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Abstract

A cDNA of a novel form of type V adenylyl cyclase has been cloned from rabbit myocardium using oligonucleotide probes derived from peptides
that were produced by enzymatic cleavage of purified heart cyclase A corresponding mRNA (6 kb) has been detected 1n rabbit myocardial tissue
by Northern blot analysis The cDNA encodes a protem of 1,264 amino acids exhibiting 12 putative membrane-spanning regions n its hydrophilicity
profile Sequence comparson to two other previously published type V adenylyl cyclases reveals amino-terminal domains of different length and low
correlative homology, whereas the rest of the sequences 1s almost 1dentical The nonconserved amino-termal region of the subtype consists of 214
ammo acids and exceeds the length of the others by 40 and 80 residues, respectively Its presence in membrane preparations from different tissues
has been confirmed immunologically using an antibody directed against a synthetic peptide The cloned adenylyl cyclase was functionally expressed
1 COS-1 cells to attain an enzymatic activity 3 5- to 14-fold above control 1n the presence of forskolin
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1. Introduction

Subsequent to purification of adenylyl cyclase from
rabbit myocardium [1,2] and bovine brain [2,3] several
groups have cloned cDNAs of different 1soforms from
higher eukaryotes [4-9]. All 1sotypes have in common
that they are stimulated by both forskolin and GTP an-
alogs However, they differ in that they are distinctly
regulated by the Sy subumt of heterotrimeric GTP-bind-
ing protems (G-proteins) and by Ca** and are therefore
subdivided into famihes: Type I (and III) cyclases are
stimulated by Ca**/calmodulin [10] Type II and IV en-
zymes are activated by the fy-subunit [11] while others
are mhibited (type I), or nonaffected (types V and VI)
[12] Only type VI appears to be mhibited by submicro-
molar concentrations of Ca®* 1n a calmodulin-independ-
ent manner [9]

During our efforts to clone the cDNAs of myocardial
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The nucleotide sequence data reported 1n this paper will appear in the
EMBL GenBank and DDBJ Nucleotide Sequence Databases under
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Abbreviations G, stimulatory guanine nucleotide binding protein,
ACst, ACcm, ACpy;, adenylyl cyclase, type V from rat striatum, canine
myocardium and rabbit myocardium, respectively, GTPyS, guanosine-
5’-0-(3-thiotriphosphate), RACE, rapid amplification of cDNA ends,
PCR, polymerase chain reaction

1soforms we obtained, besides clones for type IV and
type VI adenylyl cyclase, one clone for a new type V
enzyme, ACgy, Its encoded ammo acid sequence consid-
erably differed n length and showed low homology to
the corresponding N-terminal sequences of the published
type V 1soforms from canine heart, ACqy, [8] and rat
striatum, ACgyr [13]. The ¢cDNA and amino acd se-
quences of this clone are presented. The deviant N-termi-
nal regton was verified by cDNA cloning, genomic clon-
ing and Western blot analysis using an antibody against
a peptide sequence derived from the 5 end of the coding
region. Furthermore the new type V adenylyl cyclase was
functionally expressed in COS-1 cells showing that this
form resembles type VI cyclase in being mhibitable by
submicromolar Ca”*-concentrations.

2. Materials and methods

21 Protemn microsequencing and cDNA cloming

Rabbit myocardial adenylyl cyclase was 1solated as a complex of the
catalytic unit (CU) and the a,-moiety essentially as described earlier [2]
with shight modifications as publhished in [14] The identity of the 150
kDa M, CU has been previously demonstrated by crosshinking to la-
beled o, [2] and to a photoreactive forskolin dertvative [15] Separation
of the complex and isolation of CU was performed by preparative
polyacrylamide gel electrophoresis The 150 kDa band, traced by addi-
tion of '*I-labeled CU and autoradiography was excised and the pro-
tein 1solated by electroelution using the ‘Biotrap’ device from Schleicher
and Schuell The eluted protein was precipitated with 90% (v/v) meth-
anol, and the precipitate treated with trypsin Before separation of
tryptic peptides on a microbore HPLC column residual SDS was re-
moved by extraction with 1soamylalcohol/heptane [16] Isolated pep-
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tides were finally analyzed by Edman degradation on a gas-phase-
sequenator [17]

Oligonucleotide O1-7, deduced from the tryptic peptide KP-
QYDIWGNTVNVA [18] was used for mitial screening of 15 x 10°
plaques of an oligo(dT) primed rabbit heart cDNA library constructed
in Agtll (Clontech, Palo Alto, CA) Further screening was done with
a random primed probe derived from a cloned PCR-fragment (AC 8)
This was obtained by using the degenerate primers OI-9 and Ol-10,
corresponding to tryptic peptides ATLNYLNGDYEVEPG and TIG-
STYMAASGLNDSTY, respectively With the help of a modified
RACE protocol [19] sequence information was generated that allowed
the synthesis of oligonucleotides used 1n the construction and screening
of a second cDNA library This was estabhshed 1n Agt10, starting from
a mixture of cDNAs primed separately with random hexamers, oh-
gonucleotides O1-32, O1-35 and OI-50, respectively, and finally screened
with Ol-64 as a probe Total RNA from rabbit heart was 1solated by
the acidic phenol/guanidimumthiocyanate method [20] Poly(A)* RNA
was selected by two rounds of punfication on oligo(dT) cellulose
12 x 10° plaques of a rabbit genomic ibrary (Clontech, EMBL3 SP6/
T7 cloning vector) were screened with a **P-labelled 159 bp PCR frag-
ment, which was amplified from clone AC-20 using the primers MD1
and MD2

Standard screeming and cloning procedures used are described 1n [21]
Hybnidizations were performed n 6 x SSC (1 x SSC = 150 mM NaCl/
15 mM sodum atrate pH 7 0), 0 1% SDS, 1 mM EDTA, 0 1% polyvi-
nylpyrrolidone 25, 0 1% Ficoll 400, 0 05% Na,P,0; x 10 H,0, 100 ug/
ml denatured herring sperm DNA Hybndizations with 5-labelied oli-
gonucleotides were carried out at 45°C with subsequent washing at
50°C 1n 2 x SSC, 0 1% SDS Stringent washing of filters hybridized with
probes labelled by random-priming or PCR was performed i
01xSSC, 01% SDS at 65°C DNA fragments were sequenced apply-
ing the dideoxy chan termination method [22] after cloning mto
Bluescript vectors (Stratagene)

Oligonucleotides used were
0Ol-7, AAGCCCCA(A,G)TA(C, T)GA(C.T)AT(C.T)TGGGGCAAC-
ACGGTGAATGTGGC, 019, CGGAATTCAA(C, T)TA(C,T)CTIG-
A(C. T)GGIGA(C.T)TA (C. T)GA(A,G)GTIGA(A,G)CC, 0O1-10, CG-
AAGCTTC(A,G)TC(A, G)TTIAGICCI(C,G)A, T)IGCIGCCAT
(A,G)TA, 01-32, GGCAGCACCTACATGGC, OlI-35, ACCACCTG-
GACAGCCA, 01-50, TCAGGCGGAAGAAGTAG, 0Ol-64, TCGC-
CGCTCC TCCAGGCCCAG CTC, MD-1, GCTGCCTGGCGT-
TGCTGCA GAT, MD-2, CGTGGAAGGCCAGCATGA CGAG

22 Northern blot analysis

Poly(A)* RNA was subjected to electrophoresis on a 0 8% agarose/
formaldehyde gel, blotted on Duralon membranes (Stratagene) and
crosslinked by UV irradiation The blot was hybndized with a random
primed probe generated from a 438 bp BstXl fragment of clone AC-35
for 62 h at 65°C 1 250 mM phosphate buffer pH 72, 7% SDS, 1%
bovine serum albumin, 50 ug/ml yeast RNA Stringent washing was
performed at 65°C (in 0 1 x SSC, 0 1% SDS )

23 Expression of type V ACgyy in COS-1 cells

The three cDNA clones that have been utihized to construct a clone
with a full-length type V adenylyl cyclase coding region are outlined in
Fig 1 The 5-untranslated region n the AC 25 Bluescript KS clone was
removed by digestion with Xhol and Bbsl, treatment with Klenow
enzyme and blunt-end rehigation to produce plasmid pKS-ac254 After
removal of the 3’-non-coding region from the AC-12 clone by BssHII/
BamHI restriction and religation using a synthetic BssHII/BamHI
adapter carrying an internal Xhol site, a 13 kb EcoRI fragment of
AC-35 was cloned into the remaining EcoRI site Finally a 32 kb
Sacll/Xhol fragment of the resulting plasmud together with a 620 bp
Kpnl/Sacll fragment derived from pKS-ac254 was hgated nto the
mammalian expression vector pXMD1 [23] In this construct, pPXMD-
acV, the adenovirus-2 major late promoter directs the expression of the
complete type V adenylyl cyclase coding region 13 x 10° COS-1 cells
were seeded on 140 mm plates the day before transfection The cells
were transfected with 10 ug of the plasmud by the DEAE-dextran
method including treatment with chloroquine [24] and a 2 mmn DMSO
shock [25] After 48-72 h the cells were scraped from the plates m
Ca?*/Mg?*-free phosphate-buffered saline containing 1 mM EDTA,
1 mM DTT, and protease inhibitors (0 5 mM PMSF, 3 ug/ml aprotinin,
3 ug/ml soybean trypsin inhibitor, 20 ug/ml N-tosyl-phenylalaninechlo-
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romethylketone (TPCK), 10 uM benzethoniumchlonde, 100 uM ben-
zamidine) and collected by centrifugation Cells were resuspended n
buffer A (10 mM MOPS pH 7 4, | mM EDTA, | mM MgCl,, | mM
DTT, protease mhibitors) and subjected to two cycles of freezing 1n
liguid mtrogen and thawing at 37°C  After centrifugation at 600 x g to
remove the nuclei, membranes were collected by centrifugation at
40,000 x g and resuspended n buffer A supplemented with MgCl, to
2 mM final concentration After addition of 10% glycerol, membranes
were frozen m aliquots i hquid mtrogen and stored at —80°C

24 Preparation of antibody against an N-termmal sequence of rabbit
myocardial type V adenylyl cyclase (ACpgyy)

Peptide 5-33 (GEADSRANGYPHAPGGSARGSTK-CONH,),
synthesized on a continuous flow peptide synthesizer designed n our
laboratory [26], was coupled to keyhole hmpet hemocyanine via
glutaraldehyde and injected into chicken according to [27] Immuno-
globulin was 1solated [28] and monospecific antibody obtaned by im-
munoaffimity chromatography using peptide 5-33, immobilized to Af-
figel-10 (Bio-Rad) Antibody 5-33 was radioiodinated as described
previously [29]

25 SDS-polyacrylanude gel electrophoresis and immunoblotting
Proteins were separated on 4-15% polyacrylamide gradient gels ac-
cording to Laemmli [30] and transfered to mtrocellulose in the presence
of 0 02% SDS [29,31] Detection with *I-1odinated antibody was per-
formed as described [29] Solubilized adenylyl cyclase from bovine bramn
cortical and bovine striatal membranes was prepared as described [29]

26 Adenylyl cyclase assay

Adenylyl cyclase activity was measured 1n the presence of 20 mM
MOPS pH 7 4, 10 mM creatine phosphate, 50 pg/ml creatine kinase,
5 mM MgCl,, 1 mM EGTA, 38 mM theophylhne and 01 mM
[«-*2P]ATP (100-150 cpm/pmol) Incubation was for 30 mn at 30°C
Crude G,, 50 ug/assay, was obtamned from turkey erythrocyte mem-
branes (20 mg/ml) activated with 10~° M GTPyS/107* M 1soproterenol
and solubilized with 1 5% cholate [32] Prior to addition to the cyclase
assay, cholate was removed by gel filtration Forskolin concentration
was 100 uM Protein was estimated by a modified Lowry procedure
[33]

3. Results and discussion

A combination of hibrary screening and PCR-based
methods produced a total of 35 overlapping cDNA-
clones that constitute a novel type V adenylyl cyclase,
ACgy. As shown 1n Fig 1 the most critical, extremely
GC-nch, 5-region 1s also covered by a rabbit genomic
clone, starting about 300 bp upstream of the cloned
c¢cDNA The clone contains functional features of ex-
pressed genes, e g an AT-rich region (TAAGAAAA)
and two GC-boxes centered at about 30, 80 and 230 bp
upstream of the cDNA dernived sequence This comnci-
dence of a possible promoter structure with the start of
the cloned cDNA suggests that 1t 1s full-length with re-
spect to the 5" end

Northern Blot analysis of rabbit myocardial poly (A)"
RNA yielded a single band of about 6 kb (Fig 2)

Fig 3 shows the cDNA sequence and the deduced
primary structure of the novel type V adenylyl cyclase
isoform An ATG at position 586, preceded by an n-
frame stop codon at position 122, 1s followed by an open
reading frame encoding 1,264 amno acids, correspond-
ing to an M, of 139,533 Although both cDNA clones
AC-3 and AC-12 carry a stretch of ademins at their 3’
end, a polyadenylation signal cannot be 1dentified
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Fig 1 Schematic alignment of type V (ACg,,) adenylyl cyclase (cDNA) clones Relative positions of cDNA clones obtained by screeming of oligo
(dT) (AC #3 + 12) or specifically primed library (AC #25-35), PCR (AC-8), RACE (AC #16-23) and screening of genomuic hibrary (11-I) Hatched
boxes represent DNA fragments used 1n the construction of the full-length expression clone pXMD-acV The complete coding region 1s shown as

an open box

When the amino acid sequence of the novel ACy; was
compared with those published for the other type V en-
zymes ACgr and ACy, 1t became apparent, that more
than 95% identity 1n the major portion of the sequence,
mcluding the C-terminus, contrasts with a striking diver-
gence at the N-terminal end The conserved part starts
210 (ACgm), 169 (ACqp) or 129 (ACy) amino acids from
the respective amino termuni, just before the first pre-
dicted transmembrane region The preceding sequences
show eirther no or only moderate overall homology to
one another It has to be pointed out that if aminotermu-
nal domains of ACy and ACy, are compared 80%
homology on the DNA level contrasts with only 15%
homology on the peptide level, consistent with the find-
ing that much more homology emerges, when different
reading frames are considered Unfortunately the cDNA
sequence of ACgr has neither been published nor com-
municated, but again, the modest homology between the
amimnoterminal sequences of ACg; and ACgy, 1mproves
drastically, when a different reading frame of the latter
cDNA 1s considered 1n addition. In this respect extra-
care has been taken to resolve sequencing artifacts prom-
inent m the extremely GC-rich 5 region A modified

kB
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Fig 2 Northern blot analysis of rabbit myocardial poly (A)* RNA
4 ug of rabbit heart poly (A)* RNA were analyzed as described 1n
section 2 Shown 1s an autoradiograph following overnight exposure
Molecular size RNA markers (Life Technologies Inc ) are indicated
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GAGTCACTCCCAGTC

16 CGCCGCGAGGA GCGCCCGCOGLETCTCTGCGCCGGGACCCCAGOCGAGCCGLCCTCGTCGE CGCCTCGCC TCGGGAGCCGL TGCGC TCCGL TTAGGCGGC ATC TGCCAGCECCELG

136 CCCGGGCACTGCCAGCTCCAGGGAGGCGCCGCCCGCAAGGACACCTC TCCGTCCCGCCTTGTCCGCCACTOLGECCC TCGTCGAGCTCCACGCGAGC CCTCAGGAGTCCGGACG TCTCTC

256 TGCGCTCGGCGCAGCGGCCCGAGCCGTCCC TGCGGCCCCCCTCTCCTTCCCGCTCGGAGCCAACTCCATC TCGGACE TGGGACGC TC TGCACGGGC TGGCAGC TACT TCCAACC TCGGGG

376 CTGCGCCCGTCTGLCCGCTCGCCCTCCCGCGGTCCTCC TCCTCCGCTCAGGACGGEGGGTGCCAAGATGCCCCGCTGL TGLGCAGGGLCCTGGGCCGECCCCGACGTGTGACCCCAGCCTG

496 GTCCCCCTGCTCGULCCGTCCACCCTCCCCTTGGAGACCCCCGGCCUGGLCCCCGGLTGAGGAGGAAGACGACGAAGA Y TGTCCGGCTCCAAAGGCGTGAGCCCTCCG
M S G S XK GV s pp 10

616  GGCTACGCGGCGCAGACAGLGGCGGLGCCGGCGTCCCELGGAGGLCCCGAACATCGCTCAGCT CGACTCTCGTGCCAATGGCTACCCCCACGCCCCCGGGGGTTCTGCT
GYAI\QT’\AAPA‘-RGGPEHRS\W[GEADSRANGYPHAPGGSA 50

736 CGCUACTCCACCAAGARACCAGGGGGGGCGE CACCCC AC AGCAGCAGCAAC AGC AGCAGCGCC TGGCCAGCCGE TGGCGCGGCGAC GACGACGACGAGCOGCCG TTGAGCGGCGACGAT
RGSTKlKPGGAVTPQQQQQQQRLASRNRGDDDDEPPISGDD 0

856 CCCTTGGCCGGGGGCTTCGGCTTTAGCTTCCGC TCCAAGTCCGLC TGGCAGGAGCGCGGLGGCGACGAC TGCGGTCGCGRLAGCCGGCGGCAGC GELGGGGLGC GG CEGCGGEGGTAGC
P LAGGFGF ST FRSKSAWOQERGS GDDCGRGSZ RRGQRRGAA AGT UGG S 130

9/6 ACTCGOLCGCCCCCTGCGGGCEELGGCTGCGHLGGLEG TCGECEELAGCGGLCGE TGUGGL GOGCGGEACGGAGG THGCCCCCGTTCGGTGGAGE TGGHCC TGGAGGAGCGGCGAGGT
T RAPPAGGGCGGG S AAARAMRAMAMAAGGTEVR RPRSVETLSGTLTFEHRIRSEG 170

1096 AAGGGCCGCGCGGTGGACGAGC TGGAGGCCHHLTGCCGTCGAGGUCGETGAAGGGGCAGAGGATGGCGGCAGC TCCGUGGACTCCAGC AACGGGCCCGGLGOGGTGE TGTCGC TGGGCGCC
K G R AV DETILE®AMGAVEGSGETGHAEDGSGSSADSSNGPGAVILSLGA 210

1216 TGCTGCCTGGCGTTGCTGCAGATTT TCCGCTCCAAGAAGT TCCCGTCCGACAAGC TGGAGCGGCTGTACCAGCGL TACTTCT TCCGCCTGAACCAGAGC AGCCTCACCATGC TCATGGCC
C ¢CLALLQTIFRSKI KTEF? P SDKILERTILIYGQRYT FTFRILNQQSSLTMULMA 250

1336 GTGCTGGTGCTCGTGTGCTCGTCATGC TGGLCT TCCACGCGGCECRCCCCCCAC TCCAGC TGLCCTACC TGGLGETGCTGGCGGCCGLCGTGGECGTGATCCTCGTCATGGCOGTGCTG
Y.L v L.V C L VM L AFHABREPPLOQLEXYTLAVYLARAAYGVYILYMALYL 2%

1456 TGCAACCGCGCAGCCTTCCACCAGGACCACATGGGCCTGGOCTGC TATGCGC TCATCGCCGTGGTGL TGGC TGTCCAGG TGG TGGGCCTGC TGC TGCCCCAGCCGCGCAGTGCC TCCGAG
C N RAAMFHQDHM.G L ACY A LI AVY A Y O V¥V V G L P QP RS A S5 E 330

1576  GGCATCTGGTGGACCGTGTTCTTCATCTACACCATCTACACGE TGCTGCC TG TGCGCATGCOGEC TEOGG TCCTCAGCRGGG TGL TCCTGTCCACCC TGCACC TGGCCATCGCCCTGCGE
G L.y w2 v FE T ¥ T 1 ¥ T L LPYRMBAMBYLSGYLLSTLHLATIALR 370

1696 ACCAACGCCCAGGACCGGTTCLTGCTCAAGCAGCTGGTCTCCAACGTCCTCATCT TCTCCTGCACCAACATTGTGGGCGTCTGCACCCAC TATCCGGCCGAGGTC TCCCAGAGGCAGGLC
TNAQDRELLKOLVYV SNV LIFSCTNIVGYCTHYPAETVSQROQA 410

1816  TTCCAGGAGACCCGCGAGTGCATCCAGGCACGGE TCCALTCGCAGCGGGAGAACC AGCAACAGGAGCGGC TCCTGCTGTCCGTCC TTCC COGCC ACGTTGCC ATGGAGATGAAAGCAGAC
¢ Q ETRECI QARILUHSOQRENQQQQCERTIULTLILSVL®?2RHYV AMEMEKAD 450

1936 ATCAATGCCAAGCAGGAGGATATGATGT TCCATAACATCTACATCCAGAAACATGACAACGTGAGCATCCTGTTCGC TGACATTGAGGGCTTCACCAGCCTGGCGTCCCAGTGUACCGLC
I NA KQEDMMEFUHEKTIYTDIOQKHDNVSILFADTIESGSGTFTUSTULASOQCTA 490

2056 CAGGAGCTGGTCATGACCCTCAACGAGCTCTTCGCCCGCT TCGACAAGC TGGCTGCGGAGAATCACTGTT TACGCAT TAAGATCC TGGGGGATTGC TAC TAC TGCGTGTCEGGGC TGCCC
Q ELVMTILNELTFARTFUDIEKTLAAMENUHCLR RIEKTITLGDT CYYCVSGTL?P 530

2176  GAAGCCAGGGCCGACCACGCCCACTGCTGCGTGGAGATGGGCA TGGACATGATCGAGGCCATC TCGT TGG TCCGGGAGGTGACGGGCGTGAACG TGAAC ATGCGCGTGGGAATTCACAGC
E ARADUHAMHNCCVY EMGMDMIEATISTLVREVYVTGVNVNMRBRYGIHS 570

2296 GGCCGAGTGCACTGCGGTGTCCTTGOCC TGAGGAAGTGGC AGT TCGACGTATGGTCTAATGACGTCACGC TGGCCAACCACA TGGAGGC CGGCGGCAAGGCAGGACGCATCCACATCACC
G R VY HCGVLGLRZXWOQTFDUVWSNDVTLANIHMEA AGS GT K AGRTIMHTIT 610

2416  AAGGCCACCCTCAACTACCTGAACGGCGAC TACGAGGTGGAGCCAGGCTGCGOGGGLGAGCGCAACGCCTACCTCAAGGAGC ACAGCATCGAGACCT TCCTCATCCTGCGCTGCACCCAG
K A--T--L--N--Y--L--N-—G--D-~Y--E--V--E-~P--G C G G E R N--A--¥-~L—-K E H S I E T F L I L R C T Q 650

2536  AAGCGGAAAGAAGAGAAGGCCATGATCGCC AAGATGAACCGCTAGCGAACCAACTCCATCGGGCACAACCCGCCACACTGGGGGGCCGAGCGCCCCT TC TACAACCACCTGGGTGGCAAC
K R K EE KAMTIAIZKMNROQRTNSTITGHNTP?PHMWGAMETRTPTFYNHLTGGN 690

2656  CAGGTCTCCAAGGAGATGAAGCGGATGGGE TTTGAAGACCCCAAGGACAAGAACGCCCAGGAGAG TACGANCCCCGAGGATGAAGTGGATGAGT TTC TGGOCCGGGCAATCGACGCCAGG
Q VS KEMZEXRMGT FETDTPIEKDI KN MNZIOQETSTNTZPETDEVDETFTULOGRATIDAR 130

2716  AGCATCGACAGGCTGCGGTCCGAGCACGTCCGCAGGTTCCTCT TGACC TTCAGGGAGCCTGACT TAGAGAAGAAG TAC TCCAAGCAGGTGGACGACCGC TTTGGTGCCTACGTGGCG TG T
$ 1 DR LRSEHVRRTFILILTTFARETPTDTILTEZEKTE KYSIEKUOQVDDRTFGALJYLVYATC 0

2896 GCCTCGCTCGTCTTCCTCTTCATCTGCTGTGTCCAGATCACCATCGTGCCCCACTCCATGTTCATGC TGAGT TTC TACCTGGCCTGC TTCCTGC TGC TGACC TTGGTGGTGT TTGTG TCC
S MFMLSVF Y LACFL L LITLYVYFY S 810

3016  ATGATCTACTCCTGCGTGAAGCTCT TCCCGCGMCCGE TCCAGAGCCTGTCCAGGAAGATCGTACGCTCCAAGATGAACAGCACCC TGGTCGGAGTGT TCACCATCACCCTGG TGTTCCTG
M I Y S ¢ Y KLFPREPLOQSTLSREKTIVARSKMNSTLYGYFTITLVEF] 850

3136 TCGGCTTTCGTCAACATGTTCATGTGCAACTCCAAGGATC TGC TGGAC TGCC TGGCGGCGGAGCACAACATCAGCGTGATCCATGTCAACGCGTGCCACGTGGTGGAGTCGGCC TTCAAC
S A _F ¥ N M F M C NS KDULLUDTCLAAMEABHBUNTISVIHVNACHUVVETSATFN 8%
-» -

1256  TACAGCCTGGGCAACGAGCAGGGC T TCTGTGGCAACTCCAGGCCCAACTGCAACT TCCCCGAGTACT TCACC TACAGCGTGC TGC TCAGCCTGE TGGLC TGC TCCGTGTTCCTGCAGATC
Y S LGNEOQGTEt COGNSRPNCNTF®PETYF ETY SV L L S L L A C S VFE Q 930

3376 AGCTGCATCGGGAAGCTGGTGCTCATGC TGGCCATCGAGCTCACC TACGTGC TCATCGTCGAGGTGCCCCGGGTCACGCTCT TTGACAATGCCGACC TGCTGGTCACCGCCAACGCCATA
5 ¢ 1 6 K L Vv LM L A I E L T YV L [ ¥ EY P RVY T LFDNADILLVTANALI 970

1496  GACATCAGCAGCAACGGGACCTCCCAGTGCCCGGAGCACGCGACCAAGGTGGCGC TGAAGGTGGTGACGCCCATCATAATCTCCGTCTT TGTGC TGGCCCTGTACCTGCACGCCCAGCAG

D1 S $NGTSOQC®PEHAMTZEKVY ALKV VY TP I I I S V FE VvV L ALJYTLHAOQDOQ 1010
-
1616  GTGGAGTCCACCGCCCGCCTGCACT TCCTCTGGAMNC TGCAGGCCACGGAGGAGA TGCAGGCCTACAACCGGCGGC TGCTGCACAACATCC TGCCCAAGGAC
VKSTARLDFLNKL—‘Q—-A--T—-E-—E——KEEMEELQAYNRRLLHNILPKD 1050

3736  GTGGCCGCCCACTTCCTGGCCCGOGAGCGGCGCAATGACGAGC TGTACTACCAGTCC TGCGAGTGCG TGGCCGTCATGTTCGCCTCCATCGCCAACTTC TCCGAGTTCTACGTGGAGCTA
V AAHF LARERRNDTETLYYOQQSsSCETG CVAVMFASTANTFSETFTYVEL 1090

3856 GAGGCCAACAACGAGGGCGTCGAGTGCCTGCGGCTGCTGAACGAGATCATCGCCGAC TTTGACGAGATCATCAGTGAGGA TCGGT TCAGGCAGC TGGAGAAGAT TAAGACCATCGGCAGC
E ANNEGVECLRILLWNETITIADTFTDETITISEDRTFRAQLETZKTIK T--I--G-5 1130

3976 ACLTACATGGCCGCCTCGGGCCTCAACGACTCCACCTACGMAAGGTGGGCAA(-ACAC)\CATCMAGCGCTGGCCGACTTCGCCATGM(X?TGATGGACCMATGAAATACATC)\ACCAG
T==Y==M: T--Y D K V G K T H I K A--L--A—-D~-F--A--M K L M D Q@ M K Y--I--N--E 1170

4096 CACTCCTTCAACAACTTCCAGATGAAGATCGGACTCAACATTGGCUCCGTGGTGGCTGOGGTGATCGGGGCACGTAAGCCCCAGT ACGACATC TGGGGCAACACAGTGAACGTGGCCAGT
H--8 F N N F Q M K I~-G--L--N--I~=G--P+-V=--Y-~A-=-G--V--1--G--A R K-~P--Q--Y--D--I--W-~G--N--T--V--N--V--A S 210

4216 CGTATGGACAGCACCGGCGTGCCCGACCGCATCCAGGTCACCACGGACATGTACCAGGTGC TGGCCGCCAACACATACCAGC TGGAGTGCCGGGGTGTGGTC AAGGTCAAGGGC ANAGGC
R M DSTGV PDRTIQVTTDMYOQV LAANTYSQLETCRSGVVEKVIKSGIKSG 1250

4336 GAGATGATGACGTACTTCCTCAACGGCGGGCCCCCGRTCAGTT AGCAGCGECGCGCGGGCACCRRACAGCCTGRCCTCRGCAGGARC GGCTGCC AGGAGGGTGRGEGCAGCC TGGCTCCG
E--M--M--T—-~Y-=F~-L=-N--G=-G-~P--P--L--§ 1264

4456 GCCCCCGGGCCGTGCGCCTGAGATT TCCCATTTTGCC TCCAGAAGCAGCT TC TGCCT TCGC TG TGGGCGCGGLC TCCGTGCCAGGCCCOGGAGTGCCAGCG TCC TGCGAGCACCARGC T

4576 GACCAAAGATGTTTCCCGC \GAAGACGCGCCGCTCGACTCGACCGAATCCGGAG TCC TCOGCCGGGTGL TGC GGOGCGTGCGGEG TGACTGGCCC TG TGGCCCGLGGCGRGGCCGAGG

4696  GAGCCTGGGAGGGGCGGGACGGGAGCC TGGACTGCGGCCCAGGGGGACGCAGGGATCCTGAGGGC TC TGC TTTTCCT TG TGAGCC TT TCATC TTCGGCAGCGGL TGCGLGCCCGGLCCCE

4B16 CCGAGAGCTTGCGGGECGOLCGGGGCTC TGGCTGCGAAAGGE TGTGTC TTCATCGCC TTGC TCLGCCCOGCACTGE THCTGCGCECAGAC CGCGCOCC AGCGGGGCTGACTGA

4936  GGAGACCAGACCGGAGGACGCCGAGCAAGGAGTGGTGTTCTGACGAAAAAAMARAAAAAA 4995
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Sequenase protocol (to be described elsewhere) and cycle
sequencing with Taq polymerase and **P-labelled prim-
ers produced the same sequencing results when the reac-
tion product was analyzed on polyacrylamide gels con-
taming 40% formamide/7 M urea

Sice the amino terminus of purified ACgy 15 not
susceptible to Edman degradation we raised a peptide-
specific antibody 1n chicken 1n order to confirm the pre-
dicted sequence This antibody 1s directed against a syn-
thetic peptide comprising amino acids 33 to 55 of ACyy
This peptide does not display any significant homology
to the aminoterminal or the highly conserved part of the
sequences published for ACq, and ACy; although 1t
should be mentioned, that its corresponding cDNA en-
codes 1n a different reading frame a peptide with high
homology to the N-terminus of ACgr. As clearly indi-
cated by Western blot analysis, the antibody AS-33, 1so0-
lated from egg yolk and affinity-purified, detects 1ts epi-
tope 1n purified rabbit myocardial adenylyl cyclase as
well as n crude solubilized membranes from rabbit myo-
cardial tissue, bovine bram cortex or bovine striatum
(Fig 4) In fact, striatum proved to be the richest source
of ACgry from a variety of tissues tested Preliminary
experiments have shown that the antibody can also pre-
cipitate adenylyl cyclase activity from crude solubilized
myocardial membranes (J Wallach, unpublished)

In order to establish that the cloned cDNA for ACyy,
encodes a functionally active protein, 1t was mserted mnto
the mammalian expression vector pXMD1 [23] To in-
duce transient expression, the construct was transfected
mto COS-1 cells Western blot analysts (not shown) and
determination of enzymatic activity in crude membrane
fractions confirmed functional expression of the novel
type V adenylyl cyclase Forskoln- and G,-stimulated
activities were enhanced by 3.5 to 14 fold as compared
to cells transfected with vector alone (Fig 5) Introduc-
tion of the Kozak consensus sequence for mtiation of
translation, GCCACCATGG [34], into the expression
construct by PCR, mncreased these values only margin-
ally (data not shown). As 1s further evident from Fig 5,
the ratio of forskolin-stimulated activity of cells trans-
fected with pXMD-acV to that of control cells increases,
when chloroquine 1s added to improve transfection effi-
ciency [24]. This however, seems to occur mainly at the
expense of endogenous activity in the control cells.

Type VI adenylyl cyclase has been shown to be mhib-
ited by submicromolar concentrations of Ca** [9] Con-
sidering the high homology between type VI and Type
V enzymes we were interested to know whether type V
ACyy may be ssmilarly influenced by this divalent cat-

261

Mr

- 200
- 08

a b c a' b’

Fig 4 Western blot analysis of type V (ACgy,) with antibody A 5-33
Lubrol PX solubilized membranes (140 ug of protein each) from bovine
brain cortex (a, a’) or bovine striatum (b, b") and 0 15 ug of purified
rabbit myocardial adenylyl cyclase (c) prepared according to (2) were
separated on a 4-15% SDS polyacrylamide gel, blotted onto nitrocellu-
lose and probed with radioiodinated antibody A5-33 In lanes a’ and
b’ antibody was saturated with 10 M peptide 5-33 before immuno
staining

1on Cooper and colleagues have shown that type VI
enzyme, expressed 1 293 cells, was maximally mnhibited
by 30% at 0.3 uM free Ca?* [9] Adopting virtually iden-
tical conditions [35] for type V ACgy we found ~ 70%
mhibition at Ca>* concentrations as low as 0.08 M (not
shown) Furthermore the extent of mhibition increased
with the strength of the Ca**/EGTA-buffer, in agreement
with recent findings by Smuth et al [36] While these
authors suggested, that Ca>*-inhibition of duodenal ade-
nylyl cyclase was merely reflected by the [CaEGTAJ*
concentration, our findings emphasize the additional in-
fluence of free Ca®*

Thus further investigations are needed 1n order to clar-
ify the inhibitory role of low Ca®*-concentrations on ade-
nylyl cyclase 1soforms

The type V rabbit myocardial adenylyl cyclase ACgy
represents the largest polypeptide among mammahian
adenylyl cyclases so far cloned This 1s mainly due to 1ts
extended amino terminus (246 vs 28 residues for type IV
cyclase) It remains to be investigated whether this extra
part bears any regulatory or other function In this re-
spect Tang et al. have shown that deletion of the N
terminus yields a modified type I adenylyl cyclase with
severely impaired activity {10]

At the moment the relationship between the three type
V adenylyl cyclase 1soforms remains unclear. It must be
clarfied whether mammalian myocardial tissue contains

«—

Fig 3 c¢DNA and deduced amino acid sequence of adenylyl cyclase Type V (ACgy) The total coding DNA sequence and parts of the 5’- and
3’-untranslated regions are shown The ammo acid sequence 1s presented 1n single-letter code Underhined amino acid sequences indicate predicted
transmembrane regions Symbols for amino acids found 1n the tryptic peptides are connected by dashes Hypothetical, extracellular N-glycosylation
sites are indicated by an asterisk (*) The peptide sequence selected to generate the antibody A 5-33 1s boxed
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E xpression of rabbit heart type V adenylylcyclase in COS-1cells

500
minus
chloroquine

4004

300+

2004

pmol cAMP/mg x min.

100

plus
chloroquine

Dbasal
2Ge*
M forskolin

vector typeV AC

vector type v Ac

Fig 5 Transient expression of adenylyl cyclase type V (ACgy) in COS-1 cells Membranes (5-10 ug) from mock (pXMDI1) and pXMD-acV
transfected COS-1 cells (kept m the presence or absence of chloroquine) were assayed for adenylyl cyclase activity as described in section 2 Values
shown are means of duplicate determinations from single experiments, representative for 4 (minus chloroquine) and 3 (plus chloroquine) independent

experiments respectively

more than one type V 1soenzyme and how these correlate
to that previously found in striatal membranes A spe-
cific subform has been suggested to occur 1n that tissue,
which may be selectively coupled to dopamine D,-recep-
tor and the o -varnant a,, [13] The most pertinent, yet
puzzling phenomenon however resides on the observa-
tion that these three forms exhibit amino terminal
stretches of high homology on the DNA level, but due
to apparent shifts in reading frame, poor homology 1n
their corresponding amino acid sequences Nevertheless
frame shifts constitute only part of the differences in
N-terminal primary structure found 1n these type V ade-
nylyl cyclase tsoforms
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