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ABSTRACT We cloned the adenylyl cyclase gene from the
fission yeast Schizosaccharomyces pombe using low-stringency
hybridization to the Saccharomyces cerevisiae adenylyl cyclase
gene. The Sc. pombe gene encodes a 1692-amino acid-residue
protein. The identity of this gene was confirmed by studies of
its expression in Sa. cerevisiae. Expression of the carboxyl-
terminal region of the Sc. pombe adenylyl cyclase protein will
suppress a temperature-sensitive mutation in the Sa. cerevisiae
adenylyl cyclase gene. Furthermore, Sa. cerevisiae that lack
their endogenous adenylyl cyclase gene and express the car-
boxyl-terminal region of the Sc. pombe adenylyl cyclase protein
have measurable adenylyl cyclase activity. The carboxyl-
terminal region of this protein has strong homology with the
catalytic domain of the Sa. cerevisiae adenylyl cyclase. Also, Sc.
pombe adenylyl cyclase, like Sa. cerevisiae adenylyl cyclase,
contains a tandemly repeated motif rich in leucine. Neither
yeast protein is particularly homologous to the recently cloned
G,-responsive mammalian adenylyl cyclase [Krupinski, J.,
Coussen, F., Bakalyar, H. A., Tang, W.-]J., Feinstein, P. G.,
Orth, K., Slaughter, C., Reed, R. R. & Gilman, A. G. (1989)
Science 244, 1558-1564].

Adenylyl cyclase catalyzes the conversion of ATP into the
second messenger cAMP, which plays an important role in
the regulation of a variety of cellular responses in eukaryotic
organisms. In the budding yeast Saccharomyces cerevisiae,
cAMP can regulate a range of cellular events, including cell
growth, cell-cycle progression, glycogen metabolism, and
heat shock sensitivity (1-4). The gene encoding adenylyl
cyclase from Sa. cerevisiae, CYRI, has been previously
cloned in this laboratory (5) and others (6, 7). This gene
encodes a 2026-amino acid-residue protein. Deletion analysis
has revealed that the 418-amino acid carboxyl-terminal end of
the protein is sufficient for enzymatic activity. Using the
region of CYRI that encodes the catalytic domain as a
hybridization probe, we were able to detect and clone the
adenylyl cyclase gene from the distantly related fission yeast
Schizosaccharomyces pombe.T We present here a compari-
son of the amino acid sequence of the adenylyl cyclase from
Sc. pombe with that of Sa. cerevisiae.

MATERIALS AND METHODS

DNA Manipulation. DNA was purified from the Sc. pombe
strain SP67 (8) by a described procedure (9). Sc. pombe DNA
was cut with restriction enzymes (New England Biolabs),
fractionated on a 1% agarose gel, and blotted onto nitrocel-
lulose paper (10). DNA fragments that were homologous to
the Sa. cerevisiae adenylyl cyclase gene were detected by
low-stringency hybridization to a nick-translated (11), 32P-
labeled Pvu II-Cla 1 fragment of the plasmid pCYR1-2 (5).
Low-stringency hybridization was performed in 6x SSC (1x
SSC is 0.15 M sodium chloride/0.015 M sodium citrate), 1x
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Denhardt’s solution (0.02% polyvinylpyrrolidone/0.02%
Ficoll/0.2% bovine serum albumin), and denatured calf thy-
mus DNA (50 ug/ml) at 55°C for 24 hr followed by several
washings in 2x SSC/12 mM Na,HPO,/8 mM NaH,PO,/1.35
mM Na,P,0,/1.25% SDS at 55°C. The Sa. cerevisiae CYRI
probe detected a 3.2-kilobase-pair (kbp) EcoRI-Xba 1 Sc.
pombe DNA fragment. To clone this fragment, Sc. pombe
DNA was cut with EcoRI and Xba I and fractionated on an
agarose gel. DNA fragments 2.7 to 3.7 kbp in length were
purified by electroelution and inserted into the A ZAP vector
(Stratagene). Individual plaques containing the 3.2-kbp DNA
insert homologous to CYRI were detected by filter hybrid-
ization (12). The plasmid pPC28 was constructed by subclon-
ing the 3.2-kbp EcoRI-Xba I DNA insert into pUC118. A
library of Sc. pombe DNA that was cut with Sal I and Xba
I was constructed in pUC118, and clones hybridizing to the
3.2-kbp fragment were detected by colony-filter hybridiza-
tion (13). The DNA sequence of one such clone, pPC2, was
determined by a modified procedure (14) of the dideoxynu-
cleotide chain-termination method (15).

Yeast Expression Plasmids. The plasmid pAD4 contains the
yeast LEU2 gene from YEp213 (9), the yeast 2-um origin of
replication, the ampicillin resistance gene, and the bacterial
origin of replication from pUC18, as well as the yeast ADHI
(alcohol dehydrogenase) promoter and terminator sequences
(16). pAD4 is identical to the plasmid pADNS, which was
described (17), except that the promoter and terminator
sequences are separated by the pUC18 polylinker sequence.
The plasmid pADPC was constructed by inserting the 4.0-kbp
HindIII-Sac I fragment of pPC2 into the vector pAD4 at the
HindIII-Sac I sites. The plasmid pYCYR contains the 8.2-
kbp region of pEF-CYR1 (18), containing the alcohol dehy-
drogenase promoter linked to the entire coding sequence of
Sa. cerevisiae adenylyl cyclase, cloned into the vector
YEp13 9).

Yeast Strains and Genetics. Yeast were grown, trans-
formed, and analyzed as described. The genotype of the Sa.
cerevisiae strain T50-3A is MATa his3 leu2 trpl ura3 cyrl-2,
and its construction has been described (5). The cyri-2 allele
encodes a temperature-sensitive adenylyl cyclase (19). The
genotype of the Sa. cerevisiae strain T158-SAT is MATa his3
leu2 trpl ura3 ade8 cyrl::URA3. In T158-5AT the entire
adenylyl cyclase gene is deleted and replaced with the Sa.
cerevisiae URA3 gene. This strain has been described (20).

Adenylyl Cyclase Assays. Adenylyl cyclase assays were
performed using crude yeast membrane extracts. Yeast mem-
brane extracts were prepared from 1-liter yeast cultures that
were grown to a density of 1 X 107 cells per ml. Cells were
washed in buffer C {200 mM Mes [2-(N-morpholino)ethane-
sulfonic acid], pH 6.2/0.1 mM MgCl,/0.1 mM EGTA/1 mM
2-mercaptoethanol/1 mM phenylmethylsulfonyl fluoride},
resuspended in 35 ml of buffer C, and lysed in a French press
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1 G’I‘CGACGGAGCAGGATTMTCMTTTTGAT‘l‘GTTGTACGGAGGATGATCTMA’I'MTCCTCATCTTT’I’GTTTACACTGTATMACTATTGGAMGGTTTTCTCTMTCTTCCTTCGAAM
121 TGTGCTTTGCTTTGGTATTGCCGCTATGGAGTTTCATTTGAGACGCAACCGAATTTAAAC TTTCAAAATTCAGAAT TATCACGTTTACAAACAAAAATGCATATTCCAGGTGTTATTGAA
241 TTATCTAATCATCTTTGTCTTACGGCATCTTCCACAGAATGGAGCCTTATAAAGCACTGGTGTAATTTCTTTACAGAGAC TGGTCCTCTATGCGATTTTCCTCGCGCTTATTACCCTGGA

361 ATTTATGAACTAGTTTCTTTACCGTATGAATTGGATAAAGTCTTTGAGTTACTATT TGCTCGAAATGT TTAACTGAACCTATGGAACCAGCGATATGTTTATTTTGTGGG
481 MGCTCTTATGCTTCCAMGTCA‘I’TGTTGTTCC‘!'TTMTGGTATTGGAGMTGTMTC'H'CATATGCMCMTGCGC'I‘TCTGACATTGGMTTTTTCT‘I‘ATTGTCMAMATGCGCTATT
601 CTCTACCTCAATCCACCTGT: TTCTCTGTAGCTCCATTTTTGGATGCGTA TTTGGGATTGCGTCGTGGCCGCTCTCAATATC TATCACAAAAACGTTATGAT

721 GAAACAGTACGAACGATGTGGCTAAACGGATC TATTCCTTCTTATATTGCTCGACAAC TGGATGCGAATCCAGACACCGGAGGTTGGGAAACAC: TTTAGGCTAAACAATGGGAGTTTACG
841 TGATCTMGCTACTMTTTTTT’.I'AATGCTTCMACACCTTGATTATTTAT'I'AGGA‘.I‘A'I'A’l'ATACCAMACTTGACATTTTATCATTTMTTCATATTCATTGACCTGTMATATAGGT’I‘A
961 C'l'TTACAMCATTTCGTCTCATTCMACAGTCMTCGTATTGCCCTTATATTTMGGGGCGAGTATCATTTMGGATAMATTAGATGAMGTTTCATGMTACTTTMMCTCAGT'I‘TG
1081 AMCTTTGATMAAGAAGCTTTTTTMCTCATCAGTCMATCCMTGTTMTTAATGGMGGAGTMTGGAMGCCTTCAAMN\AMAATAMAMATCATAGTMTTMTTCMGACC
1201 GCCTTCA‘I‘CTAGTATATTCAGTAGATTTGTTTACAMTCGATGMATAGTGACGTACGCAGTATTCGMCGCGCCTTACAGTTTC‘H‘CCTCACTMTTCACTGAGMCACATAGTGTTGG
1321 MATTACCACTCTGGMTATAGTTTAGAGTTAGGMGATACATGAGGTGTTGGAACCCAAACCCTTTCTTGTTCTAMCCTMCMGTGATATMTCAGACAMGMACGCTGGTGTTGG
1441 MCTAGGATMTAGAGCMATACTAGTTCTATMA‘A'TCMTATTCCTTCCTTGGATAGGGATA’I’MCCATTA'l"l‘GAATTTTCC‘I'TG’I'CCMAATTCGCGTATAGTGGTATTTTTGMACG

1561 AAGGTGCTACAGATTCTTAGGA T GCAMTTGCCACTMTGGATCMAGCMGCGATTGTTMAGTCAGCTGTTCCMACCCGCCTGAACATTTTMMCAGGTATATCCTGGCTT
1 b HatAlpGlnsorLylArgLeuLcuLyns.rk!aValProAlnProProGluHi.Ph-Ly:ThrclyIl-s.rTrpLau

1680 GATGACCTTGACGAGMGGACGATGACTCAGCGACGTCTGTGMCTATGATATACCAGMATMCCGAAGCAMTCTCTGTMTGACTCCCATGMGCTCTTTCACCTTGCACTCMCCT
27 AspAspLauAanluLyaAspAlpAspSerAlaThtSerValAtnTyrAsleeP!oGluIleTthluAlaAlnLeuCysAlhA:pSetHlsGluAlaLeuSQrPtoClehrclnPro

1800 GTCGGTMTTCTGGACGACCTGTCGMGCTTT’I‘MGACCTATCCTAGCACTCCTGCAGTACCTAGCMAAGCGTGCTTTTCCATTTTTA‘I'GMCCGGATGAGMCTTTAGCTTATCTGAC
67 Va1G1yAlnSerG1yArthoValcluAlaPheLysThrTerroserThrProAlaValonsarLysSetvaILeuPheHlsPheTyrGluProAspGluAsn?heSerLeusarAsp

1920 ACGGGACGTACTAMTCGGATACCGCCTTAGCTGCMGAGAMGCTCTGMAAGTCTGMGTGCCACGTGATACCCG'I'AGTGCTGGGATAMGCCATACAMGMAATMCTCGTC TAAT
107 ThrGlyAquhrLysSQrAlpTh:AlIL.uAlaAlaAquluScrsorcluLylSerGluValProArqupThrArqs-rAIaGIyIleLylProTerylGluAsnAnnSerSerA:n

2040 TGTGCM’.I‘TTCTAMGMGCAGGCCTTCGMGACTTATTGATMGGACAGAGMTCTTTCGACAAAMCCTGMTCAGTCATTTICCMTCTMCTTTTCCAGMCCGATTTCTGATGAC
147 CysAla1lesarLylGluAluGlthuArqAqucul1¢AlpLylAlpAr, 1 Phi LysAsnLeuAsnGl PheThrAsnLeuThrPheProGluProlleSerAspAsp

2160 AGTGACAGTGTGGAGTTTCMCGTGA‘H‘CTCI‘TMTMCMT'I‘GGCCAGCTAGTTTGGMGGTAGCA’I‘ACACGMTTACCCAGGMTAGTGATGATGATGGAATCCCTGCTTCTGCGGCT
187 sarAspsatValGluPheGlnArqupsarLeuAlnAlnAlnTerroAlasazLouGluGlysexIloﬂllcluLcuProArqunSorAlpAlpA:pGlyIlsProhlaScrAlaAIa

2280 CATATCCTGGACCTCGATTATCA‘I'AGAGATAGTTATGATAGCCCTTGGMGMGTTT'I'TACCGTACCCTTCCATTTTATCCGATGATTCTTGGMAGCTCCGGAGAGTTGGGGAACTAGT
227 Hl111cLouA:chuAlpTyrH1:ArqupSerTyrAlpScrProTrpLylLysPhaLeuProTerras.zIleLeus-rAlpAsps-rTrpLysAlaProGluSchrpGlyThrs'r

2400 TTGCCCACTGAGGCTATTCCAAAGCAGGTTTTTACTACTAGATTTTTTGCTCGTCCTTCCCTGGGCAATAGAAAGAA TCTTTCTTC! 'CGTGATGATCGAACTTCCGTA
267 L‘uProThrGluAlaIlaProLylcana1PhoanThrArthcPh‘AlaArqPros-rLcuGlyAlnAquy.LylGluPhoPthouAqua1TyrArqA.pAlpAquhrschal

2520 TCATTCATTTGCCCTATTGGCATACAAACTCATGAAGTGATTAAGCTGTTAGCA TATTTTTTCTTCCCTCGTCTGCTAATTTTTACCTCTTATTAATCCAATTCAATACAGAACGT
307 s.tPheIlccylProIchlyllcclnThrHIlGIuValI10Ly-L-uLnuAlaArchuPhcPhnLcuProsorsorAlaAlnPhoTer.uLouL.uIIQGInPholunThrGluArq

2640 ATTTTGTTGCCTCATGAACAGCCATGCATTATATTTGAAC GATTATTGAGTTTGTTTGGGTGTAAGGTAACT TCCGATGAAGAAATAAATGAAGAAGATAATTATAGTGT TGCTAGATTG
347 l1.LeuL‘uProH1lGluGlnProCyllloll-PhccluAqunuLouSerLeuPheGlycylLynvalThrSerAapGluGluIXQA-nGluGluAlpAlnTyrSchalAlnAqueu

2760 GTGTTTACTACGATGGATATTGGAGCGGATGTATTGCGTAAATTCTCTGAAAAAAAAATTAC TGCGAACCTTGACATTAGTAGGTCAAACCTGGAGGTTATTCC! GGTAAAGATCTATCCC
387 VaIPthhrThrHetAlplchIyllaAIpVaILcuAquylPhcs.rGluLysLy:IlnThrAlaAlnLeuAlpIlcsarnrqsarh-nLcuGluValI1cProValLyn!laTerro

2880 TATGCCCATGMCTTATCTCGTTGMTGTT‘I‘CGCACMTTTATCGCTGGACCTGCCTTTAGATTTCATGGAGCGCTGTGTCMGCTTMGCGGTTAGACATTTCCMTMTTTAAGGTCT
427 TyrAlaHilGluL.uIloserLouAanalSoerlAsnLeuSerL-uAlpLeuProLeuAIpPhoHctGluAthytValLylLeuLylquLouAspIleSotAsnAsnLeuArqSet

3000 CCMGAGGMMCCGATTACTGCTCT'I‘CGCCM’I‘TGGMGTTTTGAACATGTCTCGTMCGATATATATGMTTGGATCCTCTTATATTCTCTGGGCTTAGTCGMATTC TCTGAAAGAA
467 ProquGlyLylProlloThrAlaLeuAqulnLeuGluVa!LeuAanetSerArqunAlpIlaTyrGIuL.uAlpProL.uI1QPhoSe:GlyLeus.zA:qAanSozLeuLysG1u

3120 TTGAATA‘I‘AGCTMTMTMGCTGTTCTTCC’I‘TCCCCATTCTAC‘I‘AGATATTTGGTGMTCTMCCTATCTTGATTTATCCTACMTMTTTTGTGACTTTCCCTTTMTMTTACTGAG
507 LeuAsnIleAlaAsnAsnLysLeuPhePheLeuProHisSerThrArgTyrLeuValAsnLeuThrTyrLeuAspLeusS ‘TyrAsnA alThrPheProLeullelleThrGlu

3240 TTGTCCCAATTGGAGACTCTTAACTTTTCGCATAAT TTAT TGTCACAGATATCTAGCAARAT TGGCTCTCTTGT TAAATTGAAGCATCTATATCTACAAT TTAATGATTTATCTAATCGG
547 LausarclnLauGluThrLeuAsnPhoSorHlsAlnLeuLeuSorGlnIleSerserLysI1eGlyserLeuValLyuLauLysHlsLouTereuGlnPheAanA:pLeuSezA:nArq

3360 CTTCCACAGGAAATAGGC TTGCTAARAAATCTGGAARCAATTGACCTTAGTTATAATGCGATTACTAACATCGCCAGT TTATCTGAATGTCCGAAACTAAATAGCATCAATGTAGCTTGC
587 LauPtoGlnGluIIQGIyLeuLauLylA:nLeuGluThrIleAspLeuSetTyrAsnAlaIleThrAsnl1eAlaSorLeuSerGluCysProLysLeuAsnSerI1eAana1A\aCys

3480 AATTTACTTTCTTTTTACGAATATTCCAATCCGTCAGCTACATTCATCGACTTCTCGTTTTGTCCACTGACTACAATTGATCCGGCAT TTAGCTATAGCAATCTCGTCTACTTTGATATC
627 AlnLeuLﬂusarPhoTyrcluTyrsarA.nPros.rAllThrPheIIQAinheSerPhncynProLeuThrThzl1-AlpProA1-Phcs-rTyrSarAlnLauValTerhoA;plle

3600 TCACATGCGAAGCTTATTGGGCTCAAGGATTCTGTCATTGAAACTTTAGTAAATGTAGAAACAGTGAAAGTGAATTACAACCAC! TTTACTAGCATTTCCGATGCAATTTCTGCTATGCAA
667 s.rHl-AlaLylL.uI1.G1yL.uLyuAlps.rVa1IleGluThrLcuValAana1GlurhzvalLyanlA;nTyrAlnHlnPhoThrsorll-surltpAlaIlos-rAlaMatGln

3720 AATTTGAAATATTTGTCTTGCACGAACTGTGAAATGTCTTATGTTTCACCARACCTTGGCAAATTAAAGCATTTAGTTCACCTGGATTTACATGCAAATAATATCAAAATATTCCCTGAG
707 AlnLouLysTyrLcuSery:ThrAanysGluHctSorTerals.rProAlnLcuGlyLylLeuLylHiaLcuValHlaLauAlpLoqulAlaAlﬂAlnIleLys!ltPh-ProGlu

3840 GAAGTATGGCAAGTCTCTTCACTAAAAGTTGTTAACCTGTCTTCCAATATCCTGGAGAAAATCAAGTTACCAGTTGCAACGTCAAAAAAATTAACTAGGACAATTAGCCAAT TAAAAATC
747 GluValTrpGana1sers:rLeuLynValValAsnLouserSerAsnIloLeuGluLleleLysLauPronlAlaThrSorLylLynLouThrAquhrIlaschInLeuLys!1.

3960 ATGCGTACTTTATCAGGAAATCCGGTATCGAGCCTCTCCTCCCAAGAATTTGTTATGCCTACCGTTGAAGAATTATACTTGGTGGACAACAGATTGGGCAATGACTGTTTTACGGCTTTA
787 MetArgThrLeuSerGlyAsnProValSerSerLeuSerSerGlnGluPheValMetProThrValGluGluLeuTyrLeuValAspAsnArgLeuGlyAsnAspCysPheThrAlaLleu

4080 GAATACTTTAAGTGTTTAAAAGTCTTAAATTTATCTTACAATTATTTAACGGAAATTCCAAGCAAGTTTTTCCAAAATTTTTCTGATCTTAAACACCTTTTTGTGTCAGGAAATGAGCTT
827 GluTyrPheLysCysLeulysValLeuAsnLeuSerTyrAsnTyrLeuThrGlulleProSerLysPhePheGlnAsnPheSerAspLeulysHisLeuPheValSerGlyAsnGluLeu

4200 GCAAATCTTTCCATTTCCAGTACAGCGCAGGTCCTACTTGAAACTTTGTACGCGAATGGAAATCGTCTTTCCTCTTTTCCTAAAAATGAAGCTTTGTCTAAAAGTTTAAGATTTTTGGAC
867 AlaAsnleuSerIleSerSerThrAlaGlnValLeuLeuGluThrLeuTyrAlaAsnGlyAsnArgL SerPheProLysA 1uAlaLeuSerLysSerLeuArgPheLeuAsp

4320 ATAAGTACCAATAATCTGCAGAATTTAGCAGTAGAAAAAGCTGAAAAGAAGAGTTTAACTAAACTTCCTCAATTGGAATACCTTAATCTATCTGGTAACACATGGTTTCGATTCTCTGAG
907 IleSerThrAsnAsnLeuGlnAsnLeuAlaValGluLysAlaGluLysLysSerLeuThrLysLeuProGlnLeuGluTyrLeuAsnLeuSerGlyAsnThrTrpPheArgPheSerGlu

4440 CATGAAGATACAAACTTTACAAAATCATATTTGAAGAATTTAAAGTTTTTGAGCATCATGGATTTGAATACAAAATTTTCTAATGCGCCTTCTGATGT TCTAAACCATTTTATTCAACGC
947 HisGluAspThrAsnPheThrLysSerTyrLeulysAsnLeulysPheLeuSerIleMetAspLeuAsnThrLysPheSerAsnAlaProSerAspValleuAsnHisPhelleGlnArg

4560 AACTCTCCTCAACCTAACATTTTGAGGTATGGAGTATGTGGATACCTTTCTCGTTCTATTCCCGTCATCTCTGCATGTGAAT TAGT TGTTAACAACTTTTTGCATCCTCAATCATCTTTA
987 AsnSerProGlnProAsnIleLeuArqgTyrGlyValCysGlyTyrLeuSerArgSerIleProVallleSerAlaCysGluLeuValValAsnAsnPheLeuHisProGlnSerSerLeu

4680 TACTGTGTGCTTGACAGTGACATCAGCGCTGGAAAAAACAACCGGGTTTTAAAATTTGTGTACGACAATTTGGCTTCATGCCTAGCGCATGAGATTAATGCAGCAGATTCCTCTTCTGAA
1027 TyrCysValLeuAspSerAsplleSerAlaGlyLysAsnAsnArgValleuLysPheValTyrAspAsnLeuAlaSerCysLeuAlaHisGlulleAsnAlaAlaAspSerSerSerGlu

4800 CAAATTTGTAACGCTT TTCTTCGTTTAAACAAAAAATTAGGAAATGTCATTCATTATGACCTTAGGAAGTCTTCAGAAGGAGACGTGGATAGTAATTACGTTACCACT
1067 GlnIleCysAsnAlaLeuArgArgGlyPheleuArgLeuAsnLysLysLeuGlyAsnVallleHisTyrAspleuArgLysSerSerGluGlyAspValAspSerAsnTyrValThrThr

4920 ATGAATATTTCAGAAAAGGGTTATTCTATGGACAGTTCTTGCTTGGATATAGGAGTTAGCATTATCTTAGTGTACGTCAGGGATACAAGAGCTTTCGTTGCCAATGTGGGCACATCAATG
1107 MetAsnIleSerGluLysGlyTyrSerMetAspSerSerCysLeuAsplleGlyValSerIlellelLeuValTyrValArgAspThrArgAlaPheValAlaAsnValGlyThrSerMet

5040 GCTATAATGTCTACGAGAAATGATTCGGAACCTACAACTTTAAGTGTCATGCATGATGTGTACAATAGGGATGAAATTCGTCGCATAGTTGATTCATGTGGTTTCATATCTGGTGAAATA
1147 AlalleMetSerThrArgAsnAspSerGluProThrThrLeuSerValMetHisAspValTyrAsnArgAspGlulleArgArglleValAspSerCysGlyPhelleSerGlyGlulle

5160 AAATCGACCACTACACGTGCTATTGGTCGTTTGTCTCAATTTCCTGGCGTCCAAGCAGTTCCCTATGTTAATGTGCAGTACTTATCTGAACTAAACGAATTTATCATTCTAGCAAATCAG
1187 LysSerThrThrThrArgAlalleGlyArgLeuSerGlnPheProGlyValGlnAlavValProTyrValAsnValGlnTyrLeuSerGluLeuAsnGluPhellelIleLeuAlaAsnGln

5280 GAATTTTGGAGCGTATTATCAAAACGCACAGTAATTGACGTTGTTCGTGCCAACAGACATTCTCCTCTATTAGCCTCTACGAAGCTACGTGACTATGCTATTGCATATGGTGCAGAAAAA
1227 GluPheTrpSerValleuSerLysArgThrVallleAspValValArgAlaAsnArgHisSerProLeuLeuAlaSerThrlysLeuArgAspTyrAlalleAlaTyrGlyAlaGluLys

5400 AATGTTCTTGTAGTTATCGTCGAATTGAACGGATTGTTTGAAGAGAATTCCCTTAATTTCAACCAACTACGGGGGGATGAAAAAACTTTAGCAATTTCTGAAAAGAACGATAATATGTCA
1267 AsnValleuValValIlleValGluLeuAsnGlyleuPheGluGluAsnSerLeuAsnPheAsnGlnLeuArgGlyAspGluLysThrLeuAlalleSerGluLysAsnAspAsnMetSer

5520 TTTGTCCAAGATTTACCCGATGATTCTTCTTTAGCACGAATGAATAGAGAAGTCTCTCCCCCGAAAGGTTGTATTGCCATGGTTTTTACTGATATTAAGAATTCCACATTATTGTGGGAA
1307 PheValGlnAspLeuProAspAspSerSerLeuAlaArgMetAsnArgGluValSerProProLysGlyCysIleAlaMetValPheThrAspIleLysAsnSerThrLeuLeuTrpGlu

5640 AGACATCCTATTGCAATGAGATCTGCGATCAAAACTCATAATACTATTATGCGTCGGCAACTCCGTGCAACTGGAGGCTATGAAGTAAARACCGAAGGAGATGCGTTTATGGTTTGTTTT
1347 ArgHisProlleAlaMetArgSerAlalleLysThrHisAsnThrlleMetArgArgGlnLeuArgAlaThrGlyGlyTyrGluvallysThrGluGlyAspAlaPheMetValCysPhe

5760 CAAACAGTTCCTGCTGCATTACTTTGGTGTTTTTCAGTACAATTACAGTTACTTTCGGCAGATTGGCCCAACGAAATAGT TGAGTCAGTGCAAGGACGGTTGGTACTCGGCTCAAAAAAT
1387 GlnThrValProAlaAlaleuLeuTrpCysPheSerValGlnLeuGlnLeuLeuSerAlaAspTrpProAsnGlullevValGluServValGlnGlyArgLeuValLeuGlySerLysAsn

Fi1G. 1. (Figure continues on the opposite page.)
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5880 GAGGTGTTATATCGAGGGCTTAGTGTTCGAATTGGTGTCAATTATGGTGTAACCGTGAGTGAACTAGATCCCATCACTAGACGTATGGACTATTACGGGCCTGTAGTAAACAGAACATCT
1427 GluValLeuTyrArgGlyLeuSerValArglleGlyValAsnTyrGlyValThrValSerGluLeuAspProlleThrArgArgMetAspTyrTyrGlyProvValValAsnArgThrSer

6000 AGGGTTGTATCAGTCGCTGATGGTGGTCAAATTGCTGTTTCTGCT TGTATTGAATCAGCTTGATTCAGAAACAATGTCATCAGAGAAGACGAATGTCAACGAAATGGAA
1467 ArgValValSerValAlaAspGlyGlyGlnIleAlaValSerAlaGluValValSerValleuAsnGlnLeuAspSerGluThrMetSerSerGluLysThrAsnValAsnGluMetGlu

6120 GTTCGTGCTCTTAAACAAATCGGTTATATTATCCATAACCTTGGAGAATTTAAGTTAAAAGGTTTGGATACTACTGAAATGATTTCATTGGT TTATCCTGTGCAATTGCAAGGAAGACTG
1507 ValArgAlaLeulysGlnIleGlyTyrIleIleHisAsnLeuGlyGluPheLysLeuLysGlyLeuAspThrThrGluMetIleSerLeuValTyrProvValGlnLeuGlnGlyArgLeu

6240 GAGAGATTGATAAAGAGCCGAAGTTTGGGAACACCCACAGCCCTCCCGGAAACTCAGACTTATACTCCCGTTCGTAGTAGAAGCAACAGCTTGCGACCCATGTTAGCAAGATTGAGTGAT
1547 GluArgleulleLysSerArgSerLeuGlyThrProThrAlaleuProGluThrGlnThrTyrThrProvValArgSerArgSerAsnSerLeuArgProMet LeuAlaArgLeuSerAsp

Proc. Natl. Acad. Sci. USA 86 (1989)
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6360 TCAAAATCTGTCCA'

TCGGTTTCATCCTTGCGCAACGTATCACCATCAGAGAGTACTGGTGGATATGAAGGTTGTATTTTTGATGACCAACAG

1587 SerLysSerValHisGlyGl uG1uGlyGlys.rc-lyLylArqSerVal.SerSoruuAqunValsorProsarGlusor‘l‘hrGlyGly’!‘yrGluGlyCysI1ePhaAAp¢\spG1ncln

6480 TATCAATTACTTTATGAACTTTGTGAGCGTCTTGAAGACCATGCCGCTATACTGCATGGGTTTCCTGAACCACCGCCTTGCGATACCGGTCTGGCAGCTCCCGTAAACCAGGCCGAGGAG
1627 TyrGlnLeuLeuTyrGluLeuCysGluArgLeuGluAspHisAlaAlalleLeuHisGlyPheProGluProProProCysAspThrGlyLeuAlaAlaProValAsnGlnAlaGluGlu

6600 TATTCATTGTTCTACCGTCTGACTTTGCGTATCGAGAATACTATTTATTGTGTCAGTCAAATGCTTGGACACACTGGCTAAATGAATGCATATAATGACTGCTATATTTAAATAATGTTT
1667 TyrSerLeuPheTyrArgLeuThrLeuArgIlleGluAsnThrIleTyrCysValSerGlnMetLeuGlyHisThrGly*** e

6720 AACCCCATAAATAGTTTATATATATATATTTATTTTTTGTATATATAATTTGCATATTTTTAATAAAATTTTTTTTTTTTTTGCTATACCCTAAAGTTGGAATTATGGAATACCAAATTA

6840 ACGTACGTGTTTCGAGGCAAATCAACTTTTATTTACTATTAGTAAA

Fic. 1. The DNA sequence and predicted amino acid sequence of the Sc. pombe adenylyl cyclase gene. The DNA sequence of a 10-kbp
Sal I-Xba 1 fragment from the plasmid pPC2, beginning from the Sal I site and extending 6885 base pairs (bp), is shown. pPC2 was isolated
from a genomic Sc. pombe DNA library. Both strands of the entire DNA sequence presented were determined. Numbers at left indicate
nucleotide and amino acid positions. An open reading frame encoding a 1692-amino acid protein begins at nucleotide 1602 and is bracketed by
stop codons at nucleotide 1578, 24 bp upstream from the start codon, and position 6677. ***, Stop codons.

at 20,000 psi (1 psi = 6.9 kPa). The lysate was centrifuged at
1000 x g for 10 min. The pellet was discarded, and the
supernatant was centrifuged at 15,000 rpm for 90 min in a
Sorvall SS34 rotor. The pellet was resuspended in 2 ml of
buffer C. The procedures described above were done at 4°C.
Protein concentrations were measured following a described
procedure (21). Adenylyl cyclase reactions containing 15-60
ug of membrane extract protein, 1 mM [a-32P]JATP (126
cpm/pmol), 2.5 mM MnCl,, 20 mM creatine phosphate, 20
units of creatine phosphokinase (Sigma), and 0.25 mM cAMP
in 100 ul were incubated for 30 min at 30°C. cAMP produced
was measured by a published procedure (22).

RESULTS

Cloning and Sequencing a Gene from Sc. pombe Homologous
to the Adenylyl Cyclase Gene of Sa. cerevisiae. We first
detected a DNA sequence in Sc. pombe that is homologous
to the Sa. cerevisiae gene encoding adenylyl cyclase by
Southern blot-hybridization. The plasmid pPC2, which con-
tains a 10-kbp DNA sequence derived from genomic Sc.
pombe DNA, was isolated as described, and the nucleotide
sequence was determined (Fig. 1). The sequence contains an
open reading frame that is 5097 bp long and encodes a protein
1692-amino acid residues in length. The protein encoded by
this sequence has significant homology with Sa. cerevisiae
adenylyl cyclase (Fig. 2)—particularly in the carboxyl-
terminal catalytic domains.

Expression of the Carboxyl-Terminal Region of the Protein
Encoded by the Sc. pombe Gene in Sa. cerevisiae Containing a
Temperature-Sensitive Adenylyl Cyclase. To determine the
identity of the Sc. pombe gene, we first conducted a genetic
test. We built a plasmid, pADPC, that contains the HindIII-
Sac 1 fragment of pPC2, encoding the 727-amino acid car-
boxyl-terminal region of the Sc. pombe protein, linked to the
yeast ADHI (alcohol dehydrogenase) promoter in the yeast
expression vector pAD4. This plasmid contains the Sa.
cerevisiae LEU2 gene (see Materials and Methods for de-
tails). pADPC was used to transform the Sa. cerevisiae strain
T50-3A, which contains the cyrl-2 allele and is temperature
sensitive for growth due to a thermolabile adenylyl cyclase
(5, 19). Four independent Leu* clones of T50-3A that were
transformed with pADPC were able to grow at the restrictive
temperature of 36°C, whereas four independent Leu* clones
transformed with the vector pAD4 were unable to grow at the
restrictive temperature (data not shown).

Adenylyl Cyclase Activity in Yeast Expressing the Carboxyl-
Terminal Region of the Protein Encoded by the Sc. pombe
Gene. We next tested whether the Sc. pombe gene encodes
an adenylyl cyclase by measuring adenylyl cyclase activity in

a Sa. cerevisiae strain that lacks its own adenylyl cyclase but
expresses the carboxyl-terminal region of the Sc. pombe
protein. The strain T158-SAT, in which the endogenous
adenylyl cyclase gene has been completely replaced with the
yeast URA3 gene, contains a high-copy plasmid that encodes
the yeast SCH9 gene (20). Overexpression of SCH9, which
encodes a protein homologous to the cAMP-dependent pro-
tein kinase catalytic subunits, permits the normal growth of
strains lacking adenylyl cyclase (20). We transformed T158-
SAT with the plasmids pAD4, pADPC, or pYCYR. pYCYR
is a plasmid that contains the Sa. cerevisiae adenylyl cyclase
coding sequence linked to the ADHI promoter. Sa. cerevi-
siae containing pYCYR have high levels of adenylyl cyclase
activity relative to wild-type yeast strains. We measured
adenylyl cyclase activity in transformed T158-SAT cells
containing these plasmids (Table 1). We found that the levels
of adenylyl cyclase activity in cells expressing the region of
the Sc. pombe gene contained on the plasmid pADPC were
at least 30-fold higher than levels found in cells harboring the
vector pAD4. These results provide conclusive evidence that
the Sc. pombe gene encodes adenylyl cyclase. We have
named this Sc. pombe gene cyrl.

DISCUSSION

In the yeast Sa. cerevisiae, adenylyl cyclase is regulated by
RAS proteins (24). There is no evidence that RAS proteins
regulate adenylyl cyclase in either Sc. pombe or in mamma-
lian cells (25-28). In mammals, one major form of adenylyl
cyclase is regulated by G; protein (29). Although both G; and
RAS proteins bind guanine nucleotides, they belong to very
distinct families of proteins. Recently, a mammalian gene
encoding a Gs-responsive adenylyl cyclase was cloned and
sequenced (30). It contains two large multi-membrane-
spanning domains and two 40-kDa domains that are proposed
to be catalytic. There is very little homology between these
putative catalytic domains and the catalytic domain of the Sa.
cerevisiae adenylyl cyclase. Moreover, the Sa. cerevisiae
enzyme contains no transmembrane domains. Thus, the two
adenylyl cyclases are very different.

The yeast Sc. pombe is quite diverged from Sa. cerevisiae.
In fact, when proteins conserved between Sa. cerevisiae, Sc.
pombe, and mammals have been compared, they have gen-
erally been observed as equally diverged (31-35). It is,
therefore, of some interest to compare Sc. pombe adenylyl
cyclase with those of Sa. cerevisiae and mammals. The Sa.
cerevisiae and Sc. pombe proteins show striking homology
within their respective catalytic domains (63% identity in a
158-amino acid region). In contrast, the Sc. pombe adenylyl
cyclase, like the Sa. cerevisiae enzyme, shows little homol-
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FiG. 2. Alignment of the
amino acid sequences (in one-
letter code) of the adenylyl cy-
clases of Sc. pombe and Sa.
cerevisiae. The Sc. pombe pro-
tein is aligned above the Sa.
cerevisiae protein. This align-
ment was done by the method of
Dayhoff (23) using a logarithm of
odds matrix for 250 accepted
point mutations per 100 amino
acids. Numbers at left indicate
amino acid positions from the
beginning of the proteins; the
first 370 amino acids of the
Sa. cerevisiae protein are not
shown. Amino acids that are
identical or highly conserved at
corresponding positions are in-
dicated by | or :, respectively.
Amino acid residues are indi-
cated as highly conserved when
both residues fall within one of

1669 LFYRLTLRIENTIYCVSQMLGHTG

2004 RSNIFNV-VDELLQMVKNAKDLST

ogy to the mammalian adenylyl cyclase. A weak consensus
sequence derived from aligning the putative mammalian
catalytic domains with four guanylyl cyclases and the Sa.
cerevisiae adenylyl cyclase also weakly fits the Sc. pombe
adenylyl cyclase, but not much better than one would expect
given the homology between the Sc. pombe and Sa. cerevi-
siae proteins in their catalytic domains. Thus, at least two
quite distinct branches exist in the evolution of adenylyl
cyclase in eukaryotes: the one represented by the recently
cloned gene from mammalian cells and the other represented
by the genes conserved between two divergent yeasts. The
cloned mammalian gene encodes a Gs-responsive adenylyl
cyclase. What regulates the Sc. pombe enzyme (25, 26) is not
clear; nor is it clear how many distinct forms of adenylyl
cyclase are present in mammalian cells (36-39).

Homology between the yeast enzymes is not as striking
outside the catalytic domains (29% identity over 1274 amino
acids), perhaps reflecting divergent regulation. However,
both enzymes share a common motif outside their catalytic
domains. The Sa. cerevisiae enzyme contains a 23-amino
acid leucine-rich consensus sequence that is tandemly re-
peated =22 times. A similarly tandemly repeated sequence is

the following amino acid groups:
(N,D), (D,E,Q), (Q,H), (H,N),
(H,R), R,K), R,W), M,LL,V),
(F,L), (F,Y).

found in the Sc. pombe adenylyl cyclase (Fig. 3). Very similar
motifs are also found tandemly repeated in a variety of
eukaryotic proteins (40). Results from our laboratory suggest
that this region is important for activation of the Sa. cerevi-
siae adenylyl cyclase by RAS protein. Although the regula-
tion of Sc. pombe and Sa. cerevisiae adenylyl cyclase may

Table 1. Adenylyl cyclase activity
Adenylyl cyclase activity,
pmol/min per ug
Plasmid* Experiment I Experiment II
pAD4 <1.0 <1.0
pADPC 35.8 35.6
pYCYR 881.1 479.2

The Sa. cerevisiae strain T158-SAT harboring the designated
plasmids was tested for adenylyl cyclase activity as described.
Values are expressed as the average pmol of cAMP produced per min
per ug of total membrane protein for three separate assays.
*Plasmids pADPC and pYCYR direct the expression of the catalytic

region of Sc. pombe adenylyl cyclase and the entire Sa. cerevisiae
adenylyl cyclase, respectively.
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S. pombe

326 LFFLPSSANFYLLLIQFNTERILL

350 PHEQPCIIFERLLSLFGCKVTSDEEINEEDNYSVARLVFTTMDIGAD
397 VLRKFSEKKITANLDISRSNLEVI

421 PVKIYPYAHELISLNVSHNLSLDL

445 PLDFMERCVKLKRLDISNNLRS

467 PRGKPITALRQLEVLNMSRNDIYELD

493 PLIFSGLSRNSLKELMNIANNKLFFL

518 PHSTRYLVNLTYLDLSYNNFVTF

541 PLIXITELSQLETLNFSHNLLSQI

564 SSKIGSLVKLKHLYLQFNDLSNRL

588 PQEIGLLKNLETIDLSYNAITNIASLSEC

617 PKLNSINVACNLLSFYEYSWPSATFIDFSFCPLTTIDPAFSYSNLVYFDISHAKLIGL
675 KDSVIETLVNVETVKVNYNHPTSI

699 SDAISAMONLKYLSCT NCEMSYVS

723 P NLGKLKHLVHLDLHANNIKIF

745  PEEVWQVSSLKVVNLSSNILEKIKLPVATSKKLTRTISQLKIMRTLSGNPVSSL
799 SSQEFV MPTVEELYLVDNRLGNDC

823 FTALEYFKCLKVLNLSYNYLTEIPSKFFQN

853 FSDLKHLFV SGMELANLSISSTAQVLLETLYANGNRLSSF

893 PKNEALSKSLRFLDISTNNLONLAVEKAE

922 KKSLTKLPQLE YLNLSGNTWFRFSEHEDT

951 NFTKSYLKNLKFLSIMDLNTKFSNAPSDVLNHF IQRNSPQPNILRYGVC

CON PxxaxxLxxLxnga SxNxaxxa

S. cerevislae

734 PTSKPILIERKLLLLNGYRKSDPLHIMGIEDLSFVFKFLFHPVTPSHFT
783 PEQEQRIMRSEFVHVDLRMMDLTTP

808 PIIFYQHTSEIESLDVSNMANIFL

832 PLEFIESSIKLLSLRMV NIRASKF

856  PSNITKAYKLVSLELQRNFIRKV

879  PNSIMKLSNLTILNLOQCWELESL

902  PAGFVELKNILQLLDLSSWKFMHY

925 PEVINYCTNLLQIDLSYWKIQSL

948 PQSTKYLVKLAKMNLSHWKLNF

970 IGDLSEMTDLRTLMLRYWRISSI

993 KTNASNLONLFLTDNRISNF

1013 EDTLPKLRALEIQEMPITSISFKDFYPKNMTSLTLNKAQLSSI
1056 PGELLTKLSFLEKLELNQWNLTRL

1080 PQEISKLTKLVFLSVARMKLEYI

1103 PPELSQLKSLRTLDLHSMNIRDF

1126  VDGMENLELTSLNISSMAPGNSSLENSFYHNMSYGSKLSKSLMFFIAADNQFDDA
1181 MWPLFNCFVNLKVLMLSYNNFSDV

1205 SHMKLES ITELYLSGNKLTTL

1226 SGDTVLKWSSLKTLMLNSNQOMLSL

1250 PAELSNLSQLSVFDVGANMQLKYNISNYHY

1279 DWNWRNNELKYLNFSGNRRFEX

CON PxxaxxLxxLxnga SxNxaxxa

FiG. 3. Alignments of the leucine-rich repeats of Sc. pombe and
Sa. cerevisiae adenylyl cyclases. A region of the protein sequence of
the Sc. pombe adenylyl cyclase, from amino acid-residue positions
326 to 999, is shown in segments aligned to give the best fit to the
consensus sequence shown below. Residues that match the consen-
sus sequence are in boldface. Numbers at left indicate the amino acid
position of the first amino acid residue of each segment. A similar
alignment of the region of the Sa. cerevisiae adenylyl cyclase, from
amino acid-residue positions 734 to 1300, is also shown. In the
consensus sequence, x indicates any amino acid residue, and a
indicates any aliphatic amino acid residue included in the amino acid
groupM, I, L, and V (one-letter code). Consensus sequences derived
from each protein are identical.

differ in essential respects, this regulation will probably share
common features. The isolation of the gene encoding Sc.
pombe adenylyl cyclase should facilitate the characterization
of the regulation of this enzyme.
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