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ABSTRACT A Saccharomyces cerevisiae gene encoding
adenylate cyclase has been analyzed by deletion and insertion
mutagenesis to localize regions required for activation by the
Sa. cerevisize RAS2 protein. The NH,-terminal 657 amino
acids were found to be dispensable for the activation. However,
almost all 2-amino acid insertions in the middle 600 residues
comprising leucine-rich repeats and deletions in the COOH-
terminal 66 residues completely abolished activation by the
RAS?2 protein, whereas insertion mutations in the other regions
generally had no effect. Chimeric adenylate cyclases were
constructed by swapping the upstream and downstream por-
tions surrounding the catalytic domains between the Sa. cere-
visiae and Schizosaccharomyces pombe adenylate cyclases and
examined for activation by the RAS2 protein. We found that
the fusion containing both the NH,-terminal 1600 residues and
the COOH-terminal 66 residues of the Sa. cerevisiae cyclase
rendered the catalytic domain of the Sc. pombe cyclase, which
otherwise did not respond to RAS proteins, activatable by the
RAS?2 protein. Thus the leucine-rich repeats and the COOH
terminus of the Sa. cerevisiae adenylate cyclase appear to be
required for interaction with RAS proteins.

The ras oncogenes were identified as the transforming genes
of retroviruses and the physiological function of ras proteins
still remains to be €lucidated (for review, see ref. 1). How-
ever, in the yeast Saccharomyces cerevisiae, RAS proteins
are essential regulatory elements of adenylate cyclase (2).
The Sa. cerevisiae adenylate cyclasé has been shown to
consist of 2026 amino. acids that comprise at least four
domains: the NH,-terminal, the middle-repetitive, the cata-
lytic, and the COOH-terminal domains (3, 4). The catalytic
domain, located between amino acids 1609 and 1890, is
self-sufficient for the Mn?*-dependent adenylate cyclase
activity, but the remaining portion appears to be required for
activation of the Mg?*-dependent activity by RAS proteins
and GTP (3-6). The middle-repetitive region is composed of
a repeated 23-amino acid leucine-rich motif, PXXaXXLX
XLXXLXLXXNXaXXa (where a is an aliphatic amino acid
and X is any amino acid). Mammalian ras proteins can
activate the Sa. cerevisiae adenylate cyclase but neither the
mammalian ras nor the yeast RAS proteins can regulate
mammalian adenylate cyclase (7-9). Even in a lower eukary-
ote, such as the fission yeast Schizosaccharomyces pombe,
adenylate cyclase appears not to be regulated by RAS
proteins (4, 10). Although the precise mode of interaction
between RAS proteins and the Sa. cerevisiae adenylate
cyclase is unknown, regulatory proteins of adenylate cyclase
appear to have changed during the evolution of Sa. cerevisiae
and Sc. pombe and so has the nature of an effector molecule
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of RAS proteins. Based on a sequence comparison of ade-
nylate cyclase from the two yeast species, we suggested that
the Sc. pombe adenylate cyclase might have lost the ability
to interact with RAS proteins by the loss of sequences
required for the interaction (4). In this report, by using a
mutational analysis, we identify two sequence élements in
Sa. cerevisiae adenylate cyclase required for its interaction

with RAS proteins.

MATERIALS AND METHODS

Cell Strains, Growth Media, and Transformation. Sa. cere-
visiae strains, TK34-1 and TK35-1, were constructed by
disruption of the chromosomal RAS2 gene of T50-3A (MATa,
leu2, his3, trpl, ura3, cyrl-2) (3) using pras2::URA3 or
pras2::LEU2 (11), respectively, as described (11, 12). Culture
media for yeast cells and the method of yeast transformation
were described (2-4, 7, 13).

Deletion and Insertion Mutagenesis. A plasmid, YEP24-
ADCI-CYRI, which overexpressed the complete Sa. cere-
visiae adenylate cyclase gene (CYR!) from the yeast alcohol
dehydrogenase I (ADCI) promoter (14), was constructed by
transferring a Sal I-Nhe I fragment bearing the ADCI-CYRI/
of YRp7-ADCI-CYRI (4, 15) to YEP24 (16). The plasmid was
subjected to deletion mutagenesis using BAL-31 exonuclease
(17) after cleavage with suitable restriction endonucleases.
The range of deletions in each mutant was examined by
nucleotide sequencing, and mutants with an in-frame deletion
were used for the subsequent study. A Mlu I-BstEII fragment
of the CYRI corresponding to the amino acids 605-1666 was
cloned into a Mlu I-Acc I fragment of a plasmid, pUCMIu,
after cohesive termini of the BstEIl and Acc I sites were
filled-in by the large fragment of Escherichia coli DNA
polymerase I. pUCMIu had been constructed by inserting a
Mlu 1 linker into a Sma I site of pUCS8 (18). The resulting
plasmid, pUC-CYR1IMB, was subjected to insertional muta-
genesis by using 6-base-pair (bp) synthetic oligonucleotides
(19) (TAB linkers obtained from Pharmacia) after digestion
with suitable restriction endonucleases (see Results for de-
tails). The Mlu 1-BstEIl fragments of the pUC-CYR1IMBs
bearing the mutations were subsequently transferred to
YEP24-ADCI-CYRI for expression of the mutant cyclase
proteins in yeast. The mutated YEP24-ADCI-CYRI plas-
mids were transformed into TK35-1, and the Ura* transfor-
mants were subjected to adenylate cyclase assays and West-
ern (immuno) blot analysis as described below.

Construction of Chimeric Adenylate Cyclase Genes. A plas-
mid, pAD-spCYR1-2, which expressed the complete Sc.
pombe adenylate cyclase gene (spCYRI) (4), was cleaved by
suitable restriction endonucleases and the resulting frag-
ments were used to construct chimeras with various frag-
ments of the Sa. cerevisiae CYRI gene derived from YEP24—-
ADCI-CYRI plasmid (see Results and Fig. 3). The chimeric

Abbreviation: p[NH]ppG, guanosine 5'-[8,y-imido]triphosphate.
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plasmids were transformed into TK34-1 or TK35-1, and the
transformants were subjected to adenylate cyclase assays.

Other Methods. The preparation of crude membrane frac-
tions from yeast cells and the assay of adenylate cyclase
activity in them were performed as described (2-4, 8, 15).
Where indicated, 5 ug of the purified RAS2 protein was
preincubated with 5 ul of 1 mM guanosine 5'-[B,y-
imido]triphosphate (p[NH]ppG) and added to the assay.
Detection of the Sa. cerevisiae adenylate cyclase protein and
its chimeras was carried out by Western blot analysis as
described (4, 20).

RESULTS

_Deletion Mutagenesis of thie Sa. cerevisiae Adenylate Cyelase
Gene. A preliminary deletion analysis of the Sa. cerevisiae
CYRI gene was performed by introducing in-frame deletions
by using restriction digestion, filling in the resulting cohesive
termini by the large fragment of Escherichia coli DNA
polymerase I, and resealing of the plasmid YEP24-ADCI-
CYRI (Table 1). The resulting plasmids bearing the mutant
genes were transformed into adenylate cyclase-deficient
yeast cells whose RAS2 gene had been disrupted (TK35-1)
and the mutant proteins were overexpressed from the ADC/
promoter. Crude membrane fractions of the transformants
were assayed for the RAS2 protein-dependent activation of

Table 1. Adenylate cyclase activity of deletion mutant cyclases

Adenylate cyclase activity,

units
RAS2/
Deleted _ ‘Mg?t/ Mg?*/  Activa-
residues Method Mn2* p[NH]ppG p[NH]ppG tion
None 202.6 33 59.1 +
Upstream of
catalytic site
1-42 A 204.1 6.3 98.2 +
42-605 A 107.3 0.98 72.2 +
335-630 B 97.0 3.1 27.9 +
605-655 B 249.3 15.3 167.9 +
605-657 B 269.0 6.2 46.5 +
605-660 B 138.2 6.8 7.2 -
605-771 B 193.2 2.8 2.3
736-839 C 543.4 5.2 7.4A -
983-1066 B 203.3 53 8.0 -
1010-1052 C 523.7 8.8 10.5 -
1053-1066 C 198.0 2.1 2.1 -
1067-1141 C 285.3 5.8 7.8 -
1116-1316 A 158.2 8.3 9.1 -
1218-1338 A 313.4 5.7 9.4 -
1404-1528 A 557.1 22.8 16.9 -
1595-1646 C 4157 138 21.8 -
Downstream of
catalytic site
1950-1959 B 215.8 2.5 125.1 +
1942-1959 B 151.5 35 353 +
1933-1959 B 236.2 2.9 71.6 +
1960-2026 B 39.5 1.04 1.24 -
1932-2026 B 178.8 8.8 11.7 -
1917-2026 B 70.4 0.65 0.18 -
1906-2026 B 428.9 9.3 5.2 -
19002026 B 124 0.0 0.0 -

Methods for preparation of the deletion mutants are classified into
three categories: cleavage by restriction enzymes and resealing
(method A), cleavage by restriction enzymes and BAL-31 digestion
(method B), and cleavage twice by restriction enzymes and resealing
with a 6-bp linker inserted (method C) (see Results). One unit of
activity is defined as 1 pmol of cAMP formed in a 1-min incubation
with 1 mg of membrane protein at 32°C under standard assay
conditions. +, Activated; —, not activated.

Proc. Natl. Acad. Sci. USA 87 (1990)

adenylate cyclase activity in the presence of Mg?>* and
p[NH]ppG. As shownin Table 1, the NH,-terminal 605 amino
acids were found to be dispensable for the activation. Any
smaller deletions within the NH,-terminal 605 residues did
not affect the activation (data not shown). However, deletion
of a Bgl II fragment corresponding to amino acids 1116-1316
completely abolished the RAS2 protein-dependent activa-
tion, as did deletions of amino acids 1218-1338 and 1404—
1528. For further analysis, we introduced stepwise deletions
by using BAL-31 exonuclease starting from a cleavage site
with Hpa I (at amino acid 335), Mlu I (at amino acid 605), Xho
1 (at amino acid 1067), or Cla I (at amino acid 1960). As shown
in Table 1, deletions confined to the NH,-terminal 657 amino
acids had no discernible effect on the RAS2 protein-
dependent activation, whereas deletions in a segment beyond
amino acid 660 completely abolished it. In addition, all the
adenylate cyclase mutants that lost their COOH-terminal 66
residues were rendered unactivatable by the RAS2 protein,
reinforcing our report (4), which showed the requirement of
the COOH-terminal 140 residues for the activation. Deletions
of short sequences upstream of the COOH-terminal 66 res-
idues were found to be permissive for the activation. The
observed loss of activation did not appear to be explained by
preferential degradation of mutant cyclase proteins, as shown
in Fig. 1A, where the cyclase proteins produced from repre-
sentative mutant genes were detected by Western blot anal-
ysis and found to be expressed without significant degrada-
tion. Their molecular sizes were similar to those expected
from the extent of deletions.

Insertion Mutagenesis. To more precisely localize the seg-
ments that are indispensable for interaction with RAS pro-
teins, we introduced 2-amino acid insertions into various
locations between adenylate cyclase amino acids 605 and
1666. A 6-bp oligonucleotide pPCGTCGA was inserted into
every possible cleavage site by restriction endonucleases
Hpa 11, HinPl, and Tagq 1 after partial digestion of pUC-
CYRIMB with the respective enzyme. Similarly, a 6-mer
GGGCCC was used to make insertions into every possible
cleavage site by Bal 1, Dra 1, EcoRV, Hincll, Pvu 1, Sca 1,
Ssp I, and Xmn 1, all of which yielded flush ends upon
digestion. The insertion of pPCGTCGA resulted in the addition
of three 2-amino acid blocks that, depending on the relative
locations in the coding frame, did not alter the franking
residues, whereas insertion of GGGCCC could change one
residue immediately upstream of the 2-amino acid insertions.
As shown in Table 2, a striking regional difference was
observed in the effect of the insertions on the RAS2 protein-
dependent activation. Almost all the insertions into a segment
corresponding to amino acids 849-1296, which coincided
with a region where the leucine-rich repeat motif was well
retained (Fig. 2), completely abolished the activation. In
contrast, almost all of the insertions into a segment (positions
1332-1648) between the repeats and the catalytic domain had
no effect. The insertions between amino acids 700-839,
where the leucine-rich repeats were not conspicuous but still
identifiable, gave ambivalent results. There was only one
location, at position 1126 in the middle of the leucine-rich
repeats, where an insertion failed to abolish the activation.
However, as shown in Fig. 2, this point conspicuously lacked
major features of the repeat motif, and the insertion of
Gly-Pro here actually created a sequence that better con-
formed to the motif. Insertions at positions 1588 and 1648
destroyed the activation, exceptions between amino acids
1332-1648 where insertions generally had no effect. Results
of the adenylate cyclase assays showed a clear distinction
between mutants activatable by the RAS2 protein and those
that were not. The former was activated by a factor of at least
4, whereas the latter was activated by a factor of less than 1.7.
The insertion mutant at position 1648, the only exception,
was reproducibly activated by a factor of =2, and this extent
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of activation could be significant. During construction of the
insertion mutants by partial digestion with restriction en-
zymes, several mutants with small in-frame deletions were

Table 2. Adenylate cyclase activity of insertion mutant cyclases
Adenylate cyclase activity,

units
RAS2/
Position of  Inserted Mg2+/ Mg?*/  Activa-

insertion  sequence Mn?* p[NH]ppG p[NHIppG tion
658 -V-D- 107.4 2.1 79.4 +
700 -V-D- 121.5 2.4 2.8 -
715 -S-T- 839 0.98 84.0 +
736 -S-T- 287.3 3.9 4.5 -
794 (L)-G-P- 246.6 3.6 187.9 +
839 -S-T- 78.6 1.14 21.7 +
849 -G-P- 53.6 1.23 2.11 -
902 -S-T- 123.8 1.5 2.0 -
1010 -S-T- 153.1 1.9 2.3 -
1053 -S-T- 109.2 0.94 1.58 -
1066 -V-D-  52.6 1.03 1.41 -
1083 M)-G-P- 56.1 0.9 1.6 -
1086 -G-P- 199.0 2.4 4.1 -
1126 -G-P- 186.3 6.5 38.4 +
1138 -G-P- 370.7 7.9 9.8 -
1141 -S-T- 146.9 2.5 34 -
1143 (G)-G-A- 527.8 6.8 11.8 -
1218 -V-D- 449.2 7.4 83 -
1236 -G-P- 265.2 5.2 4.7 -
1290 (W)-A-H- 395.4 59 7.4 -
1296 -R-R- 484.7 9.3 15.7 -
1332 -G-P- 88.1 6.7 43.5 +
1338 -S-T- 404.2 7.2 40.4 +
1356 -R-R-  74.1 1.21 53.8 +
1402 -G-P- 172.6 32 185.0 +
1484 (R)-A-L- 420.7 22.0 230.3 +
1528 -G-P- 308.9 15.1 175.8 +
1588 -G-P- 120.0 10.0 8.1 -
1590 -S-T- 225.6 2.3 321 +
1594 -G-P- 1279 7.8 79.0 +
1602 (G)-A-P- 92.7 9.7 37.7 +
1616 -G-P- 150.7 2.4 76.8 +
1636 -G-P- 226.6 9.2 112.0 +
1646 -G-P- 143.1 18.4 91.7 +

1648 -V-D- 193.5 1.97 3.78 -/%

180.4 2.44 4.67 -/%

Inserted amino acid sequences are shown by the one-letter code.
Amino acids in parentheses indicate residues that are located adja-
cent to the insertion sites and altered. For definition of a unit, see

Table 1.
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tagenesis (B), or chimeric gene construc-
tion (C) were fractionated in 5% poly-
acrylamide gels. Sa. cerevisiae adenylate
cyclase protein was detected on Western
blots of the gels as described (4). The lane
labels represent the location (amino acid
position) of a 2-amino acid insertion in
the respective mutant cyclase. Numbers
after A represent the residues deleted.
The molecular mass markers were myo-
sin heavy chain (M, 200 kDa) and E. coli
B-galactosidase (G, 116 kDa).

obtained by twice cleaving and resealing with the 6-bp linker
inserted. None of the mutants were activatable by the RAS2
protein (see Table 1). Deletion of a Sca I fragment corre-
sponding to amino acids 1595-1646 did not destroy the
Mn2*-dependent catalytic activity, indicating that the cata-
lytic domain could be localized between positions 1646 and
1890, a region 37 residues smaller than published (4). As
shown in Fig. 1B, where representative mutant cyclases were
detected by Western blot analysis, the loss of activation of
the mutant cyclases could not to be explained by their
preferential degradation.

Response of Chimeric Adenylate Cyclases to RAS Proteins.
The plasmids, pAD-spCYRI1-2 (4) and YEP24-ADCI-CYRI,
which contained the Sc. pombe and Sa. cerevisiae adenylate
cyclase genes, respectively, under the ADCI promoter, were

651 QDEKD DEVECQLEHYY KEF SDLD

674 KRHYAIFIIFNT DD T FTT[L]sCcT

696 (PIATTVYE EI IPA[L|KI K F[NJI T QG

718 NFQIS/LIKVGKLS K ILR

738 [PITSK P I[JIERKL{LILON GYR K SD

756 |P|[LH[I]M G TED[LJSFV FKF LFHPVTPSHFT

783 |PIEQEQ R IMRSEF'V HVOLR[NJMD LTTP

807 |P|I IFvaH TSEIES[L|DV S NN[A N 1 F[IJ

832 [PILEF | ESS | KL|L|S[LJRMV|N[I RASKF

856 [PISN[1]T K AYKILVS|L[E QRNFR

879 ([PIN S| MKSN T I|L|N[L| @ C|N|E[L]E SfL]

902 (PJAGF Vv E[LKN[LlQL L]A[L|S S[N[K FMHY.

925 |PIEV]N Y CTN|LLa T b[L|s Y|N[k[T]as[C

948 |PIaST K Y[UVKILJAK M N|L[ S HIN[K|L|NF|1

971 1GALJS EMTD|LRT[LIN[L/ R Y|N|RLI S S]1

994 KTNAS N[LJaNL/FLTDNR 1VS|N|F E D T{L|

1018 [Pl [R A|LIEIQENP ITS ISF KDFY

1040 |P[KNM T S|L|T NKAQS [

1057 [PIGE[L] L TdL]s F|LYE K[ L]E[L| N QN]N[T]T RL|

1080 [PIQE|ITS K VF/L|SV A RIN|K|L[E Y[t

1103 [PIPE|LS QL[S HTLDHS Nl I|RDF

1126 GME N|LE |LTSILINTT S AYF GNS

1148 S[LE NSFYHNMSYGS

1162 K L SKS|L[MF F | A A D|N[Q F DDAMW

1188 [PIL F N C FVNLKV[T]N[C] S _Y[N[N_F S D[V

1205 SH M K[LJESTTE/L|Y|L|SYGIN[K[L]T T|L|s

1227 GDTL K WS S[OIK TLL|MLI N S|NJQ M L s[L

1250 [PJAE[LS N[LsalLlsVF DV G AIN[Q[LIKYNISNYHY

1279 DWNWR N NKE|LKY[LJNF S GINNR R FE
PXXa X XLXXLXXLXLXXNXaXXa

F1G. 2. Relationship between locations of mutations and their
effects on the RAS—cyclase interaction. The sequence of amino acids
651-1301 of the Sa. cerevisiae adenylate cyclase (3) is indicated by
the one-letter code. Numbers on the left are the amino acid coordi-
nates. Slashes indicate areas where two positions have been com-
pressed, and blanks indicate the placement of gaps that align the
sequence to reflect the periodic structure (3). The bottom line
indicates the consensus sequence of the repeats (where a is an
aliphatic amino acid). Inverted open arrowheads represent locations
where a 2-amino acid insertion did not destroy the RAS2 protein-
dependent activation, and inverted closed arrowheads indicate those
that abolished activation.
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used to make chimeric genes. As depicted in Fig. 3A,
pAD-spCYR1-2 had two Nde I cleavage sites, one at amino
acid 1262 of the spCYR! and the other in the vector pAD-1.
Also the spCYRI gene had two Nco I cleavage sites at amino
acids 1332 and 1591. YEP24-ADCI-CYRI had two Nco 1
sites, one at amino acid 1608 of the CYR/ and the other in the
URA3 gene, and two Cla I sites at position 1959 and in the
vector. A Nco 1 fragment of YEP24-ADCI-CYRI with the
NH,-terminal half of the CYRI was ligated with a Nde 1
fragment of pAD-spCYR1-2 having the COOH-terminal por-
tion of the spCYRI after cohesive termini of both of the
fragments were filled in by the large fragment of E. coli DNA
polymerase I. The resulting plasmid, pCP-1, contained a
hybrid CYR! gene, the NH,-terminal 1609 residues from the
Sa. cerevisiae CYRI, and the COOH-terminal 400 residues
from the spCYRI. The COOH-terminal 400 residues of the
Sc. pombe cyclase contained a whole segment that had a
striking homology with the catalytic domain of the Sa.
cerevisiae cyclase (4) and might well encode the whole
catalytic domain. Subsequently, a Xho I-Sal I fragment of the
LEU2 gene (21) was inserted into a Sal I site of pCP-1 to
produce pCP-1-LEU? (see Fig. 3). Similarly, the remaining
fragments derived from pAD-spCYR1-2 and YEP24-ADCI-
CYRI were ligated to produce pPC-1. The amino acid se-
quences surrounding the Nco I site of the CYRI and the Nde
I site of the spCYRI were very homologous (4), and the two
sites were located at relatively identical locations in the
respective cyclase protein. After filling in and joining at these
sites, the resulting chimeric cyclase in pCP-1-LEU2 had a

A _ .
2pucircle Clal 2ucircle
Ncol
i / Sall
ADCI-
Ndel - prom. ADCI
7 prom
Nhel
Ncol Clal
Ncol “Ndel Ncol
Adenylate Cyclase Ak;ll\ﬂ)
Mgn
B Ma® Mgl (PINHIpPG
Ncol Clal +*RAS2
a AT 106.1 24 1175
1 1609 1959
Ndel Ncol
b ] 579 022 0.30

1 1262 1591
(Ncol/Ndel)

C W 63.7 0.1 0.03
(1609/1262)
(Ncol/Ndel)_ (Ncol/Clal)

d ATMTTTITTTTTTTESSSSS N 1065 1.10 64.9
(1609/1262) (1591/1959)
(Ndel/Ncol)

(] :’:m 1239 34 37
(1261/1608)

FiG. 3. Structures and properties of chimeric adenylate cyclase
protein. (A) Structures of pAD1-spCYR1-2 (Left) and YEP24-ADCI-
CYRI (Right), which express the spCYRI and CYRI genes, respec-
tively, from the ADCI promoter, are shown. Restriction cleavage
sites used for construction of the chimeric genes are indicated. (B)
Structures of the chimeric adenylate cyclase genes in the plasmids
pPC-1-LEU2 (diagram c), pCPC-1 (diagram d), and pPC-1 (diagram
¢) are depicted on the left along with those of the CYR/ (diagram a)
and spCYRI (diagram b) genes. Solid bars represent the ADCI
promoter, cross-hatched bars are portions derived from the Sa.
cerevisiae CYRI gene, and open bars are portions from the spCYR/
gene. Numbers under the bars indicate amino acid positions at the
junctions. A pair of restriction cleavage sites in the parentheses
indicates that the two sites were filled in and ligated with each other.
Adenylate cyclase activities of membranes from yeast cells harboring
the respective genes are shown on the right. The activities are shown
as 1 pmol of cAMP formed per min per mg of membrane protein at
32°C.
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1-amino acid deletion at the junction and that in pPC-1 had a
3-amino acid insertion. We assumed that the deletion or
insertion in the chimeric cyclases would not alter their
response to the RAS2 protein because the 2-amino acid
insertions around this region did not affect the RAS protein-
dependent activation (see Table 2). Finally, pCP-1 was
cleaved partially with Nco I and completely with Cla 1, and
the resulting fragment was filled in and ligated with a filled-in
Cla 1 fragment of YEP24-ADCI-CYRI bearing both the
COOH-terminal 66 residues of the CYR/I and the URA3 gene
to produce pCPC-1 (see Fig. 3). It was quite difficult to
compare relative locations of the Nco I and Cla I sites in the
respective cyclases because only very weak homology in
amino acid sequences existed between the corresponding
regions of the two cyclases. However, we could assume that
some extent of gap upon joining would not alter the response
of the chimeric cyclase to the RAS2 protein because deletions
involving a segment between the catalytic domain and the
COOH-terminal 66 residues were found to have no effect as
shown in Table 1. The chimeric plasmids were transformed
into TK34-1 or TK35-1, depending on the genetic markers
present, and the resulting transformants were examined for
adenylate cyclase activity. The result, shown in Fig. 3B,
clearly indicated that only the fusion with both the NH,-
terminal 1608 residues and the COOH-terminal 66 residues of
the Sa. cerevisiae cyclase conferred an ability to be activated
by the RAS2 protein to the putative catalytic domain of the
Sc. pombe cyclase, whereas the fusion with either one of the
two segments alone did not. As shown in Fig. 1C, chimeric
proteins of the expected sizes were produced from pCP-1-
LEU2 and pCPC-1 without significant degradation. Because
we could not distinguish the chimeric proteins from the Sa.
cerevisiae cyclase protein by the Western blot analysis due to
their similar molecular sizes, there remained a possibility that
a complete Sa. cerevisiae gene might be reconstructed by a
recombination event that occurred during the transformation
and propagation of the chimeric plasmids. To exclude the
possibility, we recovered plasmid DNAs from the superna-
tant fractions obtained from a crude membrane preparation
after transformation into E. coli cells and found that the
chimeric plasmids were still retained without any structural
change after the propagation of yeast cells (data not shown).
The protein product from the plasmid pPC-1 was undetect-
able because the antibody used for the detection had been
raised against a part of the NH,-terminal sequence of the Sa.
cerevisiae adenylate cyclase (4).

DISCUSSION

The Sa. cerevisiae gene encoding adenylate cyclase was
subjected to mutational analysis to localize domains required
for interaction with RAS proteins. As expected from the
structural complexity of protein molecules, the analysis using
deletion mutagenesis gave only limited information. The
NH,-terminal 657 amino acids and the segment between the
catalytic domain and amino acid 1959 were found to be
dispensable for the interaction. The COOH-terminal 66 res-
idues were indispensable, reinforcing our report (4) that the
COOH-terminal 140 residues were required for the RAS2
protein-dependent activation. Any deletions involving re-
maining parts upstream of the catalytic domain resulted in the
loss of the activation. Therefore, we decided to perform
detailed insertion mutagenesis in which every cleavage site of
various restriction endonucleases was mutated by insertion
of 6-bp linkers. The results clearly indicated that the leucine-
rich repeats constituting the middle 600 residues were indis-
pensable for the interaction with RAS proteins. The impor-
tance of both the leucine-rich repeats and the COOH-terminal
66 residues was further supported by the finding that fusion
with both was required to render the Sc. pombe adenylate
cyclase activatable by the RAS2 protein. Colicelli et al. (6)
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has also shown the requirement of the leucine-rich repeats for
the RAS?2 protein-dependent activation of the Sa. cerevisiae
adenylate cyclase, based on a similar deletion analysis and a
much simpler version of insertion mutagenesis. However,
they did not analyze a region on the COOH-terminal side of
the catalytic domain. The importance of the leucine-rich
repeats for interaction with RAS proteins has also been
suggested by Field et al. (22), who showed that an overpro-
duction of a segment of the Sa. cerevisiae adenylate cyclase
(positions 605-1301) bearing the whole region of leucine-rich
repeats could suppress abnormal yeast phenotypes brought
about by introduction of an activating mutation into the RAS2
gene to give the [Val'®JRAS2 protein. Although mechanisms
underlying the suppression were unknown, they might be
easily explained by competitive sequestration of the RAS2
protein or of a hypothetical protein mediating the interaction
between the RAS2 protein and adenylate cyclase. We have
confirmed their data and, in addition, found that overpro-
duction of a peptide containing the COOH-terminal 260
residues (a segment of the CYR/I on the COOH-terminal side
of a Stu I cleavage site at amino acid 1769) could also suppress
the heat-shock sensitivity of the [Val'’JRAS2 mutant (H.-
R.C. and T.K., unpublished data). As pointed out (3, 4, 22),
sequences homologous to the leucine-rich repeats have been
identified in several proteins from diverse organisms includ-
ing the human leucine-rich a,-glycoprotein (23), a (24, 25) and
B (26) chains of the human platelet glycoprotein Ib, the
porcine ribonuclease inhibitor (27), the lutropin-choriogonad-
otropin receptor (28), chaeoptin (29), and the Toll gene
product (30) of Drosophila. Our mutagenesis data suggest
that the 600-amino acid leucine-rich repeats may form a rigid
stereo structure that is vulnerable to minor structural per-
turbations at any location in the repeats and may, like the
leucine-zipper sequence (31), provide a site for interaction
with other proteins. Because the consensus sequence is not
rigorously retained throughout the repeats (see Fig. 2), it is
impossible to deduce any structural feature essential for the
interaction with RAS proteins from our present data.

It is still not clear whether the interaction between RAS
proteins and the Sa. cerevisiae adenylate cyclase is direct or
indirect. A Sa. cerevisiae protein called CAP (cyclase-
associated protein) was found to be tightly bound to the
adenylate cyclase molecule (32). Disruption of the gene
encoding CAP abolished the activation of adenylate cyclase
by RAS proteins. In the CAP-deficient mutant, however, the
adenylate cyclase protein was found to be undetectable
presumably due to degradation. Therefore, it is possible that
the function of CAP may be to stabilize the adenylate cyclase
protein and the observed loss of the activation upon its
absence may be ascribed to degradation of the cyclase
protein. Further studies will be needed to give a clearer
picture on the mode of protein—protein interaction associated
with the RAS protein-dependent activation of the Sa. cere-
visiae adenylate cyclase.

We have proposed (4) that the loss of the ability of the Sc.
pombe adenylate cyclase to interact with RAS proteins might
be brought about by the loss of an interaction site, based on
the structural homology with the Sa. cerevisiae adenylate
cyclase. A leucine-rich repeat-like structure does exist in the
Sc. pombe cyclase, but it appears much more irregular and
has a much lower homology with its counterpart in the Sa.
cerevisiae cyclase than that between the catalytic domains of
the two cyclases (4). Considering the extreme structural
vulnerability of the Sa. cerevisiae leucine-rich repeats, the
observed extent of homology appears too low to assure the
conservation of the ability to interact with RAS proteins in
the Sc. pombe cyclase. Moreover, very little homology exists
in the COOH-terminal 66 residues between adenylate cycla-
ses of the two yeast species. These results further support our
hypothesis that the Sc. pombe cyclase may have lost the
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interaction sites with RAS proteins. In addition, we have
shown that the fusion with the two putative interaction sites
rendered the Sc. pombe cyclase activatable by the RAS2
protein. The result suggests that the interaction sites with
RAS proteins may function as a separate entity from the
catalytic domain and, when accidentally fused to a different
protein, may confer RAS protein-dependent regulation to the
protein. This possibility may explain the reason why the -
effector molecule of RAS proteins has changed during the
evolution of Sa. cerevisiae, Sc. pombe, and mammals.
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