective SAC inhibitor could define a “first-in-its-class” therapeutic strategy for elevating
IOP to treat hypotony.

Opposite to hypotony, elevated IOP is a predominant risk factor for glaucoma, in which
optic nerve injury leads to vision loss. Many current treatment strategies for glaucoma,
including carbonic anhydrase inhibitors (CAls), work by reducing 10P. CAls function by

altering intracellular concentrations of HCO3, but their mechanism of diminishing IOP has

remained poorly understood (Shahidullah, Al-Malki, & Delamere, 2011). CAl treatment of
fluid-secreting non-pigmented epithelium ciliary body cells transiently increases CAMP
production by bicarbonate-regulated SAC (Shahidullah et al., 2014). Because SAC regulates
IOP (Gandhi et al., 2017; Lee et al., 2011; Lee & Marmorstein, 2014; Lee, Marmorstein, &
Marmorstein, 2014), these data suggest CAl treatment lowers IOP via sAC; i.e., CAls

transiently increase HCO; to stimulate SAC activity in ciliary body cells. These data also

predict that a SAC activator may define a novel means of lowering 0P defining a new
potential therapeutic strategy for treating glaucoma. In both cases, the SAC modulator (i.e.,
an inhibitor to elevate 10P for treating hypotony or a putative activator to diminish 10P for
treating glaucoma) could be administered locally (i.e., in the form of eye drops), which
would diminish any potential for pleiotropic effects due to systemic administration.

5.2.3. Ciliary beat in airway epithelia—In addition to conducting air into the lung
alveoli for gas exchange,the airways are responsible for cleaning the air of dust and
microorganisms. The predominant mechanism for cleaning air is mucocilliary clearance
(MCC), in which mucus secreted by the airway epithelia traps inhaled particles while cilia
beat from distal to proximal to propel the particle-laden mucus out of the airway (Schmid,
Meili, & Salathe, 2014). Both KH7 and CEs were used to demonstrate that SAC, which was
shown to specifically localize to airway cilia (Chen et al., 2014), is responsible for the CO,/

HCOj dependent regulation of ciliary beat frequency (CBF) (Schmid et al., 2007). sAC

dependent regulation of CBF was genetically confirmed in SAC KO mice (Chen et al.,
2014).

5.2.4. Leukocyte migration—During inflammation, leukocytes leave the circulation
and translocate through the endothelium to reach sites of tissue damage. This
transendothelial migration or diapedesis is dependent upon a series of adhesive molecular
interactions including the homophilic interaction of CD99 on both the leukocyte and on the
endothelial cell. KH7 blocks diapedesis, and it was shown using tissue specific SAC
knockout mice that SAC is required for signaling downstream of CD99 specifically in the
endothelial cell (Watson et al., 2015).
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SAC may play additional roles during inflammation. KH7 was used to explore the role of
cAMP in the regulation of the NLRP3-containing inflammasome, a key component leading
to the maturation of pro-in-flammatory cytokine interleukin 1p (IL-1p). Both the calcium
sensing receptor (CASR) and PGE2 were shown to regulate the NLRP3-inflammasome, and
it was thought that both function at least partially by modulating intracellular cAMP
concentrations (Lee et al., 2012; Sokolowska et al., 2015). These groups used KH7 to
support their conclusion of an involvement of G protein dependent regulation of a tmAC. As
detailed above, KH7 is inert against tmACs (Bitterman, Ramos-Espiritu, Diaz, Levin, &
Buck, 2013), which contradicts their conclusions, but raises the interesting possibility that
SsAC may play an as yet undisclosed role in regulation of the NLRP3-inflammasome. These
studies provide a cautionary tale about how it is essential to appreciate the different
specificities of the AC inhibitors described here and in Dessauer et al. (2017). They also
highlight the importance of using complementary sAC-specific and tmAC-selective
inhibitors when exploring the source of cAMP (Bitterman, Ramos-Espiritu, Diaz, Levin, &
Buck, 2013), as exemplified in the elucidation of a role for SAC in neuritogenesis.

5.2.5. Neuritogenesis—Cyclic AMP has long been associated with axonal elongation
(Roisen,Murphy, Pichichero, & Braden, 1972) and guidance (Lohof, Quillan, Dan, & Poo,
1992; Ming et al., 1997) and studies using both sAC-specific and tmAC-selective inhibitors
reveal that different extracellular signals mediate their effects via distinct ACs. As expected,
pituitary AC Activating Peptide (PACAP) signals via a prototypical G protein coupled
receptor — tmAC signaling cascade; axonal outgrowth in neurons and neuritogenesis in PC12
cells in response to PACAP were blocked by selective inhibition of tmACs using ddAdo, and
insensitive to SAC specific inhibition using either KH7, CEs or an siRNA mediated SAC
knockdown (Stessin et al., 2006; Wu et al., 2006). In contrast, axonal outgrowth in response
to the guidance cue Netrin-1 or the neurotrophin BDNF and neuritogenesis in PC12 cells in
response to the neurotrophin NGF were dependent upon SAC-generated cAMP. These
responses were unaffected by tmAC-selective concentrations of ddAdo and were blocked by
KH7 or CEs as well as by sAC-specific RNAi knockdown or in SAC KO neurons (Corredor
etal., 2012; Martinez et al., 2014; Wu et al., 2006). A role for SAC in neuronal
differentiation was genetically con-firmed in retinal ganglion cells (Shaw et al., 2016). From
these studies, a picture emerges where signals inducing axonal outgrowth via GPCRs is
dependent upon tmAC-generated cAMP while neurotrophin- or Netrin-induced outgrowth
requires sAC.

Recent work revealed yet another new aspect to spatial regulation of cCAMP signaling;
GPCRs can also signal via sAC. As mentioned above, there has been a shift away from the
paradigm that GPCRs signal exclusively from the plasma membrane; GPCRs elicit sustained
signals while trafficking in endosomes (Calebiro et al., 2009; Ferrandon et al., 2009). In their
studies of the corticotropin releasing hormone receptorl (CRHR1), Susana Silberstein’s
laboratory found that CRHR1 induced cAMP production via both SAC and tmACs (Inda et
al., 2016). CRHR1-induced cAMP production was inhibited by tmAC-selective
concentrations of ddAdo, and by the sAC—specific inhibitors KH7 or catechol estrogens.
SAC-specific RNAI knockdown also diminished CRHR1 stimulated cAMP. Consistent with
both types of cyclases contributing to the cAMP signal, the effects of ddAdo and KH7 or
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catechol estrogens were additive; thus, because there are no know pan-mammalian cyclase
inhibitors, to effectively turn off cAMP production in mammalian cells, one needs to add
both sAC- and tmAC-specific inhibitors. When they examined the sustained, internalization-
dependent phase of the CAMP response, only KH7 or catechol estrogens blocked cAMP
production; ddAdo was inert. Therefore, sustained cCAMP responses from CRHR1 on
trafficking endosomes is mediated exclusively via SAC, and it is this SAC-dependent cAMP
signaling which is responsible for the neuritogenic effects of CRHR1 (Inda et al., 2017).
Interestingly, CRHR1 is not the only GPCR which seems to induce both tmAC- and sAC-
dependent cAMP signals; 2 adrenergic receptor-dependent short circuit currents in colonic
mucosa cells are inhibited by both KH7 and ddAdo implicating both SAC and tmACs (Halm,
Zhang, & Halm, 2010).

6. Summary

The discovery of bicarbonate-regulated SAC uncovered previously unappreciated roles for
the prototypical second messenger CAMP as the mediator of physiological responses to

CO2/HCO5/pH changes. In addition, the modern recognition that cAMP signaling is

compartmentalized into multiple, independently regulated signaling microdomains revealed
a requirement for an intracellular source of the second messenger. For these reasons, it is
imperative to distinguish between the different types of adenylyl cyclases which synthesize
cAMP in mammalian cells. In this review, we summarize the existing pharmacological tools
to study sAC and to distinguish sAC-defined cCAMP processes from functions mediated
downstream from tmACs. Using these reagents, a number of SAC-dependent processes have
been identified, and there are numerous possibilities where SAC-directed pharmacological
reagents may have therapeutic value.
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KH7 (+/-)-2-(1H-benzimidazol-2-ylthio)propanoic acid 2-[(5-bromo-2-
hydroxyphenyl)methylene]hydrazide

LRE1 6-chloro-N4-cyclopropyl-N4-((thiophen-3-yl)methyl)pyrimidine-2,4-
diamine

CEs Catechol derivatives of estrogen
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Fig. 1.
Structure and pharmacological inhibition of SAC. (A) Domain architecture of SAC. Residue

numbers below the scheme refer to human sAC. (B) Overall structure of the human sAC
catalytic core. C1 is shown in green, C2 in cyan, and linker and N-terminus are colored grey.
Active site and pseudo-symmetric regulatory site and their respective ligands are labeled. (C)
Overlay of the regulatory sites of SAC complexes ith the physiological activator bicarbonate
and the pharmacological inhibitor LREL, respectively. This figure panel was reproduced
from (Ramos-Espiritu, Kleinboelting, et al., 2016).
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Table 2

Functions of SAC inferred from sAC knockout mouse phenotypes.
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Male fertility; specifically, sperm capacitation and hyperactivated motility

Regulation ofIntraocular Pressure
Glucose homeostasis; specifically, insulin response to bolus glucose challenge
Ciliary beat frequency in airway epithelial cells

Transendothelial migration of leukocytes; specifically, SAC is required in endothelial cells
to support leukocytes traversing the endothelial barrier

Retinal ganglion cell growth and differentiation

Malignant progression was enhanced in chemically-induced carcinogenesis in skin in the
absence of SAC

Esposito et al. (2004), Farrell et al. (2008), Hess
etal. (2005), Navarrete et al. (2016), Xie et al.
(2006)

Lee et al. (2011)
Zippin et al. (2013)
Chen et al. (2014)
Watson et al. (2015)

Shaw et al. (2016)
Ramos-Espiritu, Diaz, et al. (2016)
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