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Summary

We have cloned CYR1, the S. cerevisiae gene encod-
ing adenylate cyclase. The DNA sequence of CYR1 can
encode a protein of 2026 amino acids. This protein
would contain a central region comprised of over
twenty copies of a 23 amino acid repeating unit with
remarkable homology to a 24 amino acid tandem
repeating unit of a trace human serum glycoprotein.
Gene disruption and biochemical experiments indicate
that the catalytic domain of adenylate cyclase resides
in the carboxyl terminal 400 amino acids. Elevated ex-
pression of adenylate cyclase suppresses the lethality
that otherwise results from loss of RAS gene function
in yeast. Yeast adenylate cyclase, made in E. coli, can-
not be activated by added RAS protein.

Introduction

Cyclic nucleotides play an essential role in controlling
many of the activities of eukaryotic and prokaryotic cells.
In vertebrates, intracellular cAMP mediates many of the
hormonal signals that regulate metabolism and growth. in
the yeast S. cerevisiae, CAMP is required for growth (Mat-
sumoto et al., 1982). The regulation of adenylate cyclase,
the enzyme that converts ATP into cAMP, is therefore of
central importance in cellular physiology and has been
the subject of intensive research. In vertebrate cells,
adenylate cyclase is regulated by guanine nucleotide
binding, or “G” proteins (Gilman, 1984). In the yeast S. ce-
revisiae, adenylate cyclase is regulated by yeast RAS pro-
teins, homologs of the proteins encoded by the mam-
malian RAS oncogenes, which also bind guanine
nucleotides (DeFeo-Jones et al., 1983; Powers et al.,
1984; Tamanoi et al., 1984; Temeles et al., 1984; Toda et
al., 1985; Broek et al., 1985). To form a clearer picture of
the interaction between RAS proteins and adenylate cy-
clase, and to learn more about the reguiation of adenylate
cyclase in general, we have cloned, sequenced, and be-
gun some preliminary genetic and biochemical character-
ization of the S. cerevisiae gene encoding this adenylate
cyclase. This effort was made possible by the work of Mat-
sumoto and colleagues, who developed conditional lethal
mutants of CYRT, the locus that encodes adenylate cy-
clase (Matsumoto et al., 1982, 1984).

Results
Cloning CYR1, the Gene Encoding Adenylate Cyclase

Several cyclic AMP requiring strains of yeast were devel-
oped by Matsumoto et al., 1982. Strains of one recessive

complementation group, cyri, lack adenylate cyclase ac-
tivity. The strain AM110-4C, containing the cyr?-2 ailele, is
temperature sensitive for growth and contains a thermola-
bile adenylate cyclase (Matsumoto et al., 1984). We used
yeast strains carrying this allele to select genes enabling
cells to grow at the restrictive temperature. For this pur-
pose, we backcrossed AM110-4C with strains from our lab-
oratory to derive the ura3 cyr1-2 strain T50-3A (Table 1).
T50-3A was transformed with DNA from a yeast genomic
library contained on the YCP50 shuttle vector. YCP50 car-
ries a yeast centromere (CEN3), yeast replication origin
(ARST), and the URA3 marker as well as the pBR322 se-
quence. The library, constructed by Mark Rose (MIT), con-
tains yeast DNA fragments, generated by partial cleavage
with restriction endonuclease Sau 3A, which have been
cloned into the unique Bam HlI site of YCP50. After trans-
formation of T50-3A with the YCP50 library, Ura* transfor-
mants were selected at the permissive temperature and
were replica-plated at 35°C. Ten of the 10* Ura* transfor-
mants were able to grow at the higher temperature. DNAs
from these transformants were used to transform E. coli
to ampicillin resistance. Most of the resulting ampicillin-
resistant E. coli strains contained two kinds of plasmids,
pCYR1-2 or pCYR1-11. Restriction endonuclease maps of
these plasmids are shown in Figure 1. pCYR?-2 and
pCYR7-11 contain overlapping yeast DNA sequences.
Upon transformation with either of these plasmids, all Ura*
transformants of T50-3A were able to grow at the restric-
tive temperature.

Combined biochemical and genetic experiments indi-
cated that we had indeed cloned adenylate cyclase and
not another gene that suppressed the cyr7-2 allele. First,
we transformed the cya™ E. coli strain CA8306 (Brickman
et al., 1973) with pCYR?-2 and pCYR7-11. This strain of
E. coli lacks its own adenylate cyclase activity. CA8306
transformed with either pCYR?-2 or pCYR7-11 contained
significantly elevated levels of adenylate cyclase (data not
shown, but see for example Tables 5 and 6 below). Sec-
ond, cyr1-1 strains, which lack detectable levels of adeny-
late cyclase activity, regained adenylate cyclase activity
(Table 2) when transformed with pCYR7-2 or pCYR7-11.
Third, we constructed a plasmid, pcyr?::URA3, in which
the adenylate cyclase coding region was disrupted at its
unique Xba | cleavage site by the insertion of the URA3
gene (Figure 1). The Eco Rl restriction endonuclease frag-
ment flanking the disruption was then used to replace the
wild-type CYRT locus by transforming a ura3 bcy? strain of
yeast, T16-3B, according to the method of Rothstein, 1983.
We chose as recipient the T16-3B strain, since the bcy1
allele suppresses the lethality that otherwise results from
loss of the adenylate cyclase gene (Toda et al., 1985).
Southern blot analysis indicated that the URA3 gene dis-
rupted the locus corresponding to the adenylate cyclase
coding region in most of the Ura* transformants (data not
shown). Such transformants had negligible adenylate cy-
clase activity (Table 2).

Genetic experiments indicate that the adenylate cy-
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Table 1. Yeast Strains Used in This Study

Strains Genotypes

*JB-B MATa his3 leu2 ura3 ras2::.LEU2

* SP1 MATa his3 leu2 trp1 ura3 ade8 cant

* TS MATa his3 leu2 trp1 ura3 ade8 cant ras1::HIS3

* AM18-5C MATa cyr1-1

* AM110-4C MATa leut cyr1-2

* AM238-38 MATa IACT

* T27-10D MATe leu2 his3 ura3 can1 bey?1 ras1.:HIS3 ras2. .LEU2

T T50-3A MATa his3 leu2 trp1 ura3 cyri-2

1t T43-6C MATa trp1 cyri-1

¥ T436C-A MATa trp1 cyr1-1 (pCYR1-2)

1 T43-6C-B MATa trp1 cyri-1 (pCYR1-11)

1 143-6C-C MATa trp1 cyr1-1 (YEP13-CYR1-11)

§ T16-3B MATa his3 lsu2 ura3 bey1

§ T16-3B-A MATa his3 leu2 ura3 bey1 cyr::URA3

§716-38-8 MATa his4 leu2 ura3 bcy1 CYR1::HIS3

§T16-11A MATa his3 leu2 trp1 ura3 bey1

I T36.7C MATa his3 leu2 ura3 cyr1-1 bey1

# TK7 MATa/a his3/his3 leu2/leu2 trp1/+ ura3/ura3 beyl/bey? cyri::.URA3/ +

*TK8 MATa/a his3/his3 leu2/leu2 ura3/ura3 bey1/bey?t cyr1.:URA3/cyr1-1

** TK4 MATa/a his3/his3 leu2/fleu2 trpi/trp1 ura3/ura3 ade8/+ canl1/+
ras1::URA3/+ ras2.:LEU2/+

** TK4-1 MATa/a his3/his3 leu2/fleu2 trpi/trp1 ura3/ura3 ade8/+ cani/+
ras1.:URA3/+ ras2..LEU2/+ CYRT1.:HIS3/+

** TK4-1-2C MATa his3 leu2 trp1 ura3 CYR1::HIS3

tt Rs7-2D0 MATa his3 leu2 tyr1 ura3 ade2 IAC1

* JB-B is a haploid segregant of a diploid between X2-2-4C and SX50-1C (Kataoka et al., 1984). SP1 and TS1 were previously described (Kataoka
et al., 1985). AM18-5C (Matsumoto et al., 1984), AM110-4C and AM238-3B were obtained from Dr. K. Matsumoto at the Tottori University, Japan.
T27-10D was previously described (Toda et al., 1985).

T 750-3A and T43-6C are segregants of diploid strains produced by mating SP1 with AM110-4C and AM18-5C, respectively.

1 743-6C-A,-B, and -C were produced by transformation with pCYR?-2, pCYR71-11, and YEP13-CYR7-11, respectively, and by selecting colonies
that could grow on YPD plates without cAMP. T43-6C strain absolutely requires exogenously added cAMP for growth. Structures of pCYR7-2 and
pCYR1-11 are shown in Figure 1, while that of YEP13-CYR7-11 is described in Experimental Procedures. Extrachromosomal plasmids are listed
in parentheses.

§ T16-3B and T16-11A are segregants of a diploid strain heterozygous for bcy? as described (Toda et al., 1985). T16-3B-A and -B were formed
by transformation of a 4.8 kb Eco RI fragment of pcyr7::URA3 or a 4.9 kb Eco RI fragment of pCYR7::HIS3 and selecting Ura* or His* colonies,
respectively.

I T36-7C is a segregant of a diploid that was formed by mating a bey7 strain with a cyr7-1 strain in our laboratory.

# Diploids TK7 and TK8 were produced by mating T16-3B-A with T16-11A or T36-7C, respectively, and picking diploid cells by a micromanipulator.
** TK4 is formed by a cross between JB-B and TS1. TK4-1 is produced by transformation of TK4 with the 4.9 kb Eco RI fragment of pCYR1::HIS3.

TK4-1-2C is a haploid progeny of TK4-1.

tT This strain is a segregant of a diploid formed between AM238-3B and a haploid strain in our laboratory.

clase gene we have cloned corresponds to CYRT?. For
these experiments, we used the bcy? strain T16-3B-A in
which the adenylate cyclase gene was disrupted by URA3
in the manner described above. This strain was mated to
the bey? strain T16-11A, which contains the wild-type
adenylate cyclase gene. The resulting diploid TK7 had
nearly normal levels of adenylate cyclase activity as
shown in Table 2. Therefore the URA3 disruption of the
adenylate cyclase gene is recessive. However, when T16-
3B-A was mated with the cyr? bey? strain, T36-7C, the
resulting diploid, TK8, had negligible adenylate cyclase
activity (Table 2). Since the disrupted allele of the adeny-
late cyclase gene is recessive and since the cyr7 alleie is
also recessive, the adenylate cyclase gene corresponds
to CYR1.

The Nucleotide Sequence of CYRT and Its

Encoded Amino Acid Sequence

The DNA sequence of CYR7 was determined by the
dideoxy method of Sanger et al. (1977) using [a-3*S]dATP

as a substrate (Biggin et al., 1983). The sequencing
scheme is shown in Figure 1. The nucleotide sequence
and the predicted amino acid sequence of the encoded
protein are shown in Figure 2. No consensus splice sites
(Langford and Gallwitz, 1983) for yeast genes are seen in
the one long open reading frame. If the first methionine in
the open reading frame is used, the CYRT locus would en-
code a protein of 2026 amino acid residues. We found a
stretch of very T-rich sequence, including poly(dT),,, ap-
proximately 250 bp upstream from the first ATG in the
open reading frame. Such a poly(dT) sequence has been
observed in the 5-flanking sequences of many yeast
genes (Montgomery et al., 1980; Struhl, 1981; Bennetzen
and Hall, 1982). These resuits support the assumption
that the first ATG of the open reading frame encodes a true
initiator methionine.

We have examined the predicted amino acid sequence
of CYRT7 for homology with the predicted amino acid se-
quence encoded by the E. coli adenylate cyclase gene, re-
cently published by Aiba et al., 1984. Using a computa-
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Figure 1. Structure and Sequencing Strategy of the Adenylate Cy-
clase Gene

(A and B) restriction cleavage maps of two plasmids, pCYR7-11 and
pCYR1-2, respectively. Coding sequences for the CYR? gene are indi-
cated by slashed bars. J represents a junction between an insert DNA
and a Bam HI cleavage site of the vector YCP50 DNA. (C) an enlarge-
ment of the sequenced region of the CYR? gene and its fine restriction
cleavage map. (D) strategy used for sequencing the CYR7 gene using
the restriction sites shown in C. Open circles and arrows indicate start-
ing sites, directions, and ranges of sequencing by the M13-dideoxy se-
quencing method (Sanger et al., 1977). (E) cleavage map of the CYR?
gene with respect to restriction endonucleases Hae ill, Taq |, and Hpa
1l. Arrows represent the sequencing strategy using these cleavage
sites. Abbreviations used are as follows: B, Bam Hl; Bs, Bst Ell; Bg,
Bgl Ii; C, Cla |; E, Eco RI; H, Hind Ill; Hp, Hpa I; J, Junction; K, Kpn
I M, Miu [; N, Neo [; PI, Pvu [; PIl, Pvu II; Xb, Xba I; Xh, Xho I.

tional matching program (Goad and Kanehisa, 1982), no
striking homologies were observed. We also examined
homology between CYR? and several known ATP-binding
proteins, various protein kinases, and ATPases. Again no
striking homologies were observed.

The predicted CYR? sequence has considerable inter-
nal homology. This homology was readily detected using
the above computational matching program. The internal
homology domain spans about 600 amino acids, from po-
sition 710 to 1300. Inspection of this region indicates that
it can be roughly organized into a set of tandem repeating
units 23 amino acids long, as shown in Figure 3. When

these units are aligned, a leucine-rich consensus se-
quence emerges, in which amino acid assignments at six
positions are clear, and the amino acid character (neutral
or aliphatic) is evident at four others. While reviewing re-
cently published sequences of proteins with internal peri-
odicity, we noted a strong resemblance between the 23
amino acid repeat of yeast adenylate cyclase and a 24
amino acid repeat found in a leucine-rich a, glycoprotein
of human serum called LRG (Takahashi et al., 1985) (Fig-
ure 3). The function of LRG, which is a trace human serum
protein, is unknown.

In yeast, as in mammalian cells, adenylate cyclase ac-
tivity is found in the insoluble fraction of cells extracted
without detergents (Liao and Thorner, 1980). It is likely,
therefore, that yeast adenylate cyclase is membrane-
bound. We calculated and plotted the Kyte-Doolittle
hydropathy values (Kyte and Doolittle, 1982) for the pre-
dicted amino acid sequence of adenylate cyclase. We
observe no hydrophobic region of sufficient length to
resemble the simple membrane-spanning domains of the
type seen in many transmembrane proteins (Kyte and
Doolittle, 1982). Moreover, the sequences following the
first methionine in the open reading frame do not have the
signal sequence present in many secreted or integral
membrane proteins (Perlman and Halvorson, 1983). How-
ever, as discussed above, yeast adenylate cyclase protein
has a domain containing repeat units of a highly am-
phipathic character. We speculate that the repetitive oc-
currence of hydrophobic and hydrophilic amino acids at
certain positions within this domain results in a regular
folding pattern, creating a site that can imbed itself into
membranes. Initial studies of adenylate cyclase ex-
pressed in E. coli are consistent with this idea (see below
and Table 5).

Localizing the Catalytic Domain of CYR1?
The adenylate cyclase protein predicted from DNA se-
quence analysis would be very large. However, it was im-

Table 2. Adenylate Cyclase Activities of Various Yeast Strains

Adenylate Cyclase Activities (units)§

Extrachromosomal
Strain* CYR1 Locus? CYR1 Plasmid¥ Experiment 1 Experiment 2
T43-6C cyr1-1 < 0.2 ND
T43-6C-A cyr1-1 pCYR1-2 ND 41.9
T43-6C-B cyr1-1 pCYR1-11 9.1 ND
T43-6C-C cyri-1 YEP13-CYR1-11 45.0 ND
T16-3B CYR1 60.0 ND
T16-3B-A CYRT::HIS3 1089 ND
T16-3B-B8 cyr1::URA3 <0.2 ND
TK4-1-2C CYR1::HIS3 1043 4936
SP1 CYR1 ND 68.4
TK? CYR1/cyr1..URA3 ND 31.1
TK8 cyr1-1/eyr1..URA3 ND <0.2

* Complete genotypes of the yeast strains are given in Table 1. TK7 and TK8 are diploid strains.

t The cyr1-1 allele encodes a defective adenylate cyclase. cyr7.:.URA3 and CYR17.:HIS3 are CYR1 gene disruptions described in the text.

% Extrachromosomal centromere plasmids pCYR17-2 and pCYR1-11 are described in the text. YEP13-CYR7-11 is a high copy 2 u circle yeast plas-
mid constructed from pCYR7-11 as described in Experimental Procedures.

§ Crude membrane fractions were obtained from the log phase growing cells, and their adenylate cyclase activities were measured as described
in Experimental Procedures. One unit of the activity is defined as 1 pmol cAMP formed in 1 min incubation with 1 mg membrane protein at 32°C

under the standard assay condition. ND means not done.
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AGACCACTCGGCCAACCTCCATCTTATTTAAAAATCCTAGGAAATAGATGTTATATAAGTCATACATCATTGAAAACATCAAATACCTGTCCCTGCGTTG
TTCTACAGAAAAGCGCATTAGAGTAGGTCATACCCT TTAAAAAATGATTTTGTAAATGGGAGAAAGTAAACAAATATGCATTTCGGCTAGCTCCCAATGT
AAATAGCCATAAAAAAGGATAAAATGCCAGATTTAGAGTCAGTTCTCGTTCTTCTTCTTCTCTGTGTTCAATTGTTCAATTGCATTGTTAATCACTGAAA
TTCTATGTTTCAAATTGGAATGGCAGACTGAACTGAGACCTTCCTTACTTTCTCCTCTATCAAACCTAAATATTCAATCATAACCTTATTTTTTCACTTC
CITTTTCTTACTTTTTTTTTTITTITTITITTITTTGTATTTTGGAAGGAAAGCAGGGGGGACTTACCATAAGAAAAGCGACTCTAAAAAAGTGTATTTTCTTC
CAAAGTTCAGTAAAGACAGCTGGGAAGTATAGTAACAGAGGAGAGAAAGCATAAGGAGACCTCTTGCTGCAGTTCACAACCAAAAATAGCATATCTTTAC

MetSerSerlysProAspThrGlySerGlulleSerGly
TATTGTCGCTAACCATTGCGAAACGAGCTAAAGCAACAGCAAACGAAATCCCTAGGTCGAAATGTCATCAAAACCTGATACTGGTTCGGAAATTTCTGGC

ProGInArgGInGluGluGInGiuGInGIinlleGluGInSerSerProThrGluAlaAsnAspArgSerlleHisAspGluValProlLysVallyslLysA
CCTCAGCGACAGGAAGAACAAGAACAACAGATAGAGCAGAGC TCACCTACGGAAGCAAACGATAGAAGCATTCATGATGAGGTACCAAAAGTGAAGAAGC

rgHisGluGInAsnSerGlyHislLysSerArgArgAsnSerAlaTyrSerTyrTyrSerProArgSerLeuSerMetThriysSerArgGiuSerlleTh
GTCACGAACAAAATAGTGGTCACAAATCAAGAAGGAATAGCGCATATAGTTATTACAGCCCACGGTCGCTTTCTATGACCAAAAGCAGGGAGAGTATCAC

rProAsnGlyMetAspAspValSerileSerAsnValGluHisProArgProThrGiuProlys]lelLysArgGlyProTyrLeuleuLysLysThrLeu
TCCAAATGGTATGGATGATGTAAGTATTTCGAACGTGGAACATCCAAGGCCGACAGAACCGAAAATCAAAAGGGGTCCATATTTACTGAAGAAAACATTG

SerSerLeuSerMetThrSerAloAsnSerThrHi sAspAspAsnlysAspHisGlyTyrAloLeuAsnSerSerLysThrHisAsnTyrThrSerThrH
AGCAGTCTTTCAATGACGAGCGCGAATAGTACTCATGATGATAATAAAGACCACGGTTACGCTTTGAATTCATCCAAGACGCACAACTACACATCTACTC

isAsnHisHisAspGlyHisHisAspHisHisHisValGInPhePheProAsnArgLysProSerLeuAlaGluThrieuPhelysArgPheSerGiySe
ATAACCATCATGACGGTCATCATGATCATCATCATGTTCAGTTTTTTCCCAATAGGAAGCCATCATTAGCGGAAACCCTATTCAAAAGGTTTTCAGGGTC

rAsnSerHisAspGlyAsnlysSerGlyLysGluSerLysValAlaAsnLeuSeriLeuSerThrValAsnProAloProAl cAsnArglysProSertys
AAACAGTCACGATGGCAATAAGTCAGGAAAGGAAAGTAAAGTTGCTAACCTTTCCCTTTCAACGGTAAATCCTGCACCTGCTAATAGGAAACCTTCTAAA

AspSerThrieuSerAsnHisLeuAlaAspAsnValProSerThrleuArgArglysValSerSerLeuvalArgGiySerSerValHisAsplleAsnA
GACTCCACTTTATCTAATCACTTGGCTGATAACGTGCCAAGCACT TTACGAAGGAAAGTGTCCTCATTGGTACGTGGTTCTTCCGTCCATGATATAAATA

snGlylleAloAspLysGinlleArgProlLysAlaValAlaGInSerGluAsnThrLeuHisSerSerAspValProAsnSerLysArgSerHisArgly
ATGGTATTGCAGATAAACAGATTAGACCAAAGGCTGTTGCGCAATTAGAAAATACATTACATTCATCTGATGT TCCCAATAGCAAACGCTCGCACAGAAA

sSerPhelLeuleuGlySerThrSerSerSerSerSerArgArgGlySerAsnVaiSerSerMetThrAsnSerAspSerAlaSerMetAlaSerSerGly
AAGCTTTCTGCTAGGCTCCACATCTTCTTCAAGCAGTAGAAGAGGTTCAAATGTCAGTTCAATGACTAACAGTGACAGTGCAAGTATGGCGACGTCGGGT

SerHisvalleuGInHisAsnValSerAsnValSerProThrThriysSerlLysAspSerValAsnSerGluSerAiaAspHisThrAsnAsnLysSerG
AGTCATGTTCTCCAACATAACGTATCTAATGTTTCTCCAACTACTAAAAGTAAGGACAGCGTTAACAGCGAATCCGCCGATCACACTAATAATAAATCCG

luLysVaiThrProGluTyrAsnGiuAsnl|eProGluAsnSerAsnSerAspAsniLysArgGluAlaThrThrProThrlieGiuThrProlleSerCy
AGAAAGTGACTCCAGAATATAATGAGAACATTCCGGAAAATTCTAACTCTGACAACAAACGCGAAGCCACAACGCCTACTATAGAAACACCCATTTCATG

sLysProSerLeuPheArgLeuAspThrAsnleuGluAspVal ThrAsplleThriysThrVoiProProThrAlaValAsnSerThrLeuAsnSerThr
TAAACCATCCCTTTTCAGGCTAGATACAAACCTTGAGGATGTTACTGATATTACAAAGACGGTGCCACCCACCGCTGTCAATTCTACACTAAATTCTACA

HisGlyThrGluThrAlaSerProlLysThrVallleMetProGluGlyProArglysSerValSerMetAlcAsplLeuSerValAigAicAlaAlaProA
CACGGGACTGAGACTGCCTCACCCAAAACGGTGATCATGCCTGAAGGTCCTAGGAAGTCGGTGTCAATGGCTGATCTCTCCGTCGCTGCCGCAGCACCTA

snGlyGluPheThrSerThrSerAsnAspArgSerGinTrpValAlaProGIinSerTrpAspValGluThrlysArglysLysThrlysProlysGlyAr
ATGGTGAATTCACATCAACTTCCAATGATAGATCACAATGGGTAGCACCTCAAAGCTGGGATGTGGAAACCAAAAGGAAAAAAACAAAACCTAAAGGGAG

gSerlysSerArgArgSerSer]|eAspAloAspGluleuAspProMetSerProGlyProProSerLyslysAspSerArgHisHisHisAspArglys
ATCGAAATCAAGAAGGTCAAGTATAGATGCTGATGAACTTGATCCCATGTCACCGGGGCCACCTTCAAAAAAAGACTCTCGTCATCATCACGATCGAAAG

AspAsnGluSerMetVaiThrAiaGlyAspSerAsnSerSerPheValAsplieCyslLysGiuAsnValProAsnAspSerLysThrAlaLeuAspThrl
GATAACGAATCAATGGTCACTGCGGGTGACAGTAACTCAAGTTTTGTTGATATATGTAAAGAAAACGTTCCGAATGATAGCAAGACCGCACTCGATACTA

ysSerValAsnArgLeulysSerAsnlLeuAlaMetSerProProSerileArgTyrAlaProSerAsnLeuAspGlyAspTryAspThrSerSerThrSe
AACTTGTGAACCGCTTAAAAAGTAATTTGGCTATGAGTCCCCCAAGTATACGATATGCTCCATCAAAT TTAGATGGGGACTACGACACGTCTTCCACTTC

rSerSerleuProSerSerSerIleSerSerGluAspThrSerSerCysSerAspSerSerSerTyrThrAsnAlaTyrMetGluAlaAsnArgGluGin
CTCATCTTTACCGTCCTCATCTATTAGTTCAGAACATACATCTTCCTGCAGCGATTCCTCTTCGTACACTAACGCGTATATGGAGGCCAACCGAGAGCAG

AspAsnlLysThrProlielLeuAsnLysThriysSerTyrThrlyslysPheThrSerSerSerValAsnMetAsnSerProAspGlyAlaGinSerSerG
GATAATAAAACACCGATCCTGAATAAAACGAAATCGTATACCAAGAAATTTACATCCTCTTCGGTAAATATGAATTCACCAGATGGTGCCCAGAGTTCTG

lyLeuLeulLeuG|nAspGlulLysAspAspGiuvalGluCysGinLeuGiuHisTyrTyrlysAspPheSerAsplLeuAspProlysArgHisTyrAlall
GATTATTACTACAAGATGAGAAGGACGATGAGG TCGAGTGCCAACTGGAACATTACTATAAAGATTTCAGTGATTTAGATCCAAAGAGGCACTATGCTAT

eArgl|ePheAsnThrAspAspThrPheThrThrLeuSerCysThrProAlaThrThrVaiGluGlulielieProAlaleulysl|eLysPheAsnlle
TCGTATATTCAATACTGATGACACTTTTACGACTCTCTCATGTACTCCAGCGACTACCGTCGAAGAGATAATACCTGCACTTAAAATAAAATTTAACATT

ThrAiaGInGlyAsnPheGinlleSerLeulysValGlylLysLeuSerLyslteLeuArgProThrSerLysProlleleulleGluArgLysLeuleul
ACAGCGCAAGGGAATTTTCAAATTTCCCTGAAGG TGGGAAAGT TGTCAAAAAT TTTGAGACCAACTTCGAAACCTATTTTAATTGAAAGAAAACTTTTAC

euleuAsnGlyTyrArglysSerAspProleuHisIteMetGlylleGluAspLeuSerPheValPhelysPheLeuPheHisProVal ThrProSerHi
TTTTGAATGGTTATCGAAAGTCAGACCCACTTCATATTATGGGTATAGAGGATTTAAGTTTTGTTTTTAAGTTTCTTTTCCATCCTGTCACACCTTCTCA

sPheThrProGluGInGluGInArglleMetArgSerGiuPheValHisValAspLeuArgAsnMetAsplLeuThrThrProProllellePheTyrGlin
CTTTACTCCTGAACAAGAACAAAGAATAATGAGAAGCGAATTTGTTCACGTAGATTTAAGGAATATGGATCTCACTACACCTCCCATCATTTTTTACCAG

HisThrSerGlul leGluSerLeuAspValSerAsnAsnAlaAsn] |ePheLeuProleuGluPhelieGluSerSerllielysleuLeuSerLeuArgM
CATACGTCAGAAATAGAAAGTTTAGACGTTTCTAATAACGCAAATATATTCCTACCTCTGGAGT TCATTGAAAGCTCGATTAAATTATTAAGTTTGAGAA

etValAsnlleArgAiaSerLysPheProSerAsnieThrlysAlaTyrlysLeuvalSerLeuGluLeuGinArgAsnPhelleArglLysValProAs
TGGTTAATATTAGAGCATCTAAATTTCCTTCCAATATCACTAAGGCGTATAAACTAGTATCT TTGGAATTACAGAGAAACT TCATAAGAAAAGTACCGAA

nSerlleMetLysLeuSerAsnLeuThrlleLeuAsnleuGInCysAsnGluleuGiuSerLeuProAlaGlyPheValGluLeulysAsnLeuGlinLeu
CTCAATCATGAAACTGAGTAATTTAACGATATTAAACCTTCAATGTAATGAGC TTGAAAGCCTACCGGCTGGATTTGTTGAACTGAAAAATCTGCAATTG

LeuAlalLeuSerSerAsnLysPheMetHisTyrProGiuvallleAsnTyrCysThrAsnLeuleuGinlleAspleuSerTyrAsnLysl|eGInSerL
CTAGACTTGTCTTCAAACAAGTTCATGCACTACCCAGAAGT TATTAACTACTGCACCAATCTTTTACAAATAGACCTATCATATAATAAAATCCAAAGCT

euProGInSerThriysTyrLeuVailyslLeuAlalysMetAsnLeuSerHisAsnLysLeuAsnPhel leGlyAspleuSerGluMetThrAspLeuAr
TACCACAGTCCACTAAGTACCTAGTAAAGCTTGCGAAGATGAACCCTTCTCATAACAAACTAAATTTTATAGGCGACTTATCGGAAATGACAGATTTGAG

gThrleuAsnLeuArgTyrAsnArglleSerSerlieLysThrAsnAlaSerAsnLeuGInAsnLeuPheLeuThrAspAsnArglieSerAsnPheGlu
GACGCTGAACCTAAGATATAACAGAATATCATCAAT TAAGACAAATGCGTCTAACT TGCAGAACCTTTTTTTAACAGATAATAGAATTTCGAACTTTGAA
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1014 AspThrLeuProLysLeuArgAloLeuGIulleGlnGIuAsnProIleThrSorIIeSerPheLysA:pPheTyrProLysAsnMetThrSerLeuThrL
3701 | GACACTTTGCCGAAACTAAGAGCCCTTGAAATTCAAGAGAATCCAATCACTTCTATATCCTTCAAAGATTTTTATCCAAAAAACATGACAAGTTTGACGT

1047 euAsnLysAluGlnLeuSerSerlleProGIyGluLeuLauThrLysLeuSorPheLeuGIuLysLeuGluLeuAsnGlnAsnAsnLeuThrArgLeuPr
3801 | TGAACAAGGCACAGTTATCGAGTATTCCTGGAGAATTACTCACCAAACTATCTTTCCTCGAGAAACT TGAACTTAATCAGAATAATTTGACTAGACTGCC

1980 | oGInGlulleSerLysLauThrlyslLeuValPheLeuServalAlaArgAsnlysleuGluTyrlieProProGiuleuSerGinLeuLysSerLeuArg
3901 | ACAGGAGATATCCAAGTTGACTAAATTAGTTTTCCTTTCAGTGGCGAGAAACAAACTAGAGTATATTCCACCCGAGCTATCTCAACTGAAAAGTTTGAGG

1114 | ThrleuAspleuHisSerAsnAsnl | eArgAspPheVaiAspGiyMetGluAsnLeuGluLleuThrSerLeuAsn]|eSerSerAsnAlaPheGlyAsnS lx
4001 | ACATTAGATCTACATTCTAACAACATAAGGGACTTTGTTGACGGTATGGAAAACCT TGAACTAACATCGCTAAATATTTCATCGAATGCATTCGGTAACT

1147 | erSerLeuGluAsnSerPheTyrHisAsnMetSerTyrGlySeriysLeuSerLysSerLeuMetPhePhel | eAloAlaAspASnG|InPheAspAspAl
4101 | CTAGCTTAGAAAATTCTTTTTACCATAACATGTCATATGGGTCAAAGT TATCTAAAAGCCTGATGTTTTTTATTGCTGCAGACAATCAATTTGATGATGC

1180 aMelTerroLeuPheAanysPheVuIAsnLeuLysVoILeuAsnLeuSerTyrAsnAsnPheSerAspVaISerHisMe!LysLeuGIuSerlIeThr
4201 | TATGTGGCCTCTTTTCAATTGCTTTGTCAATCTGAAAGTGCTAAATCT TTCTTACAACAATTTTTCAGATGTATCGCACATGAAACT TGAGAGCATTACC

1214 | GluLeuTyrLeuSerGlyAsnLysieuThrThrieuSerGlyAspThrvalleulysTrpSerSerLeulysThrLeuMetLeuAsnSerAsnGinMetL
4301 | GAATTGTACCTCTCCGGTAATAAGCTCACGACATTGTCGGGTGATACAGT TTTGAAATGGAGCTCTTTAAAGACTTTAATGTTGAATAGTAACCAAATGT

1247 | euSerLeuProAlaGluleuSerAsnieuSerGlinleuSerValPheAspVaiGlyAlaAsnGinLeulysTyrAsnlieSerAsnTyrHisTyrAspTr
4401 | TATCTCTGCCTGCAGAATTATCAAATCTCTCACAGCTAAGTGTATTTGATGT TGGAGCAAATCAATTAAAGTATAATATATCAAACTATCATTACGATTG

1280 pAsnTrpArgAsnAsnLysGluLeuLysTereuAsnPheSerGlyAsnArgArgPheGIuII:&ysSerPhelIeSerHisAspIleAspAlnAspLeu

4581 GAACYCGAGGAATAATAAAGAACTAAAATAITTGAATTTTTCAGGAAATCGAAGCTTTGAAATAJAGTCATTTATAAGTCACGATATTGATGCTGATTTG

1314 SerAsplLeuThrVolleuProGlnLeulysValleuGlyLeuMetAspValThrieuAsnThrThrlysVolProAspGiuAsnValAsnPheArgleuA
4601 TCAGATCTGACAGTATTACCTCAGTTAAAGGTACTAGGTTTAATGGACGTAACTTTAAATACTACCAAAGTACCGGATGAAAATGTCAATTTCCGTTTAA

1347 rgThrThrAlaSerlielleAsnGlyMetArgTyrGlyValAloAspThrLeuGlyGinArgAspTyrValSerSerArgAspValThrPheGiuArgPh
4701 GGACAACTGCATCAATAATAAATGGGATGCGCTACGGTGTTGCTGATACATTAGGTCAAAGAGACTATGTGTCATCTCGTGATGTTACCTTTGAAAGATT

1380 eArgGlyAsnAspAspGluCysSerleuCysleuHisAspSerLysAsnGinAsnAlaAspTyrGlyHisAsnl|eSerArgllieValArgAsplieTyr
4801 CCGCGGAAATGACGACGAATGCTCACTATGTCTTCATGATAGTAAAAACCAAAATGCAGATTATGGCCACAATATATCAAGAATTGTTAGAGATATTTAC

1414 AsplyslieLeulleArgGIinLeuGiuArgTyrGiyAspGiuThrAspAspAsnlieLysThrAloLeuArgPheSerPheleuGinleuAsnlysGlul
4991 GATAAAATACTGATCAGACAACTGGAAAGGTATGGAGACGAAACAGATGATAATATAAAAACTGCACTTCGTTTCAGTTTTTTGCAACTGAATAAGGAGA

1447 jeAsnGlyMetLeuAsnSerValAspAsnGlyAlaAspValAlaAsnLeuSerTyrAloAspleuleuSerGlyAlaCysSerThrvallleTyrlleAr
5001 TTAACGGAATGCTAAATTCTGTTGATAATGGTGCCGATGTTGCCAATCTTTCATATGCAGACTTGCTAAGTGGCGCTTGCTCTACTGTGATATATATCAG

1480 qgGlylLyslysLeuPheAlaAlaAsnLeuGlyAspCysMetAialleleuSerLysAsnAsnGlyAspTyrGinThrLeuThrLysGinHisLeuProThr
5101 AGGGAAGAAACTCTTCGCTGCAAATTTAGGTGACTGTATGGCTATTTTATCCAAAAACAATGGTGACTACCAAACGCTAACCAAACAACATCTCCCAACA

1514 LysArgGluGluTyrGluArglleArglieSerGlyGlyTyrvValAsnAsnGlylLysLeuAspGlyValValAspVaiSerArgAiaValGlyPhePheA
5201 AAGCGGGAAGAATACGAGAGGATCAGAATATCTGGCGGGTATGTCAACAATGGAAAATTAGATGGTGTTGTAGATGTGTCTAGAGCAGTGGGTTTTTTTG

1547 spleuleuProHislieHisAloSerProAsplleServalValThrLeuThrlysAioAspGluMetLeullevValAlaThrHisLysLeuTrpGluTy
5381 ATTTGCTTCCCCACATTCATGCTTCTCCCGACATATCTGTCGTGACATTAACAAAATCAGACGAGATGCTTATTGTAGCAACGCATAAGTTATGGGAATA

1580 rMetAspValAspThrVolCysAsplleAlaArgGiuAsnSerThrAspProleuArgAioAloA)loGluleulysAspHisAlaMetAlaTyrGiyCys
5401 CATGGACGTGGATACAGTTTGTGATATCGCGCGTGAGAATAGTACTGATCCACTCCGTGCCGCAGCTGAGT TGAAGGATCATGCCATGGCTTACGGCTGT

1614 | ThrGluAsnlleThrileLeuCysLevAiaglLeuTyrGluAsn]|eGInGInGInAsnArgPheThrleuAsnlysAsnSerLeuMetThrArgArgSerT
5501 | ACAGAGAATATTACAATTTTGTGCCTTGCTCTTTACGAGAACAT TCAGCAACAAAATCGGTTCACTTTAAATAAAAACTCTTTAATGACTAGAAGAAGTA

1647 | hrPheGluAspThrThrleuArgArgLeuGinProAlalleSerProProThrGiyAsnLeuAlaoMetValPheThrAsplielLysSerSerThrPhele
5601 | CTTTCGAGGATACTACATTAAGAAGACTTCAACCTGAGATTTCTCCGCCAACAGGTAACCTAGCAATGGTCTTCACTGATATCAAAAGCTCAACCTTCTT

1680 | uTrpGluLeuPheProAsnAlaMetArgThrAlallelysThrHisAsnAsplieMetArgArgGinLeuArglleTyrGiyGlyTyrGluVallysThr
5781 | ATGGGAGCTATTCCCTAACGCAATGAGGACCGCAATAAAAACTCACAATGACATTATGCGTCGTCAACTACGAATTTACGGTGGT TACGAAGTAAAGACA

1714 | GluGlyAspAtaPheMetValAloPheProThrProThrSerGlyLeuThrTrpCysLeuServalGinLeulysleulsuAspAiaGInTrpProGluG
5801 | GAAGGAGACGCCTTTATGGTGGCATTTCCTACGCCAACTAGTGGTCTGACATGGTGCTTAAGTGGTCAATTAAAACTCT TGGATGCACAATGGCCGGAGG

1747 | 1ullaThrSerVolGInAspGlyCysGInValThrAspArgAsnGlyAsnllel eTyrGInGlyLeuSerVoalArgMetGlylleHisTrpGlyCysPr
5991 | AAATTACCTCAGTTCAAGACGGCTGCCAAGTTACGGATAGAAATGGTAACATTATCTATCAAGGCCTATCAGTTAGAATGGGTATTCATTGGGGCTGCCC

17801 oValProGluLeuAsplLeuVal ThrGInArgMetAspTyrLeuGlyProMetValAsnLysAioAlaArgValGIinGlyVaolAiaAspGlyGilyGinlle E3
6001 | AGTTCCAGAGCTTGATTTAGTGACTCAAAGAATGGACTATTTGGGGCCGATGGTCAATAAGGCAGCAAGGGTCCAGGGCGTCGCTGACGGTGGTCAGATT

1814 | AlaMetSerSerAspPheTyrSerGiuPheAsnLyslieMetLysTyrHisGluArgvaivallysGlyLysGluSerLeulysGluvaiTyrGlyGiuG
61011 GCAATGAGTAGTGATTTTTACTCTGAATTCAACAAGATAATGAAGTATCATGAGCGAGTAGTGAAGGGCAAGGAATCTCTCAAGGAAGTTTATGGTGAAG

1847 | lullelieGlyGluValLeuGluArgGlulleAlaMetLeuGluSerlleGlyTrpAlaPhePheAspPheGlyGiuHisLysLeulysGlyLeuGluTh
6201 | AAATTATCGGAGAGGTTCTTGAAAGAGAAATTGCCATGCTGGAAAGTATTGGTTGGGCATTTTTTGACTTTGGCGAGCATAAGC TAAAGGGACTCGAAAC

1882 | rlysGluleuValThrlleAlaTyrProlyslleleuAloSerArgHisGluPheAlaSerGluAspGluGinSerLysLeulieAsnGluThrMetleu
6301 ° CAAAGAACTCGTTACTATTGCGTATCCTAAGATTCTTGCTTCCAGACACGAATTTGCATCTGAAGATGAGCAGTCAAAATTAATCAATGAAACGATGTTG
|

1914 | PheArgleuArgvallleSerAsnArgleuGiuSer]ieMetSerAiaLeuSerGlyGlyPhel leGluleuAspSerArgThrGluGlySerTyrllel
6401 | TTTCGTTTAAGAGTCATTTCAAACAGACTGGAATCTATAATGTCAGCTTTAAGCGGCGGATTTAT TGAACTAGACTCTCGGACGGAGGGAAGTTATATTA

1947 | ysPheAsnProlysValGluAsnGlylleMetGInSerlleSerGiuLysAspAicLeulLeuPhePheAspHisvVallleThrArglleGluSerServa
6501 | AATTTAACCCTAAAGT TGAAAATGGTATTATGCAATCGATTTCTGAGAAGGATGCGTTGTTATTTTTTGATCATGTAATTACTAGAATCGAATCCAGTGT

1980 | tAlaLeuLeuHisLeuArgGIinGIinArgCysSerGlyLeuGlulleCysArgAsnAsplysThrSerAtoArgSerAsnliePheAsnValValAspGlu
6601 | GGCATTATTACATTTACGACAACAGAGGTGTTCAGGACTGGAAATTTTCAGAAACGATAAAACATCTGCTCGAAGCAATATTTTCAATGTTGTTGACGAA

2014 | LeuLeuGinMetValLysAsnAlalysAspLeuSerThrlter
6701 | CTTTTACAAATGGTTAAGAACGCAAAGGATTTATCAACTITGAGTTCTGTTCGTAAATTATGTACCACCCTGTTACTCGTTTCATATTCACGCTAGAGAAG

6881 TAGGTCAGCTTACTAGATCCATTCACACATTGCAAGTATACTAAAACTATATAAAATTTAAGTACGTAAACTCTTTACTTATTATTATCTTCAATGTCAT
6301 CACGTACTTAATTATGTTAAATATAGATTGTGTATAAATAAGAAATAGGATCTGTTTTGAAAAATTGGCCAAAAAGGCAGATTTATTAAGCCTATAGAGA
7001 TAAGGTTGTTGCCATTTTTCATACATTTACTGTTTTCTTCTGAATGACTATAATATTGCCAAAATTGCCTCGAATATGTTGTTTCATCTCCTCTCATATT
7181 TGGCTTTCTAAGTCTTTTAGTTGTATTGGTGATTGCTCCAATTCTGAATGTTTACTATGCTGCTGACTAGGCGTAACCAATCCAACTTCTCCTTCAGGAT

7201 CC

Figure 2. Nucleotide Sequence and Deduced Amino Acid Sequence of the Adenylate Cyclase Gene

The nucleotide sequence obtained by the strategy depicted in Figure 1is presented. The deduced amino acid sequence of the one long open reading
frame is presented above the nucleotide sequence. Coordinates in the left margin indicate nucleotide and amino acid positions and are used through-
out this paper. Boxed regions A and B indicate the tandem repeat sequence and the catalytic site of the adenylate cyclase, respectively, which were
localized as described in the text.
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Leucine Rich PXX%XXLXXLXX LXLXXNXLXXL
a2-Glycoprotein
Figure 3. Structure of the Adenylate Cyclase Periodic Repeat

The sequence from amino acid position 711 to 1302 is indicated. Num-
bers on the left are coordinates for the amino acid position at the left
of each line. Slashes indicate areas where two positions have been
compressed, and blanks indicate the placement of gaps, which align
this sequence to reflect the periodic structure. The consensus se-
quence for the periodic repeat is indicated, with a indicating one of the
three aliphatic amino acids, valine, leucine, or isoleucine. The con-
sensus sequence for the repeat of the a, leucine-rich glycoprotein of
human serum is indicated at the bottom.

mediately evident that not all the coding region was
needed to encode a protein with catalytic activity, since
the plasmid pCYR?-11, which contains the carboxy-
terminal three-fourths of the gene (beginning at amino
acid residue 511), can complement cyr1 yeast strains and
can direct the synthesis of an adenylate cyclase activity in
E. coli (data not shown, but see Table 5). Initial attempts
at constructing adenylate cyclase genes disrupted by the
insertion of auxotrophic markers led to the same conclu-
sion. When the URA3 marker was inserted at the Xba | re-
striction endonuclease site (amino acid residue 1540), the
gene (cyr1::URA3) could no longer direct the synthesis of
adenylate cyclase, as we discussed in a previous section
(Table 2). However, yeast cells in which the adenylate cy-
clase gene was replaced by the CYR7::HIS3 gene and in
which the HIS3 marker was inserted between the two Bgl
I sites (amino acid positions 1116 and 1315, see Figure 1),
had vastly elevated levels of adenylate cyclase activity
(see Table 2).

To delineate more precisely the catalytic domain of
CYR1, we constructed high copy extrachromosomally rep-
licating plasmids containing the LEU2 marker and new
transcription units using the galactose-inducible GAL10
promoter (St. John and Davis, 1981) and various frag-
ments of the CYR7 coding regions (Table 3). Most of these
transcription units were constructed so that the first AUG
encountered in a GAL70-promoted transcript would initiate
translation in the proper reading frame. The plasmids
were then used to transform a leu2- strain, T50-3A, con-

taining the temperature-sensitive cyr7-2 allele. Leu* trans-
formants were selected at both the permissive and non-
permissive temperatures on plates containing glucose.
Glucose was used as a carbon source because the GAL10
promoter is only weakly active under such conditions.
Cells that overexpress adenylate cyclase grow poorly or
not at all on galactose as the main carbon source (data not
shown). We tested the ability of the constructs to comple-
ment cyr1-2 by comparing transformation efficiencies at
the permissive and nonpermissive temperatures. The
results of these experiments clearly show that the shortest
fragment of CYR1 coding region with complementing ac-
tivity was the Nco |I-Bam HI fragment, whereas the Bst
Ell-Bam HI fragment did not have this activity (Table 3).
This showed that GAL70 transcripts that would initiate
translation at or before the methionine residue at amino
acid position 1609 could complement the cyr?1-2 strain.
GALT10 transcripts that initiate translation at or after the
methionine residue at amino acid position 1669 could not
complement cyr1-2. The ability of GAL70 constructs to
complement cyr?-2 correlates perfectly with their ability to
produce adenylate cyclase activity when transformed into
cya E. coli strains (see Table 5). We interpret these results
to mean that the catalytic domain of adenylate cyclase is
contained within the carboxy-terminal 417 amino acids.

Analysis of the CYR1 Transcription Unit

To determine whether the first AUG of the large open read-
ing frame was a good candidate for the initiation of transla-
tion, we performed Northern blot analysis to determine
the size of the transcript (or transcripts) from the CYR7
gene. Poly(A)* RNA was prepared from log phase growing
yeast cells, electrophoresed, and filter-blotted as de-
scribed in Experimental Procedures. Poly(A)* RNA was
prepared from three yeast strains as follows: SP1, RS7-2D,
and TK4-1-2C. RS7-2D has the /AC mutation, which causes
increased adenylate cyclase activity (Uno et al., 1982).
TK4-1-2C has the CYR1::HIS3 gene described in the previ-
ous section, and has 20- to 100-fold elevated levels of
adenylate cyclase activity when assayed in the presence
of manganese ions. SP1 contains the wild-type CYR?
allele.

Two single-stranded RNA hybridization probes were
used in this study, a 5’ probe including the first but not the
second AUG of the open reading frame, and a 3’ probe
spanning codons for amino acid positions 1602 and 1821
(Figure 4). One major 6.7 kb species in the RNA from SP1
and R27-2D hybridizes to both the 5’ and 3’ probes (Figure
4). The 6.7 kb RNA species is of sufficient length to in-
clude the entire open reading frame. We conclude from
this that the entire open reading frame may indeed be
used for the synthesis of adenylate cyclase. There was no
discernible difference in the levels of CYR7 mRNA content
between the wild type (SP1) and the /AC mutant (RS7-2D).
Hence the elevated level of adenylate cyclase activity in
IAC strains is probably not caused by increased transcrip-
tion from CYR1.

The 6.7 kb species is not seen in the RNA from TK4-1-
2C. Instead, RNA from this strain contains high levels of
a 2.7 kb RNA species, which hybridizes to the 3' probe.
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Table 3. Complementing Activity of Truncated CYR? Genes

Amino Acid Position of

Number of Yeast Transformants/ug DNA*

Experiment 1

Experiment 2

Transforming Plasmid* the First Met in Frame* 35°C 23°C 35°C 23°C
YEP51-CYR1-Sal | 1 NTH NT 156 462
YEP51-CYR7-Miu | 607 NT NT 220 416
YEP51-CYR1-Hind Il 960 600 1820 96 328
YEP51-CYR1-Xho | 1129 795 2010 NT NT

YEP51-CYR1-Bgl Il 1328 510 2200 128 522
YEP51-CYR1-Xba IT 15691 NT NT 294 1240
YEP51-CYR1-Pvu it 16091 NT NT 70 548
YEP51-CYR17-Nco | 1609 NT NT 110 970
YEP51-CYR1-Bst Ell 1669 NT NT 0 710
YEP51-CYR1-Stu | 1773 NT NT 0 944
YEP51-CYR17-Eco RI 1827 0 3500 0 1290
YEPS1 0 2730 0 915

* The plasmids indicated were transfected into a cyr7-2 yeast strain, T50-3A, and Leu* colonies were selected on plates lacking leucine at the
nonpermissive (35°C) or the permissive (23°C) temperatures. The construction of the plasmids is described in Experimental Procedures. Positions
of the first methionines in frame were determined from the nucleotide sequence of the CYR7 gene shown in Figure 2.

T These plasmids have one extra ATG out of frame before the first ATG in frame.

1 NT means not tested.

We estimate that the 6.7 kb transcript in normal cells is
present at about one copy per wild-type cell. We estimate
that the 2.7 kb RNA species is present in TK4-1-2C at
about 100 copies per cell. Based on the size of this tran-
script and the site of insertion of HIS3 (about 2.1 kb from
the termination codon), we infer that this transcript may
initiate within the HIS3 fragment. The high copy number
of this transcript may explain the enormously elevated
adenylate cyclase activity we detect in this strain (Table 2).

Additional minor RNA species in SP1 and RS7-2D hy-
bridize to either the 5’ or the 3’ probes, but none to both.
Hybridization with the 5’ probe reveals 5.0 kb, 3.0 kb, and
1.2 kb species of RNA from SP1 and RS7-2D. None of
these are of sufficient length to encompass the carboxy-
terminal catalytic domain without splicing. However, no
yeast consensus splicing sequences are observed in the
DNA sequence of the open reading frame, and these spe-
cies do not hybridize with the 3' RNA probe. Most likely,
these transcripts are prematurely terminated. In fact
several consensus sequences for poly(A) addition
(AATAAA) (Proudfoot and Brownlee, 1976; Fitzgerald and
Shenk, 1981) are found in coding regions, which is consis-
tent with the observed lengths of the minor RNA species.
It is known that the AATAAA sequence is not the only se-
quence requirement for poly(A) addition (Gil and Proud-
foot, 1984; Conway and Wickens, 1985), but nevertheless
poly(A) addition may occur in a small percentage of tran-
scripts at these locations depending on their flanking se-
quences. It should be noted that some yeast genes do not
have the AAUAAA sequence at their 3’ untransiated re-
gion and seem to use different sequences for recognition
of the poly(A) addition site (Zaret and Sherman, 1982;
Henikoff and Cohen, 1984).

Several minor species in the RNA from SP1 to RS7-2D
hybridize with the 3’ probe. Of these, the most prominent
are 5.1 kb, 4.6 kb, 3.7 kb, 3.2 kb, and 1.2 kb. The 3.7 kb and

3.2 kb species most likely represent a cross-hybridizing
RNA, since the intensity of hybridization is a function of
the stringency of hybridization conditions (data not shown).
The other species may represent either specific RNA
breakdown products or bona fide transcripts initiating
from weak promoters within CYR7 coding sequences. In
the latter case, these species could potentially encode
catalytically active molecules of adenylate cyclase lacking
N-terminal domains.

CYR1::HIS3 Suppresses Lethality Due to

Loss of RAS Function

We previously demonstrated that RAS function is essen-
tial to vegetatively growing haploid yeast cells and demon-
strated that intracellular cyclic AMP and the guanine
nucleotide-magnesium ion stimulation of adenylate cy-
clase is completely dependent on RAS function (Toda et
al., 1985; Broek et al., 1985). However, we do not know
whether activation of adenylate cyclase is the only impor-
tant function of RAS. To explore this question, we deter-
mined if the CYR7::HIS3 gene, which greatly overex-
presses adenylate cyclase catalytic activity, could
suppress the lethality that normally results from loss
of RAS function. An Eco RI fragment containing the
CYRT::HIS3 gene was transfected into a diploid yeast
strain TK4, in which one copy each of the RAST and the
RAS2 genes is disrupted by insertion of the URA3 and the
LEU2 genes, respectively. Two of the resulting His* trans-
formants were shown by Southern blot analysis to contain
one copy each of the wild-type CYR? gene and one copy
of the CYRT::HIS3 gene. One of these diploid strains was
sporulated, and tetrads were dissected. The results
shown in Table 4 clearly indicate that all of ras7- ras2-
spores could germinate in the presence of the CYRT7::HIS3
gene, while no ras7- ras2- spores could germinate in the
presence of the wild-type CYRT gene. Our genetic assign-
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Figure 4. RNA Transcripts from the CYR? Locus

Poly(A)* RNA was prepared from the yeast strains indicated, and the
indicated amounts were electrophoresed in a 1% agarose gel contain-
ing formaldehyde. The gel was then blotted to a nitrocellulose filter as
described in Experimental Procedures. For the CYR-1::HIS3, IAC, and
wild-type strains, TK4-1-C, RS7-2D, and SP1 were used (see Table 1
and text for their genotypes). As a 5’ probe spanning only the first AUG
of the open reading frame, 3?P-labeled RNA synthesized from a pSP65
(Melton et al., 1984) clone containing a 750 bp Bgl 1I-Sac | fragment
of the 5’ end of the CYRT gene cloned into the Bam HI-Sac | cleavage
sites was used. As a 3’ probe, a 670 bp Pvu Il-Eco Rl fragment of the
3’ part of the CYR? gene was cloned into the Sma I-Eco RI cleavage
sites of pSP65. These two pSP65 DNAs were cleaved by Sal | before
RNA synthesis reaction (see Experimental Procedures). Numbers in
the left margin represent molecular sizes of the bands in kilobases,
which were estimated from DNA molecular size standards shown by
the arrows in the right margin. The molecular sizes of the standard are
6.5 kb, 5.3 kb, 3.7 kb, 25 kb, and 1.1 kb from top to bottom.

ments of spores were confirmed by Southern blot anal-
yses of DNAs (data not shown). Since the CYRT1::HIS3
gene produces vastly elevated levels of adenylate cyclase

Table 4. Viability of Haploid Progeny from a ras7/RAS? ras2/RAS2
CYR1/CYR1::HIS3 Diploid

Spore

Genotype Number of Spores
RAS1T RAS2 CYR1.:HIS3 CYR Viable Nonviable
+ + + - 4 0

+ + - + 9 1

+ -~ + - 8 0

+ - - + 6 0

- + + - 9 0

- + - + 5 0

- - - 7 0

- - - + 0 7

A diploid TK4-1 (leu2/leu2 his3/his3 ura3/ura3 ras?:.:UURA3/RAS?
ras2..LEU2/RAS2 CYR1/CYR1::HIS3) was sporulated, and tetrads were
dissected. The diploid was formed as described in Table 1. The geno-
types of haploid progenies were determined as described previously
(Kataoka et al., 1985).

activity, our results indicate that overproduction of CAMP
can suppress lethality due to loss of RAS function. There-
fore, if RAS has any essential function in yeast besides
stimulating adenylate cyclase, overexpression of adeny-
late cyclase can compensate for the loss of this function.

Properties of Yeast Adenylate Cyclase

Expressed in E. coli

In crude yeast cell membranes lacking RAS proteins,
adenylate cyclase has 50-fold higher activity when as-
sayed in the presence of manganese ions than when as-
sayed in the presence of magnesium ions (Toda et al.,
1985; Broek et al., 1985). The activity of adenylate cyclase
in such membranes is greatly enhanced in the presence
of magnesium by the addition of guanine nucleotides and
yeast RAS proteins purified from E. coli expression sys-
tems (Broek et al., 1985). Expressing the yeast adenylate
cyclase gene in E. coli enables us to compare the en-
zymatic properties of yeast adenylate cyclase present in
E. coli with that present in S. cerevisiae.

For our first experiments we assayed adenylate cyclase
activity in extracts prepared from CA8306 cya~ E. coli
strains harboring the GAL70 truncated CYRT? genes de-
scribed in Table 3. It is evident from Table 5 that, in con-
trast to the cya™ E. coli host, many of the transformed
E. coli strains expressed adenylate cyclase. In fact, those
plasmids that direct the synthesis of adenylate cyclase in
E. coli are precisely the ones that can complement the
defective cyr? allele in yeast stains (Table 3). Transcription
from the CYR7 genes might proceed from within CYR1, the
GAL10 promoter, or adjoining plasmid sequences. E. coli
transformed with different constructs express different
levels of activity, but this may reflect variation in levels of
transcription, translation, or protein stability as well as the
intrinsic activity of the synthesized product.

We measured the adenylate cyclase activity in high
speed supernatant and high speed pellet fractions from
lysates of E. coli transformed with the various plasmids
(Table 5). CYR7 genes contained on the plasmids YEP51-
CYR1-Sal | and YEP51-CYR1-MIu | have the potential to
encode the entire periodic amphipathic domain that was
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Table 5. Adenylate Cyclase Activity of CYR? Genes in E. coli

Specific Activityt of

Relative Activity}
Associated with Pellet

Transforming Plasmid* Adenylate Cyclase Pact/(Pact + Sact) Mn"/Mg"§
YEPS51 <10

YEP51-CYR1-Sal | 1890 0.65 70
YEP51-CYR7-Mlu | 1520 0.58 66
YEP51-CYR1-Hind il 1840 0.28 47
YEP51-CYR1-Bgl il 660 0.23 45
YEP51-CYR1-Pvu Il 4170 0.14 22
YEPS51-CYR1-Nco | 1310 0.22 19
YEP51-CYR1-Bst Ell <10

* The plasmids indicated were transformed into E. coli strain CA8306, which lacks its own adenylate cyclase. See Table 3 and Experimental Proce-

dures for more information about these plasmids.

1T E. coli lysates were prepared, and unlysed cells were removed by centrifugation, creating supernatant 1 as described in Experimental Proce-
dures. Supernatant 1 was fractionated into a high speed pellet and high speed supernatant as described in Experimental Procedures. The amount
of protein in each fraction was determined. The total adenylate cyclase activity associated with each of the high speed pellets (P, and each
of the high speed supernatants (S,) was determined in the presence of manganese ions. The sum of these activities divided by the sum of the
protein in the two fractions gives the specific activity of each strain in units of pmol cCAMP/min/mg.

1 The relative activity associated with the pellet was determined by dividing Pgact by the sum of Py and Sgq.

§ The total amount of activity as assayed in manganese ions was divided by the total amount of activity as assayed in magnesium ions for each strain.

discussed previously. E. coli containing these plasmids
have adenylate cyclase activity located predominantly in
the pellet fraction. Adenylate cyclase activity in E. coli con-
taining other plasmids is located predominantly in the su-
pernatant fraction. These results suggest that this am-
phipathic domain either causes adenylate cyclase to
aggregate or to localize to the membrane when synthe-
sized in E. coli.

We compared ratios of manganese to magnesium ion
dependent adenylate cyclase activity in lysates of E. coli
transformed with various CYR? plasmids. It is apparent
that all the GAL70-CYRT? genes direct the synthesis of a
catalytic activity that is many more times active in the
presence of manganese ions than in the presence of mag-
nesium ions. In this respect, yeast adenylate cyclase
made in E. coli resembies the adenylate cyclase made in
RAS-deficient S. cerevisiae. The CYR? genes contained
on plasmids YEP51-CYR7-Pvu Il and YEP51-CYR7-Nco |,
which encode the smallest fragment of catalytically active
adenylate cyclase, have the highest relative activity in the
presence of magnesium, suggesting perhaps that some
domain on the N-terminal side of the catalytic domain is
inhibitory in the presence of magnesium.

In the yeast S. cerevisiae, the activity of adenylate cy-
clase is strongly dependent on RAS proteins and guanine
nucleotides in the presence of magnesium. We wished to
test this property of the yeast adenylate cyclase synthe-
sized in E. coli. For this purpose, we constructed a tran-
scription unit using the entire CYR? coding sequence,
which can initiate from the recA promoter of E. coli con-
tained on the plasmid pKS65 (A. Fujiyama, unpublished
data). Transcription from the recA promoter can be rapidly
induced by incubating E. coli with nalidixic acid (Shira-
kawa et al., 1984). CA8306 E. coli were transformed with
the plasmid pKS-CYR7 containing the CYRT? coding region
in the correct orientation relative to the recA promoter.
Adenylate cyclase activity in the high speed pellet frac-
tions of lysates was assayed under a variety of conditions.

With the addition of nalidixic acid, the level of manganese
ion dependent adenylate cyclase activity increases 40-
fold, indicating that transcription is induced from the recA
promoter (Table 6). Again we observe that the induced
adenylate cyclase has low activity when assayed in the
presence of magnesium ion. The magnesium-dependent
activity is increased 2-fold by the addition of the yeast
RAS2 protein purified from E. coli, but the same 2-fold in-
crease is observed when the RAS2 protein is boiled or
when similar amounts of bovine serum albumin are
added. These studies are in marked contrast to the be-
havior of the adenylate cyclase of yeast membrane that
lack RAS proteins (Toda et al., 1985; Broek et al., 1985).
The magnesium-dependent level of activity of adenylate
cyclase in these membranes is raised almost to the level
of the manganese-dependent activity when RAS2 protein
and guanine nucleotides are present (Table 6). This induc-
tion of activity in yeast membranes is not observed when
the RAS2 protein is boiled, nor will bovine serum albumin
serve. Thus, unlike the adenylate cyclase of yeast mem-
branes lacking RAS proteins, the yeast adenylate cyclase
synthesized in E. coli is not specifically responsive to
RAS2 protein. Similar studies were performed on E. coli
transformed with the adenylate cyclase genes described
in Table 3 and Table 5, and essentially similar results were
obtained (data not shown).

Discussion

We have isolated CYR1, the adenylate cyclase gene from
the yeast S. cerevisiae by complementation cloning using
cyr1 mutants. Evidence that this gene encodes adenylate
cyclase is twofold. First, the gene we have isolated directs
the synthesis of adenylate cyclase when transfected into
an E. coli strain (CA8306) lacking its own endogenous
adenylate cyclase. Second, it restores adenylate cyclase
activity when transfected into cyr? mutants. Moreover,
CYR1 appears to be the only gene in yeast encoding



Cell
502

Table 6. RAS Dependence of Yeast Adenylate Cyclase Activity Synthesized in Yeast and in E. coli

Mg"T

Additional Components

Sources of Yeast RAS2S + RAS2 (boiled)ll +

Adenylate Cyclase Mn2+* None Gppr* GppNp GppNp BSA*
E. coli: Uninduced™ * 7 <04 <04 <04 <04 <04
E. coli: Induceatt 290 5 4 10 10 9
Yeast (T27-10D)t 65 <04 <04 51 <1.0 <1.0

All values presented are units of adenylate cyclase activity where one unit of activity is defined as the production of 1 pmol of cAMP per min per
mg of protein. Duplicate samples containing 30 ug of protein were used for each adenylate cyclase assay (see Experimental Procedures).

* Adenylate cyclase assays were performed in the presence of 2.5 mM MnCl,.

t Adenylate cyclase assays were performed in the presence of 2.5 mM MnCl,. Additional components were delivered to the magnesium-dependent

assays in 10 ul of buffer G (see Experimental Procedures).
1 One microliter of 5 mM Gpp(NH)p was added to the assay.

§ Fifty picomoles of RAS2 protein preincubated with 1 ul of 5 mM Gpp(NH)p was added to the assay.

Il same as (§), but the RAS2 protein was heated to 100°C for 10 min then cooled and added.

# Forty-five picomoles of bovine serum albumin (BSA) was added to the assay.

** Assays were performed on high speed pellet proteins from lysates of an uninduced culture of E. coli strain (CA8306) carrying the nalidixic acid-
inducible plasmid pKS-CYR7. See Experimental Procedures for preparation of membranes and description of pKS-CYR?.

Tt Same as (**), but the recA promoter was induced by addition of nalidixic acid to the culture medium (see Experimental Procedures).

$+ Membranes were prepared from the RAS-deficient yeast strain T27-10D. See Table 1 for a description of T27-10D and Experimental Procedures

for preparation of yeast membranes.

adenylate cyclase, since cells in which the CYR? locus is
disrupted with an auxotrophic marker fail to make measur-
able adenylate cyclase. Recently, Casperson et al., (1985)
have reported cloning the adenylate cyclase gene from
S. cerevisiae. The restriction map of their gene is in ac-
cord with ours.

We have completed the nucleotide sequence of the
CYRT1 locus. This locus has one large open reading frame
of 6078 bases with the potential to encode a very large
protein of 2026 amino acids. Northern blot analysis indi-
cates that the major transcript from this locus is about 6.7
kb, which likely includes the entire open reading frame.
Analysis of the predicted amino acid sequence of the
CYR1 protein reveals a large domain of 600 amino acids
that bisects the molecule. This domain can be organized
into tandem repeating units that have a consensus se-
quence of 23 amino acids. We searched for similar struc-
tures in other proteins and have found only one other ex-
ample: a trace human serum protein of unknown function,
called LRG, which is comprised of a 24 amino acid repeat-
ing unit with an astonishingly similar consensus se-
quence (Takahashi et al., 1985). This similarity in structure
may indicate an evolutionary conservation between the
yeast and human proteins, or may reflect the coincidental
and convergent evolution of a functional domain. In both
cases, the repeat units are leucine rich and amphipathic.

Gene disruption experiments indicate that the carboxy-
terminal 417 amino acids are sufficient for adenylate cy-
clase catalytic activity. What then is the function of the
remainder of the molecule? The large middle region com-
prised of tandem amphipathic repeats may form a site for
membrane attachment. Indeed, study of the localization of
truncated molecules of adenylate cyclase synthesized in
E. coli are consistent with this idea. The large N-terminal
domain may have regulatory functions.

We have previously demonstrated that RAS proteins are
essential for adenylate cyclase activity in S. cerevisiae.
Cloning of the yeast adenylate cyclase has enabled us to

study further RAS protein function. Indeed, we have now
demonstrated that if RAS has any other functions, besides
stimulating adenylate cyclase, required during germina-
tion or during vegetative growth in rich medium, these
functions can be compensated by overexpression of
adenylate cyclase.

We still do not know if RAS proteins act directly or in-
directly on yeast adenylate cyclase. Experiments reported
here demonstate that, unlike the adenylate cyclase found
in S. cerevisiae, the S. cerevisiae adenylate cyclase made
in E. coli does not respond to added RAS proteins. There
are several plausible explanations for this observation.
For example, the S. cerevisiae adenylate cyclase made in
E. coli may be degraded or improperly modified or may
not be in a correct conformation; or the RAS protein added
to E. coli membranes may fail to undergo necessary
modifications. An alternative explanation is that RAS pro-
teins stimulate adenylate cyclase in yeast indirectly,
through intermediate proteins, and therefore fail to stimu-
late the same adenylate cyclase made in E. coli because
those intermediate proteins are lacking. This is the hy-
pothesis that we favor, and it is consistent with genetic and
yeast biochemical experiments in progress that suggest
that RAS proteins act indirectly on adenylate cyclase.
Since the yeast RAS and mammalian ras proteins are
functionally homologous (Kataoka et al., 1985; DeFeo-
Jones et al., 1985), knowledge of the immediate biochemi-
cal function of RAS in yeast may provide clues to the func-
tion of ras proteins in mammalian cells. Although we do
not yet know the immediate biochemical function of RAS
in yeast, study of the pathway by which RAS activates
adenylate cyclase may lead to the discovery of this
function.

Experimental Procedures

Yeast Strains, Growth Media, and Transformation
General genetic manipulation of yeast cells was carried out as de-
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scribed (Mortimer and Hawthorne, 1969). Nomenclature of the geno-
types and phenotypes was as described previously (Powers et al.,
1984, Kataoka et al., 1984). Tetrad dissections and assignment of auxo-
trophic markers were performed as described (Kataoka et al., 1984,
1985). Transformation into yeast cells was carried out using lithium
acetate (lto et al., 1983).

Construction of the Truncated CYR1 Genes Using

the GAL10 Promoter

Cloning and structure of pCYR7-11 and pCYR?-2 are described in the
text and in Figure 1. In pCYR7-11, the CYR? gene was inserted in the
opposite direction with respect to the tetracycline-resistance gene of
YCP50 and could be isolated as a 5.3 kb fragment using Bam HI and
Sal I. This fragment was cloned into Sal I-Bc! |-cleaved YEP51 (Broach
etal., 1983). The resultant plasmid, YEP51-CYR7, was cleaved with Sal
1, then cleaved completely by Miu [, Hind Ill, Xho I, Pvu Il, or Nco |,
or partially by Xba |, Bst EN, Stu |, or Eco RI. The resulting DNA frag-
ments of expected sizes containing the 3’ portion of the CYR7 gene
were isolated and were resealed by ligation either directly (Xho I) or af-
ter filling in with Klenow fragment of DNA polymerase |. These plas-
mids were designated YEP51-CYR1-XXX, where XXX is the appropri-
ate restriction site used in construction. To produce YEP51-CYR?-Sal
1, which has a complete coding sequence of the CYR? gene, we have
introduced a Sal | cleavage site at the immediate 5-flanking sequence
of the first ATG by mutagenesis of GTCGAAATG to GTCGACATG using
an oligonucleotide 5-GATGACATGTCGACCTA-3' and an M13mp8 de-
rivative having a 1.78 kb Pst | subfragment of the CYR? gene (Zoller
and Smith, 1983). Then a 1.6 kb Sal |-Pst | fragment was excised from
the mutagenized M13 derivative and was inserted into YEP51-CYR?
digested completely with Sal | and partially with Pst | to reconstruct the
complete coding sequence.

Construction of E. coli Expression Plasmids of the CYR1 Gene
pKS65, which contains the recA promoter derived from pKH502 (Shira-
kawa et al., 1984), contains a synthetic Shine-Dalgarno sequence and
an Sph | cleavage site at its first methionine codon. This plasmid was
prepared and kindly supplied by Dr. A. Fujiyama, University of Chicago
(Fujiyama et al., unpublished data). The 1.6 kb Sal -Pst | fragment of
the mutagenized M13 clone described above was transferred to
pCYR1-2, creating pCYR1-2(Sal). A 7.3 kb fragment containing the CYR?
coding sequence was then excised by cleaving completely with Sal |
and partially with Cla |, the cohesive ends were filled in with the Klenow
fragment, and cloned into pKS65, which was cleaved with Sph | and
treated with the Klenow fragment. We obtained the plasmid pKS-CYR?,
which contained the complete CYR? insert in the correct orientation.
The fidelity of the construction was checked by a recreation of a Sal
| site at the junction between Sph | and Sal .

Construction of Other Plasmids

YEP13-CYR1-11 was prepared by inserting a 5.2 kb Sph I-Bam HI frag-
ment of pCYR?-11 into Sph 1-Bam Hl-cleaved YEP13 (Broach et al.,
1979). The 5.3 kb Sal I-Bam HI fragment of the CYR? gene from pCYR7-
11 was also cloned into Sal I-Bam Hl-cleaved pUC8 (Viera and Mess-
ing, 1982). The resultant pUC8-CYR? was cleaved with Xba | and
ligated with 1.2 kb Xba | fragment of the URA3 gene (Botstein and
Davis, 1981), excised from pras?::URA3 (Kataoka et al., 1984) to pro-
duce peyr?::URA3. Similarly pCYR1::HIS3 was constructed by cutting
pUCB8-CYRT with Bgl II, to delete a 0.6 kb fragment, and inserting a 2.0
kb Bam HI fragment of the HIS3 gene (Struhl and Davis, 1980). For
gene disruption experiments, suitable fragments were isolated and
used for transformation of yeast cells as described (Rothstein, 1983).
For construction of pSP65 derivatives, see Figure 4.

Preparation of E. coli Extracts

In all experiments the growth of E. coli was monitored by absorbance
at 600 nm wavelength (Ag). All cultures were harvested at Agy, = 0.6.
CA8306 E. coli strains containing pKS65-derived plasmids were grown
in 100 ml of L broth containing 50 mg/l ampicillin. Nalidixic acid was
added to a final concentration of 40 ug/ml, to induce the recA promotor,
and incubation was continued at 37°C for 1 hr. The induced and unin-
duced cultures were centrifuged and were washed in 50 ml of buffer
C (50 mM Mes, pH 6.2; 1 mM g-mercaptoethanol; 0.1 mM EGTA; 0.1
mM MgCl,; 1 mM PMSF; 1 ug/ml Leupeptin; and 1 ug/ml Pepstatin).

The washed pellets were resuspended in 5 ml of buffer C, and cells
were disrupted by sonication for four intervals of 30 sec with intermit-
tent cooling. The disrupted cell suspensions was centrifuged at 1000
xg for 10 min. The resulting supernatant was spun at 75000 xg for
1 hr to collect the crude membrane. The resulting crude membrane
preparation was resuspended in buffer C containing 10% glycerol to
a final protein concentration of 1 mg/ml.

CA8306 strains containing YEP51-derived plasmids were grown in
100 ml of L broth containing 50 mg/l ampicillin. Cells precipitated by
centrifugation were washed with 20 mi buffer C. The washed pellet was
resuspended in 2 ml of buffer C and were sonicated as above. Un-
broken cells were removed by centrifugation at 4000 xg for 10 min.
The resulting supernatant was spun at 12,000 xg for 15 min, yielding
peliet 1 and supematant 1. Pellet 1 was resuspended in 2 mi of buffer C
foliowed by centrifugation at 12,000 x g for 15 min, yielding pellet 2 and
supernatant 2. Supernatants 1 and 2 were combined and centrifuged
at 75,000 xg, yielding peilet 3 and the high speed supernatant. Pellets
2 and 3 were resuspended as above and were combined; they are re-
ferred to as the high speed pellet in the text.

Adenylate Cyclase Assay

For all adenylate cyclase assays described here, 30 ug of protein was
used per reaction. Adenylate cyclase assays and determinations of
cAMP produced were carried out as previously described (Broek et al.,
1985). Where indicated, 50 pmol of RAS2 protein in 10 ul of buffer G
{20 mM Tris-HCI, pH 7.4; 1 mM MgCl,; 1 mM g-mercaptoethanol) was
preincubated with 1 ul of 5 mM guanosine-5(8,y,-imino) triphosphate
(GppNp) at 37°C for 30 min and was then added to the bacterial or
yeast membranes using procedures previously described (Broek et al.,
1985). Yeast membrane fractions and RAS2 proteins were prepared as
previously described (Broek et al., 1985).

RNA Preparation and Northern Blot Hybridization

Yeast cells were cultured in 1 | of YPD to the density of 1.5 x 107
cells/ml. After harvesting the cells at 0°C, we suspended the cell
pellets in 5 volumes of 25 mM Tris-HCI (pH 7.4), 25 mM NaCl, 5 mM
MgCl,, and 10 mM vanadyl-ribonucleotide complex (Bethesda Re-
search Lab). An equal weight of giass beads (diameter = 250-300 um)
was added, and the mixture was vigorously shaken over a vortex mixer
for 3 min. After centrifuging the mixture, we extracted the supernatant
with phenol:chloroform:isoamyl alcohol (25:24:1), and RNA was
precipitated by ethanol. Poly(A)* RNA was obtained by using oligo(dT)-
cellulose chromatograpy (Aviv and Leder, 1972), was electrophoresed
in agarose gels containing formaldehyde, and was transferred to
nitrocellulose filters as described (Lehrach et al., 1977).

Synthesis of labeled RNA probes from SP6 templates was per-
formed as described (Melton et al., 1984) using [a-*2P]GTP (410 Ci/
mmol, Amersham) and SP6 polymerase (Bethesda Research Lab).
Hybridization and washing of the filters were carried out as described
{Melton et al., 1984).

Other Materials and Methods

E. coli cya strain CA8306 (Brickman et al., 1973) was obtained from
Dr. A. Peterkofsky (NIH). MacConkey agar plates were prepared using
a commercial mixture (Difco). Southern blot hybridization was carried
out as described (Southern, 1975). All the plasmids used were purified
by ethidium bromide—cesium chloride centrifugation (Tanaka and
Weisblum, 1975). Sources of reagents and enzymes used in this study
are as described previously (Powers et al., 1984; Kataoka et al., 1984).
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