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ABSTRACT Mammals have nine differentially regulated
isoforms of G protein-responsive transmembrane-spanning
adenylyl cyclases. We now describe the existence of a distinct
class of mammalian adenylyl cyclase that is soluble and
insensitive to G protein or Forskolin regulation. Northern
analysis indicates the gene encoding soluble adenylyl cyclase
(sAC) is preferentially expressed in testis. As purified from rat
testis cytosol, the active form of sAC appears to be a fragment
derived from the full-length protein, suggesting a proteolytic
mechanism for sAC activation. The two presumptive catalytic
domains of sAC are closely related to cyanobacterial adenylyl
cyclases, providing an evolutionary link between bacterial and
mammalian signaling molecules.

Adenylyl cyclase (AC) is the effector molecule of one of the
most widely used signal transduction pathways. Its product,
cAMP, mediates cellular responses to nutritional conditions
and extracellular signals in organisms from prokaryotes to
higher eukaryotes. In metazoans, a seemingly ubiquitous
membrane-associated AC activity is encoded by a family of
transmembrane adenylyl cyclases (tmACs) that mediate cel-
lular responses to external stimuli. In mammals, nine distinct
tmAC genes differing in their patterns of expression and
regulatory properties have thus far been identified. Their
catalytic activities are differentially regulated by G proteins
and other signaling molecules in response to stimuli such as
hormones and neurotransmitters (1, 2).

In addition, another type of AC activity had been described
in mammals. A soluble enzymatic activity was detected in
cytosolic extracts from mammalian testis (3). Soluble AC
activity appeared to be biochemically and chromatographically
different from the tmACs and soluble guanylyl cyclases pre-
viously described in testis (4—6). Unlike the known tmACs, its
biochemical activity depended on the divalent cation Mn?* (3),
was insensitive to G protein regulation (6), and displayed
approximately 10-fold lower affinity for substrate, ATP (K,
~1 mM) (4, 7, 8) than the tmACs (K ~100 uM) (9). Based
on these studies, this soluble form of AC was predicted to be
molecularly distinct from tmACs (8, 10).

A soluble form of AC would define a novel means for
generating cAMP and would imply that the second messenger
could be generated at a distance from the membrane, closer to
its required site of action. However, the molecular evidence
confirming that soluble AC represents a distinct form of AC
had been lacking. We now describe purification, molecular
cloning, and functional expression of the cDNA encoding the
soluble form of AC (SAC). The full-length cDNA predicts a
protein of 187 kDa, whereas the catalytically active purified
form of the enzyme is only 48 kDa, suggesting a proteolytic
mechanism of activation for sAC. Two distinct regions within
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the catalytically active portion of sAC are very similar to
catalytic portions of ACs from cyanobacteria and myxobacte-
ria, providing a link between bacterial and mammalian signal-
ing systems.

MATERIALS AND METHODS

Cyclase Assay. In vitro adenylyl cyclase assay was performed
as described previously (11, 12), except that the standard assay
conditions for sAC activity included S mM MnCl; in place of
MgCl, and contained 5 mM [a-*?P]ATP (specific activity =
~4 X 10* cpm/nmol).

sAC Purification. SAC (=3 ug) was purified from 950 rat
testes by sequential column chromatography by using the
following scheme (see also Table 1): (i) Frozen rat testes (950)
(Pel-Freez Biologicals) (in batches consisting of 50 testes) were
homogenized and sonicated in 20 mM Tris-HCI, pH 7.5, in the
presence of DTT and proteinase inhibitors. After debris and
nuclei were removed by low-speed centrifugation (3000 X g for
10 min), a high-speed supernatant (>100,000 X g for 60 min)
was prepared. (if) Total cytosolic protein (52 g) was dialyzed
and separated (as 19 equal portions consisting of 50 testes
each) over DE-52 cellulose anion exchange columns (What-
man; 80 ml bed volume; 20 mM Tris'HCI, pH 7.5) by using a
linear NaCl gradient. All sAC activity bound and eluted as one
peak between 0.15 to 0.2 M NaCl. (iii) sAC activity recovered
from DE-52 (4 g protein divided into 11 aliquots of 8 mls each)
was separated by using an Ultrogel AcA54 gel filtration column
(LKB; 4 X 100 ¢cm/20 mM Tris-HCI, pH 7.5; flow rate 1.0
ml/min). sAC activity reproducibly eluted in a single peak with
an apparent mass of 50-60 kDa. (iv) All sAC peak fractions
from AcA54 gel filtration were pooled (1 g protein) and
applied to a reactive Red 120-Agarose column (Sigma; 50 ml
bed volume; 20 mM Tris-HCI, pH 7.5; linear gradient 0.1-1.0
M NaCl; flow rate 2 ml/min; 600 ml total). Cyclase activity
eluted between 0.45 and 0.55 M NaCl. (v) Active fractions (66
mg protein) were pooled, dialyzed, and applied to a Source Q
anion exchange column (Pharmacia; 15 ml bed volume; 20 mM
TrissHCI, pH 7.5; linear gradient 0-0.3 M NaCl; flow rate 0.5
ml/min; 150 ml total). SAC activity eluted between 0.10 and
0.15 M NaCl. (vi) Active fractions (9 mg protein) were pooled,
concentrated, and applied to a reactive Green 19-Agarose
column (Sigma; 9 ml bed volume; 20 mM Tris-HCI, pH 7.5;
linear gradient 0.1-1.0 M NacCl; flow rate 0.6 ml/min; 80 ml
total). Cyclase activity eluted between 0.40 and 0.50 M NacCl.
(vif) Active fractions (1.8 mg) were pooled, concentrated, and
loaded onto a semipreparative HydroCell QA 1000 HPLC
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Table 1. Purification of SAC from 950 rat testis

Proc. Natl. Acad. Sci. USA 96 (1999)

AC activity

Protein, Total units, Specific activity,
mg nmol/min nmol/min/mg X 100 Fold enrichment

Cytosol 51,900 2,400 4.6 1
Preparative DE-52 4,015 3,000 75 16
Gel filtration AcA54 1,074 2,100 200 43
Reactive Red 66 1,200 1,800 390
Source Q 8.8 1,100 12,500 2,700
Reactive Green 1.8 380 21,000 4,600
Semipreparative QA, pH = 7.4 0.6 310 52,000 11,300
Analytical QA, pH = 6.8

#18 0.003 90 3,000,000 650,000
#19 0.010 92 920,000 200,000

Protein concentrations determined by OD2go. Units refer to nmol of cAMP formed per minute. Fold enrichment represents
specific activity after each step compared to the starting specific activity. See Materials and Methods for detailed description

of each purification step.

anion exchange column (Biochrom, Terre Haute, IN; 50 X 4.6
mm; 20 mM Tris-HCI, pH 7.4; linear gradient 0-0.3 M NaCl
over 30 min; flow rate 2 ml/min). Cyclase activity eluted
between 0.07 and 0.10 M NaCl. (viii) Active fractions (0.6 mg)
were pooled and loaded onto an analytical QA 1,000 HPLC
anion exchange column (HydroCell Biochrom; 150 X 2.3 mm;
20 mM Tris-HCI, pH 6.8; linear gradient 0—-0.1 M NaCl over
25 min; flow rate 1.5 ml/min; 0.5 ml/fraction). Cyclase activity
eluted between 0.04 and 0.06 M NaCl. (ix) Active protein
fractions were separated on SDS/PAGE, stained with Coo-
massie Blue G-250, and the 48- and 62-kDa bands were
excised. Protein sequence data were obtained at the Rock-
efeller University Protein/DNA Technology Center (13, 14)
from =5 pg of recovered 48-kDa protein.

Molecular Cloning. Fully degenerate oligonucleotide prim-
ers designed to recognize the amino acid sequences of peptides
derived from the 48-kDa purified polypeptide (Fig. 2, double
underlined) were synthesized for use in PCR amplification of
rat testis first-strand cDNA. A 1-kilobase (kb) PCR fragment
was generated that had a single ORF extending throughout its
length and that contained sequences corresponding to all three
peptides. This 1-kb PCR fragment was used as probe to screen
a rat testis cDNA library constructed in our laboratory (AZap,
Stratagene). From over 7.5 X 10° plaques, we obtained four
overlapping cDNA clones. Among these, one represented a
complete full-length cDNA clone.

The nucleotide sequence of the full-length cDNA was
determined on both strands by dye termination-automated
DNA sequencing (Cornell University DNA sequencing Core
Facility, Ithaca, NY) and confirmed by comparison to single-
stranded sequence determined from at least one other inde-
pendent cDNA clone.

Sequence and database searching was performed on-line by
means of BLAST (http://www.ncbi.nlm.nih.gov/blast/) or
PSORT II (http://psort.nibb.ac.jp:8800/).

Hybridizations. Southern and Northern blots were probed
with random-primed [*P]dCTP-labeled 1-kb PCR-generated
fragment under standard conditions (15). Southern blot was
hybridized at 65°C overnight and washed three times in [1X
SSC (0.15 M sodium chloride/0.015 M sodium citrate, pH
7)/0.1% SDS] for 15 minutes at 55°C (low stringency) or three
times in [0.5X SSC/0.1% SDS] for 15 minutes at 65°C (high
stringency).

Heterologous Expression. The full-length and truncated
SAC cDNAs were expressed from the library vector (pBK-
CMYV) under the control of the cytomegalovirus promoter
after deletion of the intervening bacterial promoter sequences
(as an Nhel - Spel fragment). The truncated sAC cDNA
represents a library clone that was missing an exon. The
resultant protein shifted reading frame after valine469 (Fig. 2,

underline), introducing two incorrect amino acids (serine and
cysteine) followed by a stop codon. Expression constructs were
transiently introduced into HEK293 by lipofectamine- (Life
Technologies, Grand Island, NY) mediated transfection. One
or two days after transfection, cells were harvested, resus-
pended in lysis buffer [50 mM TrissHCl, pH 7.5/1 mM
EDTA/1 mM DTT/0.1 mg/ml Leupeptin/1 mM phenylmeth-
ylsulfonyl fluoride] and disrupted by microtip probe sonication
on ice. Whole-cell sonicates were ultramicrocentrifuged at
>100,000 X g for 10 minutes. Supernatants were cleared by a
second centrifugation to yield ‘cytosolic’ extracts. Pellets were
resuspended in lysis buffer by passage through a 27.5-gauge
needle to generate ‘particulate fraction.’

RESULTS

Purification of sAC. We first confirmed the presence of
Mn2"-dependent AC activity in cytosolic extracts from frozen
rat testis. The soluble enzymatic activity we detected was
unresponsive to either forskolin or the nonhydrolyzable GTP
analogue, GTP+S, two general tmAC activators, and it dis-
played a Ky, for ATP of 1.2 mM in the presence of MnCl, (data
not shown). These data indicate we were assaying the previ-
ously described soluble AC (8).

We purified sAC activity using a combination of classical
chromatographic methods (Table 1) and identified a 48-kDa
candidate protein band (Fig. 1). The final chromatographic
separation (step viii; analytical QA 1,000 HPLC) achieved
greater than 60-fold enrichment (Table 1, fraction #18) even
though it used the identical QA anion exchange matrix as the
HPLC column preceding it (step vii; semipreparative QA 1,000
HPLC). By varying the buffer pH (pH = 7.4 for the semi-
preparative QA vs. pH = 6.8 for the analytical QA), sAC
activity eluted before the majority of contaminating proteins
during this final chromatographic separation.

A silver-stained 12% SDS/PAGE gel of the active fractions
from the final chromatographic step of the purification re-
vealed two protein bands (of approximately 48 and 62 kDa)
whose intensities coeluted with enzyme activity (Fig. 1).
During pilot purification studies, analytical gel filtration of
partially purified cytosol predicted SAC to be 45-55 kDa (data
not shown), suggesting the more likely candidate was the
48-kDa protein. We initially attempted to clone cDNAs cor-
responding to both polypeptides; unfortunately, peptide se-
quences derived from the 62-kDa species were insufficient to
permit its molecular isolation. The limited amino acid se-
quence information we did obtain from this polypeptide reveal
it is completely unrelated to the sAC gene.

Cloning of sAC. The amino acid sequences of three tryptic
peptides derived from the 48-kDa candidate polypeptide were
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FiG. 1. Purification of SAC. (4) Silver stained gel and (B) activity
profile of selected fractions from Analytical QA column chromatog-
raphy. Ten-microliter aliquots of selected fractions were separated on
a 12% SDS/PAGE gel and silver stained. The first lane is low
molecular weight silver stain marker, and each subsequent lane
corresponds to the fraction assayed for SAC activity beneath it. Bars
represent the average sAC activity in duplicate assays for each fraction.
Error bars indicate the standard deviation from the mean.

not present in the databases of known proteins, indicating it
represented a novel protein. The cDNA encoding this polypep-
tide was isolated by PCR followed by screening a rat testis
cDNA library. All isolated cDNAs appeared to derive from
one transcript whose nucleotide sequence revealed a single
long ORF predicting a protein of 187 kDa (Fig. 2), which is
significantly larger than the size (48 kDa) estimated by SDS/
PAGE of the purified SAC protein (Fig. 1). The peptides
derived from the 48-kDa purified polypeptide reside com-
pletely within the amino terminal portion of the full-length
protein (Fig. 2, double underline), suggesting the purified
polypeptide represents a proteolytically processed active form
of the protein.

Comparison of this ORF with known protein sequences
revealed two distinct regions of the putative SAC protein that
display significant amino acid homology to various adenylyl
cyclase catalytic domains (Fig. 2, bold type). Both sAC do-
mains, C1 and C2, reside within its amino terminal 50 kDa and
are therefore likely to be contained within the purified cata-
lytically active processed form. The most closely related pro-
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MSARRQELQDRAIVKIAAHLPDLIVYGDFSPERPSVKCFDGVLMEVDISG
FTAMTEKFSTAMYMDRGAEQLVEILNYYISAIVEKVLIFGGDILKFAGDA 100
LLALWKVERKQLKNIITVVIKCSLEIHGLFEAKEVEEGLDIRVKIGLAAG
HITMLVFGDETRNYFLVIGQAVDDVRLAQNMAQMNDVILSPNCWQLCDRS 200
MIEIERIPDQRAVKVSFLKPPPTFNFDEFFAKCMAFMDYYPSGDHKNFLR
LACMLESDPELELSLQKYVMEIILKQIDDKQLRGYLSELRPVTIVEVNLM 300
FRKEQDKAEVIGSAIQAACVHITSVLKVFRGQINKVFMFDKGCSFLCVEGF
PGEKAPDEITHALESAVDIFDFCSQVHKIRTVSIGVASGIVFCGIVGHTV 400
RHEYTVIGQKVNIAARMMMYYPGIVTCDSVTYDGSNLPAYFFKELPKKVM
KGVADPGPVYQCLGLNEKVMFGMAYLICNRYEGYPLLGRVREIDYFMSTM 500
KDFLMTNCSRVLMYEGLPGYGKSQVLMEIEYLASQHENHRAVAIALTKIS
FHONFYTIQILMANVLGLDTCKHYKERQTNLONRVKTLLDDKYHCLLNDI ~ 600
FHVQFPVSREMSRMSKTRKQKQLEALFMKILEQTVREERIIFIIDEAQFY
DVASWAFTEKLIRSMPIFIVMSLCPFPETPCAAANAIMKNRNTTYITLGT 700
MQPQEIRDKVCVDLSVSSIPRELDSYLVEGSCGIPYYCEELLKNLDHHRI
LIFQQAEAEEKTNVTWNNLFKYSVKPTEDMYLYTSIAAGQKEACYLTSGY 800
RLKNLSPPASLKEISLVQLDSMSLSHQMLVRCAAIIGLTFTTELLFEILP
CWNMKMMIKALATLVESNVFDCFRSSKDLQLALKQNVITFEVHEYRSLSLK 900
SKEGLAYSEEEQLREMEGEVIECRILRFCRPIMOKTAYELWLKDQKKVLH
LKCARFLEESAHRCNHCRNRDFIPYHHFIADIRLNTLDMDTVKKMVKSEG 1000
FKTEDEVIFSKSEIPRKFKFPENISITETREKILHFFDNVIIKMRTSQDD
VIPLESCHCEELLQTVILPLAQHFVALEENNKALYYFLELASAYLILGDN 1100
YNAYMYLGEGERLLKSLTNEDSWSQTFEYATFYSLKGEICFNMGQMVLAK
KMLRKALKLLNRMFPCNLLSLTFQMHIEKNRLSHFMNQHTQEGSLPGKKL 1200
AQLFLOSSCFSLLWKIYSLNFFFHYKYYGRLAAIMOMNTSLETQNNFQTII
KAFLDFSLYRHLAGYEGVWFKYEILVMEQLLNLPLKGEAFEIMAYARDAL 1300
GHIKFLTGHLDLAIELGSRAHKMWSLLRNPNKYHMVLCRLSKPLFLKSRY
KHLVQVLGWLWDLSVIEEHTFSKAFFYFVCLDIMLYSGFIYRTFEECLEF 1400
IHHNEDNRILKFQSGLLLGLYSCIAVWYARLQEWDNFYKESNRAKTLVTR
RTPTVLYYEGISRYMEGQVLHLQKQIEEQAENAQDSGVELLKALETLVAQ 1500
NTTGPVFYPRLYHLMAYVCILMGDGHSCDFFLNTALELSETQGNLLEKCH
LSMSKEWWYSAPELTGDOWLQTVLSLPSWDKIVSGNVILQDVQKNKFLMR 1600
VNILDNPE

FiG. 2. sAC amino acid sequence. Predicted amino acid sequence
of rat sSAC. Amino acids in bold indicate presumptive catalytic
domains, C1 and C2. Double-underlined amino acids correspond to
sequences of tryptic peptides derived from the purified 48-kDa
protein. Dotted underlined amino acids conform to a consensus P loop
sequence, and underlined sequences are predicted to form a leucine
zipper. Valine 469 is underlined and is the last SAC amino acid in the
catalytically active heterologously expressed truncation.

tein sequences in GenBank are the catalytic domains from a
number of different cyanobacterial (Anabaena spirulensis
cyaBl, cyaB2, and cyaA; and Spirulina platensis cyaC) and
myxobacterial (Stigmatella aurantiaca cyaA and cyaB) adenylyl
cyclases (Fig. 34). These species have multiple AC genes with
each isoform having a single catalytic domain. Interestingly,
the catalytic domain of one AC isoform in each bacterial
species is more similar to C1, whereas the catalytic domain of
a second isoform from that species more closely resembles C2.
This and the fact that C1 and C2 are not very similar to each
other may suggest that during its evolution, mammalian sAC
resulted from a fusion of distinct bacterial proteins rather than
through duplication of a single catalytic domain.

There is also significant similarity between the two pre-
sumptive SAC catalytic domains and other AC catalytic do-
mains. Alignment of C1 and C2 with the catalytic domains
from related bacterial ACs, yeast ACs, Dictyostelium tmACs,
and representative mammalian tmACs (Fig. 3B) reveals that
sAC C1 and C2 are more closely related to the catalytic
portions of bacterial ACs than to the catalytic domains of any
other cyclases. This similarity provides an evolutionary link
between bacterial and mammalian signaling systems and sug-
gests that the C1 and C2 catalytic domains in mammalian SAC
are likely to have evolved independently from those in eu-
karyotic tmACs (Ci, and Cz,).

The C-terminal portion beyond the AC homologous regions
revealed no significant homology to any known protein in the
databases, and the hydropathy profile of the full-length protein
indicated no obvious potential transmembrane-spanning do-
mains. Sequences that could represent a nucleotide-binding P
Loop (Fig. 2, dotted underline) or that could form a leucine
zipper interacting domain (Fig. 2, single underline) were
detected within the region unrelated to the AC catalytic
domains; however, the physiological significance of these
sequence motifs in sAC is not yet known.
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F1G. 3. sAC has two presumptive catalytic domains most closely
related to bacterial AC catalytic domains. (4) Diagram of presumptive
catalytic domains of sAC aligned with catalytic portions of various
bacterial ACs. The relative similarities are “expect values” taken
directly from a BLAST search of the SAC protein vs. the nonredundant
GenBank database. These values estimate the statistical significance of
the match by specifying the number of matches expected to occur by
chance. Relative locations of the catalytic domains within the bacterial
ACs are represented as shaded boxes (24-26) and are aligned under
the SAC presumptive catalytic domain with greater similarity. (B)
Phylogenetic relationship between catalytic domains from a variety of
ACs aligned by using CLUSTALW (DNA*) represented as an unrooted
dendogram constructed by using FITcH (PHYLIP 3.5) (27) with
Anabaena spirulina cyaC used as the outgroup. Accession numbers for
the aligned sequences are AC1 (bovine Type I: M25579), AC9 (mouse
Type IX: Z50190), Dd ACA (Dictyostelium ACA: Q03100), Dd ACG
(Dictyostelium ACG: Q03101), Anabaena sp. cyaA (2126532),
Anabaena sp. cyaBl (1754638), Anabaena sp. cyaB2 (1754640),
Anabaena sp. cyaC (2575807), Anabaena cy. cya (2126532), Stigmatella
cyaA (729248), Stigmatella cyaB (729250), Sc CYR1 (Saccharomyces
cerevisiae CYR1: M12057), and Sp CYRI1 (Schizosaccharomyces pombe
CYR1: M24942).

sAC Appears to Be a Single Copy Gene. Southern hybrid-
ization to rat genomic DNA, along with numerous database
searches, indicates the presumptive SAC gene does not appear
to be the progenitor of a gene family of sAC-like molecules in
mammals. A sAC coding sequence probe hybridized at high
and low stringency to parallel rat genomic Southern blots
recognized identical genomic fragments (Fig. 44), indicating
the lack of closely related sequences in the genome. Addition-
ally, we have identified the corresponding human and mouse

Proc. Natl. Acad. Sci. USA 96 (1999)
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Fi6. 4. sAC s a single copy gene preferentially expressed in testis.
(A) Southern blots of 10 pg rat genomic DNA digested with BamHI
(B), EcoRI (E), HindIII (H), and Xhol (X) probed at high (Left) or
low (Right) stringency by using the 1-kb PCR-generated sAC fragment
containing both presumptive catalytic domains. (B) Rat multiple
tissue Northern blot (CLONTECH) representing approximately 2 ug
poly-A* RNA from testis (T), kidney (K), skeletal muscle (Sk), liver
(Li), lung (Lu), spleen (S), brain (B), and heart (H) probed with 1-kb
PCR-generated sAC fragment (Upper) or with actin control (Lower).
The sAC transcript is approximately 5.3 kb and, in most tissues, actin
is approximately 2.0 kb.

sAC genes by database searches and reverse transcription—
PCR (RT-PCR), respectively (data not shown). The human
sAC locus has been sequenced as part of the Genome Project.
It is encoded by more than 30 exons that are spread across two
overlapping PAC (P1-derived artificial chromosome) clones
mapping to 1q24.

sAC Is Preferentially Expressed in Testis. In mammals,
soluble AC activity had been detected only in testis (3, 4, 8).
Northern analysis of a limited number of tissues indicates
expression of the presumptive SAC gene is detectable only in
testis (Fig. 4B), supporting the previously determined bio-
chemical restriction. However, sAC can be detected in other
tissues by RT-PCR (M.L.S., M. Mattia, J.B., and L.R.L.,
unpublished observations).

Heterologous Expression and Activity. To confirm that the
gene we isolated encodes an adenylyl cyclase, we heterolo-
gously expressed the full-length ¢cDNA in HEK293 cells.
Vector-transfected cells had no detectable soluble and very
little unstimulated particulate AC activities. In contrast, cells
transfected with the full-length sAC gene displayed substantial
Mn?*-dependent soluble AC activity (Fig. 54 Left). Mn?*-
dependent activity was also elevated in the particulate fraction
from transfected cell sonicates. It is possible that this partic-
ulate activity accounts for the membrane-associated sAC-like
enzymatic activity previously described in mammalian sperm
3).

Because the sSAC polypeptide purified from rat testis was
approximately 48 kDa (Fig. 1), we sought to determine
whether a truncated version of SAC retained catalytic activity.
An expression construct consisting of the amino terminal 53
kDa of sAC (Fig. 2) encompassing both presumptive catalytic
domains was fully active, displaying an extremely high level of
Mn?*-dependent soluble AC activity (Fig. 54 Right). There-
fore, the sAC purified from rat testis cytosol very likely
represents a proteolytically processed form resembling this
N-terminal truncation. The extremely high level of cytosolic
activity in cells expressing the truncated form compared with
those expressing the full-length protein is consistent with
processing being required for catalytic activity; the activity in
cells transfected with full-length SAC may be limited by the
availability of activating enzymes.

When originally detected, testis SAC was thought to be
molecularly distinct from the tmACs because it appeared to be
insensitive to G protein and forskolin regulation (8). We
initially confirmed these results in partially purified testis
cytosol; however, the probable lack of G proteins in these
soluble extracts makes their interpretation problematic.
Therefore, we examined whether heterologously expressed
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F16.5. sACis active in HEK293 cells. (4) Adenylyl cyclase activity
in the presence of 5 mM MnCl, or 5 mM MgCl; is shown for cytosolic
and particulate extracts from HEK293 cells transiently transfected
with pPBK-CMYV vector (), full-length sAC gene (), or truncated sAC
gene (N). Values are expressed as pmols of cAMP formed per minute
per mg protein and represent averages of triplicate determinations.
Error bars indicate the standard deviation from the mean. Note the
20-fold difference in scale of the ordinate between left and right
panels. (B) sAC activity in whole-cell sonicates from HEK293 cells
transfected with full-length sAC (Left) or truncated sAC (Right)
assayed in the absence of any activators (&) or in the presence of 100
M forskolin (z) or 5 mM GTP»S (O0). Values represent the averages
of quadruplicate determinations with vector transfected HEK293
values for each condition subtracted. Error bars indicate the standard
deviation from the mean.

SAC responded to these known stimulators of tmAC activity.
When assayed in whole-cell sonicates from transfected
HEK293 cells, which should contain the full complement of
endogenous G proteins, both full-length and truncated forms
of sAC were completely insensitive to forskolin and to the
nonspecific G protein activator, GTPvS (Fig. 5B).

DISCUSSION

In this report, we demonstrate the existence of a unique
signaling molecule in mammals. The sAC gene we have
identified in rat, mouse, and human encodes a cytosolic form
of adenylyl cyclase that is distinct from the previously char-
acterized mammalian tmACs. Not only is SAC not a trans-
membrane protein, but its catalytic domains are more closely
related to the catalytic portions of bacterial ACs than they are
to the catalytic domains of any other eukaryotic cyclase. In
contrast, the mammalian tmACs, which are distantly related to
these bacterial ACs and sAC, more closely resemble other
invertebrate (Drosophila) and lower eukaryotic (Dictyosteli-
um) ACs. Computational methods at our disposal did not
reveal a one-to-one relationship between the catalytic domains
of sAC (C1 and C2) and those of the tmACs (Ci, and Cy,).
However, each catalytic domain in sAC shows greater simi-
larity to a different AC within individual cyanobacterial and
myxobacterial species, implying that sAC represents an evo-
lutionary fusion of distinct bacterial enzymes.
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SAC can also be distinguished from the tmACs by its
biochemical regulation. Unlike tmACs, sAC is insensitive to G
protein and forskolin modulation, and its in vitro catalytic
activity depends on the divalent cation Mn?*. Additionally,
sAC requires higher concentrations of ATP than the tmACs.
This decreased affinity for substrate may reflect a specializa-
tion because of its physiological role. Biochemical (3, 10) and
molecular (Fig. 4B) evidence indicate sAC is preferentially
expressed in testis and is very likely in post-meiotic germ cells
(6,16, 17) where the very high endogenous ATP concentration
would support sAC activity. With its molecular isolation and
functional heterologous expression, we now have the necessary
tools to explore the biochemical regulation of SAC activity and
ultimately determine its biological role.

Also unlike tmACs, sAC contains a consensus P loop or
nucleotide binding sequence. However, this region is not
contained within the heterologously expressed active trunca-
tion and is therefore not necessary for catalytic activity.
Whether this region binds nucleotide, perhaps as a modulatory
mechanism reminiscent of the membrane guanylyl cyclases
(18, 19), remains to be determined. Also in the C-terminal
portion of sAC not required for cyclase activity is a potential
leucine zipper or coiled—-coiled interaction domain of un-
known significance. It is intriguing to speculate that this region
serves as a protein—protein interaction domain, possibly teth-
ering sAC to the cytoskeleton at specific locations within the
cell.

The N-terminal 50 kDa of sAC is sufficient for enzymatic
activity and approximately corresponds to the size of the
protein purified from rat testis cytosol. Because all the cDNAs
isolated from rat testis fell into a single class encoding the
187-kDa polypeptide, the 48-kDa purified protein should
result from posttranslational cleavage. Truncating the sAC
gene increased cyclase activity 10-20 fold in tissue culture
cells, suggesting that the shorter molecule approximates an
activated form. In fact, the full-length protein may not have
measurable cyclase activity; the activity detected in cells
transfected with the full-length ¢cDNA could result from a
cleaved molecule. If true, the cyclase activity in full-length sAC
transfected cells would be limited by the availability of a
posttranslational processing mechanism. Regardless of the
relative activity of the full-length protein, it remains to be
determined whether the proteolytic cleavage of SAC in testis
cytosol represents a physiologically relevant maturation from
a precursor protein or a fortuitous degradation caused by
experimental manipulation.

Its restricted localization suggests SAC contributes to male
fertility. Sperm functions thought to be mediated by cAMP
(reviewed in ref. 20) include maturation, motility, and the
acrosome reaction. Multiple tmACs are known to be expressed
in testis, but SAC provides the intriguing ability to generate
cAMP precisely where it is needed in the cytoplasm. Two
distinct cAMP-dependent protein kinase anchoring proteins
(AKAPs) localize to the sperm flagellum, one to the mito-
chondrial sheath (21) and the other to the fibrous sheath (22).
Unlike plasma membrane-localized tmACs, cytosolic SAC
could generate second messenger directly at the site of these
AKAP-localized cAMP-dependent protein kinases.

Given the ubiquitous nature of the tmACs, it is very likely
that some cells in the testis express both transmembrane and
cytosolic forms of adenylyl cyclase. It is possible that cAMP
generated by sAC and by the tmACs could cooperate in
modulating a single signal or could propagate separate signals.
Furthermore, the activities of the G protein-responsive tmACs
and sAC are regulated by distinct mechanisms, but it will be
interesting to examine whether the cAMP they generate
modulates distinct effectors. For example, would cytoplasmi-
cally generated cAMP activate membrane spanning cyclic-
nucleotide gated ion channels?
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Whereas much remains to be determined about its biochem-
istry and biological function, SAC clearly defines a novel means
for generating cAMP. Models describing cAMP signaling in
mammalian cells include only membrane proximal generation
of the second messenger. Because its major effector can be
anchored at various places in the cell by AKAP proteins
(reviewed in ref. 23), cAMP must diffuse through the cyto-
plasm to propagate its signal. However, recent suggestions that
signal transduction occurs in microdomains seem to contradict
this theory. We now demonstrate that cAMP can be synthe-
sized anywhere in the cytosol by the soluble form of adenylyl
cyclase, removing the membrane-proximal limitation on
cAMP generation and revealing new aspects of what was
previously thought to be a very well characterized signaling
pathway.
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