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ABSTRACT Biochemical, immunological, and molecular
cloning studies have suggested the existence of multiple forms
of adenylyl cyclase (EC 4.6.1.1). An adenylyl cyclase cDNA
clone (type II) was isolated from a rat brain library and found
to encode a protein of 1090 amino acids that was homologous
to but distinct from the previously described Ca2* /calmodulin-
stimulated adenylyl cyclase from bovine brain. Expression of
the type II ¢cDNA in an insect cell line resulted in an increased
level of adenylyl cyclase activity that was insensitive to
Ca?* /calmodulin. Addition of activated G,, protein to type
II-containing membranes increased enzyme activity. The
mRNA encoding the type II protein was expressed at high levels
in brain tissue and at low levels in olfactory epithelium and
lung. The existence of multiple adenylyl cyclase enzymes may
provide for complex and distinct modes of biochemical regu-
lation of cCAMP levels in the brain.

The concentration of adenosine 3’,5-monophosphate
(cAMP) within the cell is modulated by neurotransmitters and
hormones. The ability of extracellular ligands to modulate
cAMP synthesis is accomplished by a pathway consisting of
membrane-associated receptors, guanine nucleotide-binding
regulatory proteins (G proteins), and the adenylyl cyclase
enzyme [ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.1].
Elucidation of the primary structure of many receptors and a
large number of distinct G-protein subunits has provided
considerable insight into the function of these proteins.
Protein purification and amino acid sequence determination
have allowed the cloning of one form of adenylyl cyclase from
bovine brain (1).

Biochemical as well as genetic evidence has suggested the
existence of multiple types of membrane-associated adenylyl
cyclase (2-4). One form, with an apparent molecular weight
of 120,000, is activated by Ca?*-bound calmodulin (2). Se-
quence analysis of a cDNA encoding this Ca?*/calmodulin-
activated enzyme (type I) suggests that it is structurally
organized into two hydrophobic regions, each predicted to
contain six membrane-spanning segments, and two hydro-
philic domains that display sequence homology to guanylyl
cyclases (1). In mammals, additional forms of adenylyl cy-
clase appear to be expressed in different tissues. For exam-
ple, olfactory sensory neurons express a specialized form of
adenylyl cyclase (type III) with biochemical properties that
may provide for increased sensitivity in odorant detection (5).
The adenylyl cyclase enzyme present in olfactory neurons is
thought to be structurally similar to the type I enzyme found
in brain (3, 5).

There is considerable evidence that an additional form of
adenylyl cyclase exists in neuronal tissue that is insensitive
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to Ca?* (6, 7). Biochemical fractionation and immunological
analysis have suggested that other forms of adenylyl cyclase
are expressed in peripheral tissues (8). We have used mo-
lecular cloning techniques to identify a form of adenylyl
cyclase, type II, expressed at high levels in rat brain as well
as at low levels in lung and olfactory tissue. The enzymatic
activity of the type II adenylyl cyclase is insensitive to
Ca?*-bound calmodulin. The distinct biochemical properties
associated with the various forms of adenylyl cyclase may
provide a mechanism for integrating the responses to multiple
second-messenger pathways existing in the same cell. In
addition, the existence of different adenylyl cyclases in
different cell types might allow for differential cellular re-
sponses to the same stimulus.$

METHODS

Isolation of the Type II Adenylyl Cyclase cDNA. A 50-base
oligonucleotide (31C) based on the sequence of a tryptic
fragment of the bovine brain type I adenylyl cyclase (1) was
used to screen for homologous sequences in a rat olfactory
cDNA library. The oligonucleotide was labeled with
[v-**PJATP and hybridized to 4 X 10° recombinant phage
from an olfactory Agtl0 cDNA library as previously de-
scribed (5). Recombinant phage that hybridized to the oligo-
nucleotide probe were purified, subcloned into pBluescript
plasmid (Stratagene), and sequenced. The insert from the
longest clone was used to screen 2 X 10° recombinant phage
from a rat brain cDNA library (Stratagene) in order to identify
longer cDNA clones that encoded the 5’ end of the gene. The
cDNA clones representing the 5’ and 3’ regions of the gene
(2N and 2B) were joined at a unique EcoRYV site at nucleotide
1204 in the final sequence. DNA sequences were determined
on both strands by using oligonucleotides and a modified T7
DNA polymerase (Sequenase; United States Biochemical).

Northern Analysis. RN A samples were treated with glyoxal
and electrophoresed in a 1% agarose gel as described (9). The
fractionated material was transferred to nitrocellulose and
prehybridized at 42°C in 50% formamide/6x SSPE (1.1 M
NaCl/60 mM sodium phosphate, pH 7.4/6 mM EDTA/5x
Denhardt’s solution (0.1% Ficoll/0.1% polyvinylpyrroli-
done/0.1% bovine serum albumin)/0.1% SDS containing
denatured salmon sperm DNA (100 ug/ml). The EcoRI
fragment representing the full-length type II ¢cDNA was
random-primer-labeled with [a-32P]JdCTP and hybridized to
the immobilized RNA samples for 24 hr at 42°C. Filters were
washed once for 15 min in 1x SSC (0.15 M NaCl/15 mM
sodium citrate, pH 7)/0.1% SDS at 25°C and then twice for

Abbreviation: GTP[yS], guanosine 5'-[y-thio]triphosphate.
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A CCCGGGCAGCGCGCTCTGCGGTCGCCTACCGCCTGCCGCCCCCGCGCCGCCGCGACGTGGCAGGAGGCGATGCGGCGGCGCCGCTACCTGCGGGACCGCGCCGAGGCGGCGGCGGCAGCG
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GCGGCGGGAGGCGGAGAGGGGCTGCAGCGGTCCCGGGACTGGC‘I'CTACGAGTCCTACTACTGCA'PGAGCCAGCAGCACCCGCI‘CA'I‘CGTC‘T‘TC(H‘GC‘PGC'PCATCGTCATGGGCGCCTGC
A G G E GL Q R S R D L YESYYCMSOQQHUPLTIVFTLTLTILTIWV C

CTCGCCCTGC‘PAGCCGTCTTCTTCGCGCTCGGGC’I‘GGAGGTGGAAGACCATGTGGCATT‘!‘TTAATAACGGPTCCCACTGCCCI‘GGCCATT'!'PCPTTGCCATATTCATTCI‘TGTCTGCATA
L AL L AV F F L L E V H V A FL I TV PTA ATLA F I L v cCc I

GAGTCTGTG‘1‘TCAAGAAGCTACTCCGTGTGTTTTCGCTGGTGATTTGGATATGTCTGGTTGCCATGGGATACC[‘G'I"I‘CA’l‘GTGCTTCGGAGGGACTG‘PGTCTGCCTGGGACCAGGTGTCA
E s V K L L R V F L I I ¢ L A MG YL FMOCTFGGTV S A D Q

'P'I‘C'l'TCC’I‘CFTCA’I‘CATC'P"I"I‘GTGGTATATACCATGCTTCCCTTCMCATGCGAGA’[‘GCCA'!‘CATTGCCAGCATCCI‘CACATCT'[‘CATCTCATACGATAGTGCI‘GAGCGTCTACCFG’I‘CT
F F L F I IFV VYT L P F NMRDATITIA A STIULTS S S HTI L s Y L s

GCAACACCAGGGGCCAAGGAGCACCTGTTCTGGCAGATACTGGCCAA’I’G’!‘GATCA’I'I‘TTCATTTGTGGGAAC']"I‘GGCGGGAGCC‘I‘ACCACAAGCACCPCATGGAGC'PTGCCI‘TGCAGCAA
T P GA KEUHTLTFWOQIULANVTITITFTIUCGNTLAGAYUHTE KU HTLMETLA ATLOQOQ

ACCTA’I‘CGGGACACGTGTAATTGCATCAAGTCCCGGATCMGCTGGAA'I"I'TGAAAMCGGQGCAGGAACGGCPCC’I‘GCPCTCCTTGCTGCCAGCTCACATCGCCA’PGGAGATGAAAGCT
T Y DT CNOCTIIKSU RTIIKTLETFEIZ K RQOQERTLILTLSTLTULUZPAHTI M E M K A

GMATCA’]‘TCAGAGGCTGCAGGGCCCCAAAGCAGGACAGATGGAAAACACAAACAACTTCCACAATC'l‘GTA'l‘G[‘CAAACGACACACCAACGTGAGCATATTATACGCTGACATTG'I‘TGGC
Q R Q A G QMENTNNTFHN Y K R H T § I L Y A DTI VG

TTCACCCGCC‘!‘TGCAAGCGA’I‘TGC'!‘CCCCI‘GGCGAACTGGTCCACATGC‘I‘GAATGAACTCTTTGGGAAG'PTTGATCAAATAGCAAAGGAGAA’I‘GAATGCATGAGAATTAAAATT'I‘TAGGA
T R S DC S P G ELV HMTULNTETLTFG F DQI AKENET CMTZ RTIK G

GAC‘PGCTATTACTG’l‘G’I‘TTCCGGGCTCCCPATATCACTCCC‘PAACCATGCCAAGAACTGTG‘I‘GAAAA‘I‘GGGATTGGATATGNCGAAGCCATMAGAAAGTGAGGGATGCTACCGGAGTT
D CY Y CV L P L N HA KN CV KMGUL DM E A D AT

GATATCAACATGCGTGTAGGAGTGCATTCTGGGAACGTTCTCTGTGGTGTGATTGGTCTCCAGAAGTGGCAGTATGATGTGTGGTCTCATGATGT TACTCTGGCAAACCACATGGAAGCT
DI NMRUV GV HSGNUVILOC CGV VTIGLIGQI KU WOQYDVWSUHDUVTTL A M E A

GGAGGAGTCCCI‘GGGCGTGT'I'CACATTTC!‘TCAGTCACI‘C‘I‘GGAGCACTTGAATGGGGC'I‘TATAAAGTGGAGGAAGGAGATGG’PGAGATMGAGACCCATATTTAAAGCAGCAC‘I‘TGGTG
G GV P G R V I §$s SV TULEUHTLNSGA AYI KVETESGUDSGTETI D P YL K QH \4

AAAACCTACTTTGTAATCAATCO.’.‘MGGGAGAGCGACGGAGTCCl‘CAGCATC'I‘CT'I'CAGACCTCGACACACTCTGGACGGAGCCAAGATGAGAGCA’!‘CTGTCCGCATGACCCGGTACPTG
K T F Vv K E R R S P QHULF RPRUHTTULDG A A S VR M TR Y L

GAG'I'CC'!'GGGGAGCAGCCAAGCCAT'I‘CGCACATC’PGCACCACAGAGATAGCA'I‘GACCACAGAGAATGGGMGATTAGTACCACGGATG’[‘GCCAATGGGTCAACATAATTTTCAAAATCGC
E W G A A K P F A HL HHR S M T T G K I S TTDVPMGOQHNTFOQNR

ACCTTAAGAACTAAGTCACAGAAGAAGAGAT TTGAAGAAGAACTGAATGAAAGGATGATCCAAGCAATTGATGGGATCAATGCACAGAAGCAATGGCTCAAGTCAGAAGACATTCAAAGA
TLRTIKS QKK KR RTFETETETLNEIRMIGQAIDSGTINA AQI KA OQWTLI K SETDTIT QR

ATCTCCCTGCTTTTCTATAACAAGAATATAGAGAAAGAATACCGAGCTACTGCACTGCCAGCATTCAAGTACTACGTGACCTGTGCCTGCCTCATCTT TCTCTGCATCTTCATTGTACAG
I s L L F YNJIKNUNTIEIZ KETYH RATALUPATFI K Y YVTOCACLTIT FTLTC CTITFTIUVOQ

ATACTTGTATTGCCAAAAACGTCCATCCTTGGCTTCTCCTTTGGAGCTGCATTTCTCTCCCTCATCTTCATCCTCTTTGTCTGCTTCGCTGGACAGCTTTTGCAATGCAGCAAAAAGGCC
I LVLPIKTSTIULGT FSVFGAATFTULSTLTIT FTITULTFUVCTFA AGA QLTLUG QT CSZ KK A

TCCACCTC!‘C'I‘CATGTGGCTTTTGAAATCATCAGGCATCATCGCCAACCGCCCATGGCCACGGATCTCCC‘I‘CACAATCGTCACCACGGCTATCATACI‘AACCATGGCTGTG’I'X‘CAACA’I‘G
S T S L M L L s I I ANRUPWUPU RTISTLTTIUWVT A I I L T M A M

T’I”I‘TTCCTGAGCAACTC'PGAGGAGACAACCC'PTCCCACI‘GCCAATACATCAAATGCAMCGI‘TTCI‘G’l'CCCGGATAACCAGGCGTCGATTCPTCATGCTCGAAACI'PG’l"I"l‘T'I'CC.’I‘CCCG
F FLSNSEETTTULUPTA ANTTSNA ANV SV P DNGOQA I L HARNIL F L P

TACTTCATATACAGCTGCATCCTGGGC'["I'GA'I‘C'PCCTGCTCCGTTTTCC’PGAGGGTGAAC‘I‘ATGAGTFMAAATGWAATCATGATGGTGGCAC'I‘CGTGGGCTACAACACCA’I‘TCI‘ACPC
I Y ¢Cc I L GL I s C SV FVLRVNYETLIZEKMTLTIMMMUV G Y N T I L L

CACACCCATGCCCATGTTCTGGATGCGTACAGCCAGGTCCTGTTTCAGAGACCAGGCATT TGGAAAGACCTGAAGACCATGGGCTCCGTGTCACTCTCCATATTCTTCATCACGCTGCTG
HTHAMHVUL DAY S QVLVF FOQRUPGTIWI KU DTLIEKTMGSVSLSTITV FTFTITTULTL

G'PTCTGGGCAGACAGAGTGAATATTAC‘I‘G'PAGGTTAGACT'1‘CT’I‘GTGGAAGAA\CAAGTTCAAAAAAGAGCGGGAGGAGATAGAAACCATGGAGMCCPAAATCGAGTG(.‘PG(.'I'GGAGAAC
L GRQS E Y Y CRIL N K F XK K EREETIETMENTLNU RVILTLEN

GTGCTTCCI'GCACACGTGGCPGAACACTTCCl‘GGCCAGGAGCCTGAAAAATGAGGAGCTG'l'ACCACCAGTCCTACGACTGTGTCPGTGTCATGTTTGCCTCCATTCCGGAC'PTCAAGGAG
VL PAHVAEUHTFL R S L K NEELYUHOQSYDCUVCVMTF S I P D F K E

TTCTACACAGAGTCAGATGTGAACAAGGAAGGCTTGGAATGCCTGCGGCTCCTGAATGAGATCATTGCTGACTTTGATGATCTGCTTTCTAAGCCAAAGTTCAGTGGTGTTGAAAAGATC
F YT ESDJVNIKESGLETCLA RTLTILNETITIADTFUDUDTILTZLS I KU?PI KT FSGVETZKTI

AAGACCA’l"l‘GGGAGCACATACATGGCAGCCACGGGACTGAGTGCCATACCCAGCCAGGAGCACGCCCAGGAACCTGAGCGTCAGTACATGCACATAGGCACCATGGTGGAGTTTGCATAT
K T G s T T G S A I P S Q A Q E P ERQYMHTIGTMMVETFAY

GCCC’I‘GGTGGGAAAACTGGATGCCATCAATAAGCACTCCTTCAACGACI‘TCAAACTGCGAGTGGGTATCAACCATGGGCCTGTAATAGC‘I‘GGCGTCA’I‘AOGGGCTCAAAAGCCACAGTAT
A L V G K L A I H $ F NDVFKILRVGTINHGT?PVIAGVTIGA AU QT KT?®POQY

GACATCTGGGGCAACACTGTCAACGTGGCCAGCAGAATGGACAGCACCGGGGTCCTGGACAAAATACAGGTGACTGAGGAGACAAGCCTCATCTTGCAGACGCTTGGCTACACGTGTACA
DI WGNTV NV A S M D S T L DKIOQVTETETS STILTIULAQTULGYTTZ CT

TGTCGAGGTATCATCAATGTGAAGGGGAAAGGGGACC‘I‘GMGACATA'I"I'TTGTAAACACAGAGATGTCAAGG'l‘CCCl‘TTCTCAGAGCAAC‘I'I‘GGCATCCTGAGAAGC"GTCTCT'I‘CC‘I‘GA
I NV KG K GDULI KT YU FVNTEMMS ST RS STLSOQSNTILA

CAAGAAGAATGTACTTGCAGGAAGGTACCACGCACTTTCTGACTGCAACCCTTCCCCTTCGTCCTGATGTACGTGCTCTGCCCCATCCTCTGGAGCCCCTGCAGACTAGT TCCTGTGACC
CAGTGACATACTGTTTGGTGTCTGCGCGTGCCCAGGTTGTCCTGCCACTTGCACTGTGCTTGCTCCTAAGCAGGAGGGGAAGGAACCATGTCCTGGAAGGAGAGCATTGGAAGAAGTGAT
GAAGAGGTGAAGTGAACACACATTCTTAAGGCAATAAAACCGGGGGGTGTATATTATCTTCTGGTGCATGTTCTTCTCTGGAAAATACGGTAGCTCGTAACTGCATCCCTAGTCTGATAT
TCAAACACACAGTATTTGTGAATAAGCTGATCCCGTCACCCAACATGGAGTCTGTGTTCACCTACCCATGTGTCTCATTGCCAGTGGTCGTCCTTGGGGGCTCAGCTGAGACTCTCAGCT
TCTGTCACCTTGCTGTCCTGTCTTGTGGCAGCAGCACGTTGCCATCCATCACCAGAATTAGTCCTCACAGCCTAGGACCAGTTTTGTACCAAACTCATCTGATGTTTTGATGCCATTTGT
CAAAAGTAAGGTTAATTCATTAAAAGTTTTATGTACTTTGAAAAAAAA
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(A) Complete nucleotide sequence of type II adenylyl cyclase, determined from three overlapping cDNA clones. The amino acid
sequence of the predicted protein (123,250 Da) is indicated in single-letter code below the nucleotide sequence. Potential sites for N-linked
glycosylation between membrane-spanning segments 9 and 10 are underlined. The rat type II adenylyl cyclase gene was assembled for expression
studies from two overlapping fragments by ligation of clones 2B and 2N at a unique EcoRY site at nucleotide 1201. The resulting EcoRI fragment
contains nucleotides 1-3544. (B) Hydropathy profile of type II adenylyl cyclase. Shaded areas indicate putative membrane-spanning regions.

The STRIDER 1.1 DNA analysxs software was used to calculate the hydrophobic indices, by the method of Kyte and Doolittle (15), averaged over
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FiG. 2. Northern analysis of the tissue distribution of type Il
adenylyl cyclase mRNA. Samples (10 ug per lane) of total RNA
isolated from eight rat tissue sources were analyzed. Lanes: M,
molecular size markers; O, olfactory epithelium; Bu, olfactory bulb;
Br, brain; Li, liver; Lu, lung; Ht, heart; Ki, kidney; In, intestine.

20 min in 0.5% SSC, 0.5% SDS at 65°C. The autoradiogram
was exposed for 72 hr at —80°C with an intensifying screen.

Biochemical Analysis. The full-length cDNA for type 11
adenylyl cyclase was excised from pBluescript with EcoRI
and introduced into the baculovirus expression vector
pVL1393. The resulting construct was recombined into the
virus and purified recombinant virus was identified (B-
rACII). A high-titer virus stock was prepared and used to
infect Spodoptera frugiperda (Sf9) cells grown in suspension,
as previously described for the type I enzyme (10).

Cells were harvested by centrifugation at 2500 X g and
resuspended in lysis buffer (50 mM Tris, pH 7.5/1 mM
EDTA/1 mM dithiothreitol/0.01% leupeptin/1 mM phenyl-
methylsulfonyl fluoride) and lysed by sonication in the pres-
ence of chlorpromazine (100 ug/ml) to remove endogenous

2000
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calmodulin. The chlorpromazine-treated membranes were
washed three times by pelleting the membranes at 100,000 X
g and resuspending them in lysis buffer. Adenylyl cyclase
assay mixtures, containing 50 ug of membrane protein, were
incubated at 30°C for 30 min and cAMP formation was
assessed as described (11, 12). Calcium concentrations of 10
nM and 100 nM were obtained by buffering free Ca?>* with
EGTA (13). Bovine calmodulin (Calbiochem) was used at a
final concentration of 50 ug/ml.

To study the interaction of type II adenylyl cyclase with the
stimulatory G-protein a subunit (Gg,) and forskolin, cell
membranes were prepared 54 hr after infection with B-rACII
(1 plaque-forming unit per cell), as described (10). Adenylyl
cyclase activities were assayed for 10 min in the presence of
10 mM MgCl,, using 5 ug of membrane protein. Recombinant
(Escherichia coli-derived) G,, was activated with 100 uM
guanosine 5'-[y-thioltriphosphate (GTP[yS]) for 30 min at
30°C in 50 mM Na Hepes, pH 8.0/1 mM EDTA/1 mM
dithiothreitol/S mM MgSO,. Free GTP[yS] was removed by
gel filtration. Forskolin and activated G,, were incubated
with membranes for 10 min at 30°C prior to assay.

RESULTS

Identification of Type II Adenylyl Cyclase. Rat olfactory
tissue contains levels of forskolin-stimulated adenylyl cy-
clase activity nearly 10 times higher than those found in
similar preparations from brain (14). As part of our efforts to
clone and characterize mammalian adenylyl cyclase, a rat
olfactory cDNA library was hybridized with a 3*P-end-
labeled, 50-base-long oligonucleotide based on peptide se-
quence derived from the 120-kDa form of bovine brain
adenylyl cyclase (1). Several hybridizing plaques were de-
tected and plaque-purified, and the recombinant phage DNA
was isolated. The insert from one of these clones (2N) was
subjected to further analysis. DNA sequence analysis re-
vealed a long open reading frame with considerable nucleo-
tide sequence homology to the cDNA encoding the type I
adenylyl cyclase (1). Two pieces of evidence suggested that
2N encoded a distinct form of adenylyl cyclase (type II) and
was not the rat homolog of the bovine type I gene. (i)
Northern blot analysis using the entire 2N EcoRI fragment as
a probe detected a message of similar size [4.1 kilobases (kb)]

|l Basal

10mM EGTA
100uMForskolin

Titng!

1500

1000

500

Adenylyl cyclase activity, pmol-min

04

wt-infected B-rACII

8000

6000

4000

2000

B-rACI

FiG. 3. Expression of recombinant type II and type I adenylyl cyclases (rACII and rACI) in Sf9 cells. Membranes were assayed under basal
conditions, in the presence of 10 mM EGTA, or after addition of 100 uM forskolin. wt, Wild type.
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in brain RN A from rat and cow (data not shown). This mRNA
was considerably shorter than the 11.5 kb mRNA encoding
the bovine type I enzyme (1). (ii) The rat 2N fragment was
used to identify homologous cDNA clones from the same
bovine library used to isolate the type I cDNA clone. The
bovine cDNAs that were isolated and sequenced encoded a
protein that displayed >90% amino acid identity with the rat
type II protein and was distinct in sequence from the previ-
ously characterized bovine type I gene (data not shown).

The mRNA for type II adenylyl cyclase was expressed at
low abundance in rat olfactory epithelium and at high levels
in brain (see below). Therefore, a rat brain cDNA library was
screened to obtain additional clones that extended further
upstream than those initially isolated from olfactory tissue.
The nucleotide sequence of the cDNA corresponding to the
full-length message contained a potential initiation methio-
nine codon beginning at nucleotide 70 followed by an open
reading frame of 1090 amino acids (Fig. 1A). Upstream of the
putative initiation codon, identified on the basis of its simi-
larity to the consensus sequence found for the initiation of
eukaryotic proteins (16), is a region of very high G+C content
(85%) that lacks translation termination sequences. These
characteristics are reminiscent of the cDNA encoding type I
adenylyl cyclase (1).

Comparison of the predicted amino acid sequences of type
I and type II adenylyl cyclases reveals extensive homology in
the cytoplasmic C,, and C,, domains [58% and 52% identity,
respectively (17)] proposed to reside in the cytoplasm and
likely to be responsible for the catalytic activity of adenylyl
cyclase (1). The type I protein contains two regions rich in
hydrophobic amino acids, each of which is predicted to
encode six membrane-spanning sequences. Although the
amino acid sequence of the type II protein displays limited
sequence homology to the type I protein in this region, similar
stretches of hydrophobic amino acids are seen (Fig. 1B).
Potential N-linked glycosylation sites exist in the type II
sequence between predicted membrane spans 9 and 10 at
amino acid positions 712 and 717. Sites for N-linked glyco-
sylation also exist between predicted membrane-spanning
regions 9 and 10 of the types I, III, and IV adenylyl cyclase,
and the type I and III proteins have been shown to contain
N-linked carbohydrate (1, 5, 17).

Type II Adenylyl Cyclase mRNA Levels In Various Tissues.
The 3.5-kb EcoRI fragment (Fig. 1) was used as a probe to
examine the abundance of the type II mRNA in several
tissues. An abundant 4.1-kb message was detected in brain
tissues (brain and olfactory bulb), whereas lesser amounts
were detected in lung and olfactory epithelium (Fig. 2). The
low level of type II mRNA in olfactory epithelium suggested
that other genes encoding adenylyl cyclase were expressed in
that tissue and led to the identification and characterization
of the abundant type III adenylyl cyclase (5). The type II
c¢DNA probe failed to produce a hybridization signal in
kidney, liver, intestine, and heart, all tissues with consider-
able adenylyl cyclase enzyme activity.

Expression of Type II Adenylyl Cyclase. Infection of Sf9
insect cells with a recombinant baculovirus encoding the type
II protein (B-rACII) led to an increase in membrane-
associated adenylyl cyclase activity (Fig. 3). Membranes
derived from B-rACII-infected cells contained 16 times as
much adenylyl cyclase activity as membranes from wild-
type-virus-infected cells when assayed under basal condi-
tions. Addition of forskolin, a direct activator of adenylyl
cyclase, led to marked elevation in cyclase activity (12-fold)
over that seen in the wild-type-infected cell membranes (Fig.
3). Similar results were obtained when Sf9 cells were infected
with virus expressing the type I adenylyl cyclase (B-rACI),
although the maximal level of expression attained was dif-
ferent for the two adenylyl cyclases (Fig. 3). Similarly,
transient expression of the rat type Il adenylyl cyclase cDNA
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FiG. 4. Effects of Ca?* and calmodulin on adenylyl cyclase
activity in S9 cells. Ca?* was included in the presence (solid lines)
or absence (dashed lines) of exogenous calmodulin. Membranes from
B-rACII (<)- and wild-type-virus (0)-infected cells (Upper) and from
B-rACl-infected cells (0) (Lower) were assayed in duplicate.

in a mammalian cell line (human 293 cells) under the control
of the cytomegalovirus promoter (18) resulted in 5-fold ele-
vations over endogenous basal and forskolin-stimulated en-
zyme activities (data not shown).

The type I adenylyl cyclase enzyme, when expressed in a
similar baculovirus construct, was stimulated by Ca2* in the
presence of calmodulin (10). The addition of 10 mM EGTA
(to chelate endogenous Ca®*) to the assay mixture reduced
the basal activity of the type I-containing membranes by a
factor of 3 but had no significant effect on cyclase activity in
type II-containing membranes (Fig. 3). The sensitivity of the
type II enzyme to activation by Ca®* /calmodulin was further
examined. Membranes from B-rACII- or B-rACl-infected
cells were treated with chlorpromazine to eliminate endog-
enous calmodulin and assayed in the presence or absence of
exogenous calmodulin (50 ug/ml) at several Ca?>* concen-
trations (Fig. 4). There was no significant Ca?*/calmodulin-
dependent stimulation of type II enzyme activity. In contrast,
when membranes prepared from infected cells expressing the
type I enzyme were assayed in parallel, a Ca?*/calmodulin-
dependent activation of adenylyl cyclase activity was ob-
served (Fig. 4). The decrease in enzyme activity seen for both
type I- and type II-containing membranes at high Ca?*
concentrations most likely resulted from competition of Ca?*
with the Mg?*/ATP substrate.

The activity of adenylyl cyclase is regulated in vivo by
GTP-binding proteins and other modulatory agents. The
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Fi1G. 5. Synergistic activation of type II adenylyl cyclase by
Gso"GTP[yS] (x axis) and forskolin (O, 0 uM; A, 1 uM; +, 10 uM; O,
100 uM). Membranes were assayed as described in Methods.

modulation of the type II adenylyl cyclase activity by purified
recombinant GTP[yS]-bound G, was examined. Addition of
the activated G, protein increased enzyme activity >20-fold
(Fig. 5). Moreover, the activated G, subunit potentiated the
effects of low concentrations of forskolin on adenylyl cyclase
activity. For example, the presence of 10 uM forskolin and
1.6 nM G,,-GTP[vS] led to adenylyl cyclase activity of 6.4
nmol'mg~1'min~!, considerably greater than predicted by the
additive effects of these two agents (0.8 and 2.2
nmol'min " mg1).

DISCUSSION

Analysis of the type II adenylyl cyclase cDNA sequence
revealed that the enzyme has extensive similarities with the
previously characterized mammalian adenylyl cyclase pro-
teins. The similar pattern of potential membrane-spanning
regions and the considerable homology within putative cy-
toplasmic domains suggest that the proteins in this family
exist in the membrane in a similar topology and utilize similar
catalytic mechanisms.

The mRNA for type II cyclase was expressed in only a few
of the tissues examined. The presence of adenylyl cyclase
activity in tissues that do not express type I, II, or IIl message
suggests that additional genes encoding this enzyme might
exist. The application of low-stringency hybridization and
polymerase chain reaction methods has led to the identifica-
tion of several novel forms of adenylyl cyclase that appear to
be expressed in brain as well as in peripheral tissues (J.K.,
unpublished data).

The existence of multiple genes encoding adenylyl cyclase
could provide a mechanism for regulation of enzyme levels in
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particular cell types or, alternatively, impart distinct bio-
chemical properties on the cell by virtue of their differential
response to G-protein subunits and other modulatory pro-
teins. The interaction of activated G, and forskolin with type
II cyclase results in a synergistic increase in enzyme activity,
whereas these agents act independently on the type I enzyme
(10). The By subunit of the G proteins appears to modulate
G -activated cyclase activity in opposite directions, produc-
ing a decrease in type I activity and a dramatic increase in
type II activity (19). The ability of Ca?* in the presence of
calmodulin to selectively activate different adenylyl cyclases
would permit the interaction of second-messenger pathways
in type I-expressing cells while allowing the pathways to
remain independent in cells expressing the type II enzyme.
The availability of cDNA clones encoding adenylyl cyclase
proteins with distinct biochemical properties should allow a
molecular dissection of the regions in the proteins responsible
for these modulatory interactions.
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