Molecular Biclogy of the Cell
Vol. 3, 167-180, February 1992

Genetic and Biochemical Analysis
of the Adenylyl Cyclase-Associated Protein, cap,

in Schizosaccharomyces pombe

Makoto Kawamukai, Jeffrey Gerst, Jeffrey Field, Michael Riggs,
Linda Rodgers, Michael Wigler, and Dallan Young*

Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724

Submitted September 10, 1991; Accepted October 21, 1991

We have identified, cloned, and studied a gene, cap, encoding a protein that is associated
with adenylyl cyclase in the fission yeast Schizosaccharomyces pombe. This protein shares
significant sequence homology with the adenylyl cyclase-associated CAP protein in the
yeast Saccharomyces cerevisize. CAP is a bifunctional protein; the N-terminal domain appears
to be involved in cellular responsiveness to RAS, whereas loss of the C-terminal portion
is associated with morphological and nutritional defects. S. pombe cap can suppress phe-
notypes associated with deletion of the C-terminal CAP domain in S. cerevisiae but does
not suppress phenotypes associated with deletion of the N-terminal domain. Analysis of
cap disruptants also mapped the function of cap to two domains. The functional loss of
the C-terminal region of S. pombe cap results in abnormal cellular morphology, slow growth,
and failure to grow at 37°C. Increases in mating and sporulation were observed when the
entire gene was disrupted. Overproduction of both cap and adenylyl cyclase results in
highly elongated large cells that are sterile and have measurably higher levels of adenylyl
cyclase activity. Our results indicate that cap is required for the proper function of S. pombe
adenylyl cyclase but that the C-terminal domain of cap has other functions that are shared
with the C-terminal domain of S. cerevisiae CAP.,

INTRODUCTION

Genetic and biochemical studies have revealed many
details about the role of adenylyl cyclase and its regu-
lation in the budding yeast Saccharomyces cerevisiae. In
this yeast, adenylyl cyclase is not absolutely essential,
but attenuation of its activity severely inhibits cell
growth (Matsumoto et al., 1982; Toda et al., 1987; Wigler
et al., 1988). In S. cerevisiae, RAS proteins are required
to stimulate adenylyl cyclase activity (Toda ef al., 1985).
Strains that express the activated RAS2**" protein have
constitutively high levels of adenylyl cyclase activity
(Toda et al.,, 1985). Such strains exhibit various phe-
notypes, including failure to arrest in G1 phase on nu-
trient starvation and inability to survive either nitrogen
starvation or moderate heat shock (Katacka et al., 1985;
Toda et al., 1985; Sass ef al., 1986).

* Present address: Departent of Medical Biochemistry, University
of Calgary Health Sciences Centre, University of Calgary, Alberta,
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Many components of the RAS-cAMJP pathway in S.
cerevisine have been identified (Defeo-Jones ¢t al., 1983;
Kataoka et al., 1984, 1985; Powers ¢f al., 1984; Wigler
et al., 1988), but the question of whether RAS acts di-
rectly on adenylyl cyclase or on another protein to in-
directly stimulate adenylyl cyclase activity remains un-
answered. Af least one other protein, named CAP, is
associated with adenylyl cyclase and has been impli-
cated in its regulation (Fedor-Chaiken ef al., 1990; Field
et al., 1990). CAP has two distinct functional domains;
expression of the N-terminal portion appears sufficient
for full cellular responsiveness to RAS proteins, and
this domain presumably interacts with adenylyl cyclase,
whereas loss of the C-terminal portion causes morpho-
logical and nutritional defects that appear unrelated to
adenylyl cyclase or RAS (Field et al., 1990; Gerst ef al.,
1991). These latter defects are suppressed by overpro-
duction of profilin, an actin and phospholipid-binding
protein (Vojtek ef al., 1991), The defects that result from
loss of the C-terminal domain are also suppressed by
the expression of just the C-terminal portion of CAP
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itself. Hence, the N-terminal and C-terminal portions
of CAP appear to act independently. These domains
are connected by a proline-rich stretch of amino acids
that appear to be functionally sitent.

To understand better the evolution and conservation
of the RAS and adenylyl cyclase pathways, we began
studying the fission yeast Schizosaccharontyces pombe. In
S. pombe, both rasl and adenylyl cyclase are involved
in the sexual differentiation pathways that lead to con-
jugation and sporulation (Fukui et al,, 1986; Nadin-
Davis et al., 1986; Kawamukai et al, 1991), but rast
does not appear to regulate 5, pombe adenylyl cyclase
{Fukui ef al., 1986; Nadin-Davis ef al., 1986; Kawamukai
et al., 1991). Nevertheless, the 5. pombe adenylyl cyclase
shares significant homology with the S. cerevisiae ad-
enylyl cyclase (Yamawaki-Kataoka ef 4l., 1989; Young
ef al,, 1989), both in the catalytic domain and in the
repeated leucine-rich motif domain that is required for
the RAS responsiveness of the S. cerevisize enzyme
(Colicelli ef al, 1990; Suzuki ef al., 1990). The S. cer-
evisine and 5. pombe adenylyl cyclases also appear to
share some aspects of their regulation (Kawamukai ef
al., 1991).

The S. cerevisize CAP protein is complexed with ad-
enylyl cyclase, appears to be required for RAS respon-
siveness, and is involved in maintenance of cell mor-
phology. We sought a homologous protein in 5. ponibe
to determine whether any CAP functions have been
conserved in evolution. We report here the identification
of a S. pombe protein that is both structurally and func-
tionally related to 5. cerevisiae CAP and appears to be
required for adenylyl cyclase function and normal cel-
lular morphology.

MATERIALS AND METHODS

Strains and Media

‘The genotypes of all yeasts strains used in this study are listed in
Table 1. S, pombe strains were grown in either YEA-rich (0.5% yeast
extract, 3% glucose 75 mg/1 adenine) medium or PMA synthetic me-
dium supplemented, when necessary, with 75 mg/] leucine and/or
araci] (Mitchison, 1970). S, cerevisiae strains were grown in YPD-zich
medium (1% yeast extract, 2% peptone, 2% dextrose) or SC synthetic
medium witly appropriate auxotrophic supplements (Rose et al., 1990).
The lithium acetate method was used for yeast transformation (Ito et
al., 1983). General genetic methods used for 5. pombe have been de-
scribed previously (Gutzet ef al,, 1974; Moreno et al,, 1990},

DNA Manipulation and Analysis

Procedures used for DNA manipulation and analysis (i.e., purification,
restriction mapping, electrophovesis, transformation, colony hybrid-
ization, etc.) were previously described (Maniatis et al, 1982), The
DNA sequences of both strands of sequenced clones were determined
by a modification (Biggins ef al,, 1983) of the dideoxy-chain termination
method (Sanger ef af., 1977). Polymerase chain reactions were per-
formed as previously described (Saiki et al., 1988).

Plasmids

pAL, pIRT5, and pALY1 were previously described {(Kawamukai et
al., 1991). YEp13M4 was previously described (Nikawa et al., 1987).
pWHS is a shuttle vector used to construct a S, pombe genomic library
{the gift of D. Beach, Cold Spring Harbor Laboratory}. pT7.CAP and
PYCYR were previously described (Field ef al., 1990). pSC2 was iso-
lated from the §. pombe ¢<DNA library, constructed in pADANS as
described in the section below. pCAP2-1 and pCAP7-3 contain 5.
pombe cDNA clones in pBluescript SK- (Stratagene, La Jolla, CA).
They were derived from lambda ZAP 1I clones and isolated from the
S. pombe cDNA library described below by the in vivo excision pro-
cedure. pYCL1 was constructed by inserting a 2.5-kb Not I fragment
containing the S, pombe cap cDNA from pCAP7-3 into the Not 1 site
of the 8. cerevisine expression vector pADNS (Colicelli ¢f al., 1989).
pACL] was constructed by inserting the 2.5-kb Nof { fragment en-

Table 1. Yeast strains used in this study

5. pombe
SP870 h® len1-32 ade6-210 urad-d18
SP826 AN N lew1-32 /lew 1-32 ade6-210/ade6-216 wrad-d18 /urad-d18
MKY7 h* lewl-32 ade6-210 urad-d18 cyri:LEUZ
MK141 1% Jeul-32 ade6-210 urad-d18 cyrlupALYHLELZ2)
MK1009 R lew1-32 ade6-210 urad-d18 cap:uradia,
MKI1818R KO/ Jeul-32/1eul-32 ade6-210/ade6-216  urad-d18/urad-d18 cap:uradi.any
MK1818d 1% len1-32 adeé-210 urad-d18 capuradgan
S. cerevisiag
SKN32 MATa leu2 urad trpl ade8 canl eap:HIS3
SKN37 MATa leu2 urad trpl aded canl RAS2™ cap:HIS3
T158-5AT MATa leu2 ura3d trpl ade8 his3 cyr1:URA3 (pTPK1-TRP1)

SP870 and SP826 were obtained from Dr, D, Beach. MK7 and MK141 were previously described (Kawamukai
et al, 1991). MK141 contains an integrated copy of pALY4 (see MATERIALS AND METHODS). pALY4
encodes a fusion protein containing the peptide MYPYDVPDYASLGGPMSTLD, which is recognized by the
monocionat antibody 12CAS5, fused to the amino terminus of adenylyl cyclase. The censtruction of MK1009,
MK1818R, and MK1818d are described in text. SKIN32, SKIN37 (Field et al,, 1990}, and T158-5AT (Toda et al,,
1988) were previously described. T158-5AT has pTPK1-TRP1, a plasmid expressing the TPK1 gene that encodes
one of the isoforms of the cAMP-dependent protein kinase catalytic subunit and that suppresses the disruption

of CYR1.
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Figure 1. Detection of CAP-related protein in 5. pombe by western
blot analysis. Western blot analysis of protein samples {prepared as
described in MATERIALS AND METHODS) was performed using a
1:300 dilution of the antisera KF191, Protein bands recognized by
KF191 were detected with alkaline phosphatase-conjugated anti-rabbit
IgG antibody, as described in MATERIALS AND METHODS. KFi91
is a polyclonal rabbit antisera raised against the S. cerevisiae CAP
protein purified from E. coli strain BL-21{DE3)pLysS that contains the
CAP expression plasmid pT7.CAP, as previously described (Kawa-
mukai ef al.,, 1991). Protein samples analyzed were as follows: lane
1, extract from E. coli strain XL-Blue harboring the control plasmid
pBluescript SK-(5 pg protein/lane); lane 2, extract from E. coli strain
XL-Blue harboring pCAP7, which express S, pombe cap protein (5 pg
protein/lane); lane 3, extract fram E. coli strain BL-21{DE3)pLysS
harboring pT7.CAP, which express S. cerevisine CAP protein (1 pg
protein/lane); lane 4, partially purified adenylyl cyclase complex from
S. pombe MK141 membrane extracts (~1 ug protein/lane). Dots in-
dicate protein bands of interest.

coding §. pombe cap from pCAP7-3 into the Nof I site of pAALN (Xu
et al,, 1990). pACL7 was constructed from pACL1 by digesting PMI
and 5naBl, filling in the cleaved ends with Klenow enzyme, and li-
gating, pA70L was constructed by filling in the ends of the 1.8-kb
BamMi-HindHI fragment containing the S, cerevisige CAP <DNA from
pCAP-2 (Field et al., 1990) with Klenow enzyme and inserting it into
the Sma [ site of pARTT {(McLeod ¢t al,, 1987). pALY12 was constructed
by inserting the 6.9-kb Sal [-SnaBI fragment containing the S, cercvisige
CYR1 gene from pYCYR into the Sal I-Sma 1 site of pAIC (Kawamukai
et al, 1991). pYALY2 was constructed by inserting the 6.2-kb Sal 1-
Sac [ fragment containing the 5. pombe CYR1 gene from pALY1 into
pADS. pADS was derived from pAD1 {Toda ef al., 1988) by insertion
of a synthetic oligonucleotide encoding the epitope recognized by the
antibody 12CA5, pUDN1 was derived from pUC118 by insertion of
a Not I linker in the Hindill site, and the multicloning sites between
the EcoRE and Sph I sites were deleted by digesting with EcoRl and
Sph 1, filling in with Klenow enzyme, and ligating. pCAD1 was con-
structed by inserting the 2.5-kb Nof [ fragment containing the 5. pomnbe
cap cDNA from pCAP7-3 into the Not I site of pUDN1, pCAD3 was
derived from pCAD1 by replacing the 0.5-kb Hindlll fragment with
the 1.8-kb HindIll fragment containing the ura4 gene from piRT5.
pCADS was constructed by inserting the 1.8-kb Hindill fragment
containing the urad gene from piRTS into the HindlIIl site of pCAD1,
pCAD11 was constructed by inserting the 1.2-kb Xba [ fragment con-
taining the 5’ proximal region of the cap gene from pCGE2 into the
Xba [ site of pCADS5. pCGEZ2 is a genomic clone of cap in the pWII5
vector (see text and Figure 3).

Construction of 5. pombe cDNA Libraries

A cDNA library was constructed in the lambda ZAPII expression
vector (Stratagene). Poly A+ mRNA was purified from a logarith-
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mically growing calture of the S, pombe strain 5P66 (Table 1) by a
previously described procedure (Rose ¢t al., 1990), cDNA was syn-
thesized from 10 pg of poly A+ RNA using molonez marine leukemia
virus (M-MLV) reverse transcriptase (Bethesda Research Labs, Gaith-
ersburg, MD) as follows. The first strand synthesis reaction containing
10 pg RNA, 50 ug/ml oligo dT, 10 mM each of dATP, dCTP, dGTP,
and dTTP, 75 mM KCI, 3 mM MgCl,, 10 mM dithiothreitol (CDTT),
50 mM tristhydroxymethyl) aminomethane {Tris) {pH 8.3}, and 2.5
l (25 units) M-MLV reverse transcriptase in 50 gl was incubated for
1 hat 37°C. Second strand synthesis was achieved by adjusting the
reaction fo contain 100 mM KCI, 10 mM (NH,),50;, 5 mM MgCl,,
250 uM each dATP, dCTP, dGTP, and dTTP, 0.15 mM NAD, 5 mM
DTT, 25 mM Tris (pH 8.3), 3.4 units RNAse H, and 100 units DNA
polymerase L in 400 pl, then incubating at 16°C for 2 h. Samples were
digested with RNAse A, and the cDNA was precipitated. Nof [ linkers
(New England Biolabs, Beverly, MA) were ligated to the ends of the
cDNAs, which were then digested with Not I and fractionated on a
Sepharose CL-4B column. Fractions containing cDNAs with an average
molecular weight of >>500 bp were pooled and cloned into the Not I
site of the lambda ZAP II vector. Over 2 X 10° independent cDNA
clones were obtained.

DNA. was prepared from the library and digested with Not 1. Nof
I fragments containing the cDNAs were fractionating by agarose gel
electrophoresis and purified by electroelution. They were then cloned
into the Not [ site in the 5, cerevisine expression vector pADANS,
which contains the ADHI promoter and terminator sequences flanking
the Not [ site, the LEU2 gene, and the 2-pm sequence (Colicelli ef al.,
1989).

Adenylyl Cyclase Activity Measurement

Adenyly! cyclase activity was measured in crude membrane extracts
as previously described (Young ef al., 1989), One-liter yeast cultures
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Figure 2. Characterization of the antisera AB321. Western blot
analysis was performed, as described in MATERIALS AND METH-
ODS, using a 1:300 dilution of the antisera AB321, Protein bands
recognized by AB321 were detected with alkaline phosphatase-con-
jugated anti-mouse IgG antibody, as described in MATERIALS AND
METHODS. AB321 is a polyclonal rabbit antisera raised against a
partially purified adenylyl cyclase complex from 5. pombe, as described
in MATERIALS AND METHODS, Lane 1, extract from E. colf strain
XL-Blue harboring the control plasmid pBluescript SK-; lane 2, extract
from E. coli strain XL-Blue harboring pCAP2-1, which express the
bip-related protein; lane 3, extract from E. cefi XL-Blue harboring
pCAP7-3, which express 5. pombe cap; lane 4, extract from E. coli
strain B121 (DE3) pLysS harboring pT7 CATP that expresses 5. cerevisiae
CAP; lane 5, partially purified adenylyl cyclase complex from S. pombe
strain MK141. The amount of proteins loaded in each lanes is as
indicated in [igure 1. Dots indicate protein bands of interest.
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Figure 3. Restriction maps of plasmids. The con-
struction of afl plasmids are described in MATERIALS
AND METHODS, pCAP7-3 contains a S. pombe cDNA
encoding cap in the vector pBluescript SK—. pYCL1
contains the cap cDNA in the S, cerevisine expression
vector pADNS. pSC2 contains an overlapping cap
cDNA in the 5. cerevisine expression vector pADANS.
PACLI contains the cap cDNA in the S. pombe expres-
sion vector pAALN. pCGE2 contains the cap gene, It
was isolated from a genomic S. pombe library con-
structed in the vector pWHS (gift of D. Beach). pACL7
contains cep with deletions between codons 296 and
367. pCAD3 and pCAD11 contain disruptions of the
cap gene, in which regions of the cap gene have been
replaced with the selectable urad genes. The arrow in
pCGE? indicates the direction and location of se-
quences encoding cap. The positions of sites for HindIll
(M), Not I (N), PAMI (Pf), Saf 1 (Sa), SnaBl (Sn), and
Xba I (X) are indicated. Open boxes indicate ¢ap coding
sequences, hatched boxes the urad gene, stippled boxes
the ADH1 promoter of 5, cerevisiae and the adhl pro-
moter of 5. pombe, and the squiggly lines represent
vector sequences. Noncoding seqaences of the cap lo-
cus are indicated by the flat line, Size markers are
indicated on the right and the names of vectors to the
left.

pCGE2

pCAPT-3
psC2
pYCLI
pACL!
pACLY

pCAD3S
N

were grown to a density of 1 X 107 cells/ml. Cells were washed in
buffer C {20 mM Mes, pH 6.2, 0.1 mM MgCl,, 0.1 mM EGTA, 1 mM
2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride), resus-
pended in 35 ml of buffer C, and lysed in a French press at 20 000
psi. The lysate was centrifuged at 1000 X g for 10 min. The pellet
was discarded, and the supernatant was centrifuged at 15 008 rpm
for 0 min in a Sorvall 5834 rotor. The pellet was resuspended in 2
ml of buffer C. Adenylyl cyclase reactions containing 50 pg of mem-
brane protein in Buffer C with 1 mM ATP, 10 xCi [*P]ATP, 0.25 mM
¢AMP, 2.5 mM MnCl,, 20 mM creatine phosphate, and 20 units of
creatine phosphokinase {Sigma, St. Louis, MO) in 100 ul were incu-
bated for 30 min at 30°C. Protein concentration was determined by
the bicinchoninic acid method, as previously described (Pierce, Rock-
ford, IL).

Purification of Adenylyl Cyclase Complex

Adenylyl cyclase was purified from a 100-1 culture of the S. pombe
strain MK141 (Table 1) by a procedure previously developed to purify
the 5. cerevisiae adenyly! cyclase complex (Field f al., 1990), MK141
expresses high levels of an adenylyl cyclase protein that is tagged at
the amino terminal end with the peptide MYPYDVPDYASLGGPM-
STLD (Kawamukai ef al,, 1991). This fusion protein is expressed from
a gene that has been integrated into the chromosomal DNA. Cells
were grown to a density of T X 107 cells/ml in YEA medium, harvested,
frozen in fiquid nitrogen, and stored at ~70°C. Later, cells were thawed
and disrupted using a French Press. Unbroken cells were removed
by centrifugation at 200 X g for 10 min. Membrane pellets were pre-
cipitated by centrifugation at 44 000 X g for 30 min. Membranes were
solubilized in Buffer C containing 1% Lubrol PX (Pierce) and 0.5M
NaCl. Insoluble material was removed by centrifugation at 44 000 X
¢ for 30 minutes. Soluble membrane from 2 } of cells was passed over
columns containing 2 ml of protein A-sepharose beads cross-linked
to 2 mg of the monoclonal antibody 12CA5, 12CA5 was cross-linked
to protein A-sepharcse beads by a procedure described elsewhere
(Harlow and Lane, 1988}. After scluble membrane was passed through
the column, the column was washed with 50 mt of Buffer C containing
1% Lubrol PX and 0.5 M NaCl and then with 50 ml Buffer C containing
0.01% Lubrol PX, 0.5M Na(l, and 20% glycerol at 4°C. Bound protein
was eluted with 1 mg of the peptide YPYDVPDYA at 30°C for 15
min. 5amples were collected, and the column was washed five times
with 2 ml of Buffer C containing 0.01% Lubrol PX and 0.5M NaCl.
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The samples from a total of 10 1 of cuitured yeast were pooled and
concentrated 100-fold by ultrafiltration.

Raising Antisera to S. pombe cap

Preparations enriched for the 70-kDa 5. pombe adenylyl cyclase-as-
sociated protein were obtained by immunoprecipitation of the adenylyl
cyclase complex and purified by the procedure described above by
the antisera KF191, The immunoprecipitated protein was resuspended
in Freund's adjuvent and subcutaneously injected into rabbits at 2-
to 3-wk intervals. The poiyclonal antisera AB321 was obtained from
one of the injected rabbit.

Immunological Methods

Immunoprecipitations were performed typically by mixing the soluble
membrane extract described above, 2 ul of antisera and 30 gl of 50%
protein A-Sepharose beads (Boehringer-Mannheim, Indianapotis, IN),
in a &nal 100-ul solution. The mixture was rotated for 1 h at 4°C and
spun down. The pellets were washed three times with Buffer C con-
taining 1% Lubrol PX and 0.5M NaCl. Adenylyl cyclase activity in
these pellets was measured.

Western blot analysis was performed using the kit and the procedure
recommended by the manufacturer (Bio-Rad, Richmond, CA}. As
controf proteins, extracts of Escherichia coli expressing cap or CAP
were prepared as follows: E. coli was grown on LB medium conrtaining
100 pg/ml ampicillin, Log-phase cultures were harvested and washed
once with Buffer C. Cells on ice were disrupted by sonication. Un-
broken cells were removed by centrifugation (3000 rpm X 10 min in
Sorvall §534 rotor). Soluble extracts were used for Western blotting,
Protein amounts were determined by the BCA method. One to five
micrograms of proteins were subjected to 7.5% sodium dodecyl sulfate-
potyacrylamide gel electrophoresis and transfered to nitrocellulose
paper. Membranes were biocked with 3% nonfat dry milk in phos-
phate-buffered saline (PBS) for 1-2 h. After membranes were washed
with PBS, they were incubated with the antisera (1:300 dilution).
Alkaline phosphatase-conjugated anti-IgG antibody (Bio-Rad) was
used for detection.

For screening the 5. pemnbe lambda ZAP II cDNA library, E. coli
strain BB4 was infected and incubated for 6 h, Then, plaques were
incubated for 4 h with nitrocellulose filters soaked in 10 mM Isopropyl-
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~B8 GCGGCCGCAACACACTTACTATATTTGTIGCGTT GCAT TATAARAATCAC TTAACCTCCGCTAARCACATTT TCTTTTCGTCTAACCATGTCGGATATGATCAATATA
METSerAspMetIlehsnlle

22 CGTGAMACAGGCTACAATTTTACCACGATTCT CAAACGACTEGAAGCGGCAACT TCTCGTITGGAGGATCTTGTGCAARGTGGTCATAAGCCTCTTCCCAACATGCAT
ArgGluThrGlyTyrAsnPheThrThrIleleuLysargleuGluAlaAlaThrSerArgLeuGluAspleuValGluSexrGlyHisLysProLleuProAsnMetBis

0

130 CGTCCTTCTAGAGATTCAAACAGTCARACCCACAACATATCCTICARCATTGSTACTCCAACGGCCCCAACCGTGTCGACTGATAGTCCTEGCTGTCGCATCATTACAT
44 ArgProSerhArghspSerhsnSerGlnThrHlsAsnIleSerPhedsnlleGlyThrProThrAlaProThrValSerThrGlySerProhlavValilaSerLeullis

238 GATCAAGTTGCGGCTGCTATCAGTCCTCGGAACAGAAGTCTTACATCCACCTCTGCCGTTGAAGCEETTCCTGC T TCCAT TTCCGCCTACGATGAATTTTGTTCCARG
86 AspGlnValAlahlahlalleSerProArgAsnArgSerLeuThrSerThrSerAlaValGluAlaVal®ProAtaSerIleSerAla®yrAspGluPhelysSerLys

346 TATTTATCTAMATACATGGAATTCAGTAANARANT TGGTGGTTTGAT TGCCGAACARAGTGAACACGT COAGAAGGCT T T TARGC TTT TACG TCAGGTTTTGAGCGTC
116 TyrLeuSerlLysTyrMetGluLeuSerLysLysIleGiyGlyLeulleAlaGiuGlnSerGluHisValGluLysAlaPheAsnLeuLeuArgGlnValLeuSarval

454 GCTTTGARAGCCCAGARACCCGACATGGATTCCCCGGAACTCTTGGAATTCCTCAAGCCTATCCAATCTGANCTGCTCACTATTACCAAT AT TCGAGATGAACACCEE
152 AlaleuLysAlaGinLysProAspMetAspSerProGluleuleuGluPheLeuLysProlleGlnSerGiuleuleuThrIleThrAsnIleArghspilullsarg

562 ACCGCCCCCOAGTTCAAT CAACTTTCTACCGTCATGAGTGGANTTAGTATTTTGCECTEEGTCACASTTEGAGCCCACTCCATTATCCT TTATGTCTGAARTGARAGAT
188 ThralaProGluPheAsnGlnLeuSerThrvValMetSerGlylIleSerIleleuGlyTrpValThrValGluProThrProLeuSerPheMetSerGluMet LysAsp

670 TCETCCCANTTCTACECCARCCGIGT AR GARAGAGTT TAAAGS TAAAGATGACTTGCAAATCEARTGCETTCGTIC P TACS PTG PC TG T T GACTGANT TG AT TACA
224 SerSerCGinPheTyrilaAsnhrgValMetLysGluPhelysGlyLysAsphspLeuGlnIleGluTrpValArgSerTyrLeuThrLeuleuThrGluleulleThr

778 TACGTCAAGACCCACTTCAAAACCGGTCTCACCTGGTCTACT AAACAGGATGCAGTACCCTTGAARACGGCTTTGGCAAACTTGTCTCCT TCGANAAC TCAGGCACCA
260 TyrvVallysThrHlsPheLlysThrGlyLeuThrTrpSerThrLysGlnAspAlaValProLeulysThrAlaleuhlaAsnleuSerAlaSerLysThrGinAlaPro

886 TCTTCTGGCGATTCTGCAAACGGCGGCTTGCCTCCACCACCACCACCACCTCCTCCATCTANTGAT TTTTGGAAGGATAGCAACGAGCCCGCACCTGCTGATANTAAR
296 SerSerGlyAspSerRlaAsnGlyGlyLeuProProProProProProProProProSerAsnispPhelrplysispSerAsnGluProAlaProAlaAsphAsnlys

934 GGTGATATGGGAGCGGTGTTTGCCGAAATTAATAAAGGCGAGSCARTTACATCCOEACTTCETAAGGTGGATAAGAGTGARATGACCCACARAAATCCCARTTTACGT
332 GlyAspMetGlyAlaValPheRlaGlulleAsnLysGlyGluGlyIleThrSerGlyLeuArglysValAspLlysSerGluMetThrRisLysAsnProAsnLeulrg

1102 ARAACGGGACCCACTCCTGGTCCTAAGCCTAMAATCAMMGCTCTIGCTCCTTCTAAGCCAGCGGARACTGCTCCCETTARMACCACCTCGCAT TGAGTTGGARRATACT
368 LysThrGlyProThrProGlyProLysProlysIleLysSerSerAlaProSerLysProalaGiuThrAlaProvVallysProProArglleGluleuGluAsnThr

1210 AAGTGGTTTGTTGAARACCAAGTCGACAATCACAGTATAGTCTTGGATTCTGTGGAGCTCANCCACTCAGTGCARATT TTCGGTTGCTCCARTTGCACAATTATAATT
404 LysTrpPhevValGluAsnGlnValAspAsniisSerIleValleuAspServalGiluLeuAsnHisSerValGlnIlePheGlyCysSerAsnCysThrileTlelle

1318 AAAGGAAAGTTAAACACCGTTTCCATGAGCAACTGTAAACGTACTAGCGTTGTAGTAGATACTTTAGTGGCCGCTTTTGATATTGCTAAGTGTTCCAATTTTGGCTGE
440 LysGlyLysLeuhsnThrvalSerMetSerAsnCysLysArgThrSerValVaivValAspThrLeuvValAlaAlaPheAsplleAlaLysCysSerAsnPheGlyCys

1426 CAAGTTATGAATCACGTTCCAATGATTGTTATCGACCAATGCCATGGAGGTTCCATCTATTTGAGCAAATCTICGTTGTCGTCCGAAGTTGTCACTAGTAAATCAACA
476 GlnValMethAsnHlisValProMetileValIlleAspGinCysAspGlyGlySerIleTyrieuSerlysSerSerleuSerSerGiuvalvalThrSerLysSerThr

1534 AGCTTGAACATCAACGTCCCCARCGAAGAGGGAGAT TATGCT GAACGTGCTGTTCCCOAGCAGATCAAGCACAAGGTGARTGARANGGGAGAGC TTGTCTCTGAGATT
512 SerLeuAsnlleAsnValProAsnGluGluGlyAspTyrAlaGluArgAlavValProGluGln)llelysHislysvalAsnGluLysGlyGluLeuValSerGiulle

1642 GTACGTCACGAATAAGTTTTTCTCAGAGAGCTTTTTCAAGCTATATTCCTAACGGT I TCATAGTARAGAT TTAAGT TGAT TTGTCTAGAGCTTTTTATTCATCT TCAT
548 ValArgHisGlue .

1750 CTTTTTCTTTTACTGCTACTAACGACACACTTTGCTCGATCY TTIGTAAAAT TGATCAATCAAATC TTCGGCTTAATTTCAGAGATACAAATATTTGTTTTCCCTTEG
1838 CTTTCGACTTTCCGATGCGATTTACCTTTTGCCCAAATATCCCTIGGACTCAATGTGTACTTCCCCACATACATCTTTATATTGAATGGEATCECATANTGCGCGGGA
1966 AAAGTTGTTGTCCGTACCACGAATTGCTACGTTGACTT TATGATATATGCCTGCATGCATACATACGAATPAGTGGTTATTTTACGAGT TAAACGATATAGAAGCTTAR
2074 ATTTAGTGATTIGTTTGTGTGCARATAGAAT TTATGGATGACAATGATAAGGC TGTTGTATATGACGCTTCCTCATT TCT T TYCCCTG T GATT TTARCTCGAAAGGA
2182 TTTTAAGTGTCTTCCGTTCCCCAATTGARTTCATCATCATCT TCTTTTTGTTTTTGTTTTTCAGTCTARACARATCCTCTAGCTANGGTATCATTTTCTCGATTGCTG
2280 TTTTGCTICATGTTATGTTTTTATGAAAARMRGCCATGCTGTTCARTARAACAGCANAGGAAGATT T TCGAAGT T PTATAGTTGAATGAGT TCATCTATAAATATATAC

2398 ATATATACATATATATAATATACABAATATTTTTTCTTTGAGGCTTGAACTATARAANAAAAANTTGCGGCCGE

Figare 4. Sequence of S. pombe cap cDNA and encoded protein. The DNA sequence shown is a composite derived from the two overlapping
cDNA inserts in pCAP7-3 and pSC2 (see Figure 3). The 5 and 3’ end Not [ sites were derived from linkers used in cloning the cDNAs. The
amino acid sequence of the encoded 5. pombe cap protein is alse shown, The inframe stop codons, located at the 3’ end of the coding sequence
and 36 bp 5 from the start codon, are indicated in bold. The cDNA encodes a 551 amino acid residue protein. Numbers on the left-hand side
indicate the number of base pairs from the Not | site and the number of amino acid residues from the beginning of the encoded protein.
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Figure 5. Comparison of 5. pontbe and 5. cerevisine CAP proteins. The S. cerevisine (Sc) CAP and S, pembe (Sp) cap protein sequences were
compared by the FASTDB program (Brutlag et al., 1990; IntelliGenetics Inc., Mountain View, CA), using a PAM-250 similarity matrix, as
previously described (Young ef al, 1991). Horizontal dashes represent gaps that were inserted during the alignment process, Numbers on the
left indicate the amino acid residue position. Vertical lines are between identical residues and semicolons are between conserved residues,

B-D-thiogalactopyranoside to induce protein synthesis, Filters were
blocked by PBS containing the 3% nonfat dry milk for 2 h and in-
cubated with PBS containing the antisera AB321 (1:300 dilution) and
3% bovine serum albumin. Membranes were further incubated with
the alkaiine phosphatase-conjugated anti-IgG antibody for 2 h and
colorized.

RESULTS

Detection of S. pombe CAP-Related Protein
We previously reported that a polyclonal antisera,
KF191, raised against S. cerevisinte CAP protein immu-
noprecipitates an adenylyl cyclase complex from a sol-
ubilized membrane preparation from the S. pombe strain,
MK141 {(Kawamukati et al., 1991). This strain {Table 1)
contains high levels of an adenylyl cyclase tagged at its
amino-terminal end with a short peptide epitope, ex-
pressed under the contrel of the adhl promoter (Ka-
wamukai ef al., 1991). To further examine proteins as-
sociated with adenylyl cyclase, we partially purified the
adenylyl cyclase complex from membrane extracts of
MK141 cells using a column containing protein A-
sepharose beads linked to the monoclonal antibody
12CA5 directed against the peptide epitope, as described
in MATERIALS AND METHODS (Field et al., 1988).
Adenylyl cyclase specific activity was 600-fold higher
in preparations purified by this method than in unpu-
rified membrane extracts. We performed a Western blot
analysis on the partially purified adenylyl cyclase com-
plex to determine the molecular weights of proteins rec-
ognized by the KF191 antisera (Figure 1). KF191 rec-
ognized a single protein band with an apparent
molecular mass of 70 kDa, similar in size to that of 5.
cerevisiae CAP. These results strongly suggest the ex-
istence of an adenylyl cyclase binding protein in S. pombe
that is related to S. cerevisiae CAP,

Because KF191 immunoprecipitated adenylyl cyclase
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activity inefficiently compared with 12CA5 antibedy,
we postulated that KF191 may react only weakly with
the putative 5. pombe CAP-related protein, To facilitate
the characterization of the 70-kDa 5. pombe protein, we
raised antisera against preparations enriched for this
protein. To increase the purity of the putative CAP-
related protein before immunization of rabbits, we im-
munoprecipitated the 5 pormbe adenylyl cyclase complex
with KF191 from preparations purified by the scheme
described above. The polyclonal antisera AB321 was
derived from a rabbit that had been serially injected
with the immunoprecipitates (see MATERIALS AND
METHODS). AB321 could immunoprecipitate about
30% of the adenylyl cyclase activity from membrane
extracts from MK141 cells. Several proteins were de-
tected by Western blot analysis of the partially purified
S. pombe adenylyl cyclase complex using AB321 (Figure
2), but AB321 hardly recognized S. cerevisize CAP in
Western blots of extracts from the E. coli strain
BLZ1(DE3)pLysS harboring the plasmid pT7.CAP that
expresses this protein (Figure 2),

Cloning S. pombe cDNAs Encoding
a CAP-Related Protein

We used two different approaches to clone S. pombe
c¢DNAs encoding a CAP-related protein. First, we
screened a 5. pombe cDNA library, constructed in the
lambda ZAPII expression vector (Stratagene), with
AB321 antisera (see MATERIALS AND METHODS).
Ten positive clones were obtained after screening ~2
X 10° plaques. Plasmids containing the cDNAs were
recovered from lambda ZAPII clones using the in vivo
excision procedure (see MATERIALS AND METHOQDS).
Two distinct types of clones, represented by pCAP2-1
and pCAP7-3, were obtained and characterized. The E.
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coli strain XL-Blue, containing either pCAP2-1 or
pCAP7-3, expressed proteins with the expected mobility
detectable by Western blot analysis using AB321 anti-
sera (Figure 2}. However, only the product of pCAP7-
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3 cross-reacted with KF191 antisera by Western blot
analysis (Figure 1). Furthermore, only exiracts from E.
coli strain XL-Blue containing pCAP7-3 specifically
blocked the immunoprecipitation of adenylyl cyclase
from MK141 extracts by AB321 antisera. Thus, pCAP7-
3 appeared to encode an S. pombe protein related to S.
cerevisiae CAP.

We isolated S. pommbe homologs of CAP using a second
approach by identifying S. pombe ¢DNAs that could
functionally substitute for CAP in the S. cerevisine strain
SKIN32 (Table 1), in which the CAP gene had been de-
leted. SKN32 s unable to grow on rich media (YPD)
due to the lack of CAP function (Field ef al., 1990). A
5. pombe cDNA fibrary, cloned in the S. cerevisine
expression vector pADANS (see MATERIALS AND
METHODS), was transformed into SKN32. Several
clones that suppressed the inability of SKN32 to grow
on YPD medium were identified. One of the plasmids
recovered, pSC2, had the same restriction endonuclease
map as pCAP7-3, except that the 5 end of the pSC2
cDNA insert was longer and the 3’ end was shorter (see
Figure 3).

Sequence of S. pombe cap and Comparison
with S. cerevisiae CAP

The DNA sequences of the ¢DNAs contained on
pCAP2-1, pCAP7-3, and pSC2 were determined (see
MATERIALS AND METHODS). pCAP2-1 encodes a
heat shock-related protein (data not shown) that is
highly homologous {70%) with S. cerevisize KARZ and
other BIP-type heat shock proteins involved in protein
folding in the endoplasmic reticulum (Pelham, 1989),
Its sequence has been submitted to Genebank. pCAP7-
3 and pSC2 encode a protein that we have named cap
that has significant homology to S. cerevisine CAP (Fig-
ures 4 and 5). There is a single open reading frame
encoding a 551 amino acid residue protein. This is
slightly larger than the 526 amino acid residue S. cer-
evisine CAP (Field ¢f al,, 1990). An inframe stop codon,
which is included in pSC2 but not in pCAP7-3, is just
36 bases 5’ upstream of the ATG start codon.

S. cerevisiae CAP and 5. pombe cap share 34% identity
(Figure 5). In S. cerevisine CAP, a stretch of proline res-
idues separates the two functional domains (Gerst et
al., 1991). 5. pombe cap also contains a stretch of proline
residues: nine in a row (residues 306-314), Homology
between the two yeast proteins is stronger between the
C-terminal regions (40% identity for residues 315-551

Figure 6. Suppression of morphological phenotypes due to deletion
of CAP gene in 5. cerevisize by expression of S. pombe cap protein.
Photomicrographs of cells were taken after celis were grown on $C
synthetic media for 2 d. (A} S. cerevisiae strain SKN32, in which the
CAP gene has been replaced with the LEUZ gene, harboring YEp13
M4 (controf plasmid); (B} SKN32 harboring pADH-CAP, a plasmid
expressing high levels of CAP; (C) SKN32 harboring pYCL1, a plasmid
expressing high levels of 5. postbe cap.
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Figure 7. Expression of S. pombe cap in an 5. cerevisiae
cap disruption strain. An 5. cerevisine strain disrupted
at the CAP locus (see MATERIALS AND METHODS,),
S5KIN37, was transformed with plasmids expressing
full-length 5. cerevisiae CAP (pADH-CAP), the C-ter-
minal domain of 5. cerevisine CAP (pADH-CAPA4),
full-length 3, pembe cap (pYCLI), or a control vector
(YEp13M4). Transformed yeast were grown on 5C-
leu plates for 2 d at 30°C to maintain selection of the
plasmids. At this time, patches were replica plated
onto 5C-leu plates and were incubated at 30°C (lane
1y or, to test for temperature sensitive growth, at 37°C

(lane 2). To assay growth on rich medium, transformed

cells were replica plated onto YPD plates (lane 3). To ] SC SC YPD . H3 NS
assay for heat shock (HS) sensitivity, transformed cells ~ Plgsmid 30°C 37°C 3 OOC. 555°% 9d
were replica plated onto preheated (55°C) SC-leu o -
plates and were incubated at 55°C for another 5 min YEplaM4

(lane 4). To assay for sensitivity to nitrogen starvation _

(NS), transformed cells were plated onto YNB-N PADH-CAP

plates, lacking nitrogen, grown for 9 d at 30°C, and ADH-

replica plated back onto SC-ieu plates (lane 5). After pADH-CAPA4

replica plating, all transformed yeast strains were in- pYCL I

cubated for 2 d at 30°C, with the exception of fane 2,
which was incubated at 37°C.

of s.p. cap) than between the N-terminal regions (24%
identity for residues 1--305). The most conserved region
(residues 306-367) is 66% identical. Ironically, this re-
gion of strong homology between the S. cerevisiae CAP
and §. pombe cap proteins is functionally silent for the
phenotypic assays we have performed in S. cerevisiae
(Gerst ef al., 1991) and in S. pombe (see below).

Complementation of CAP Minus Phenotypes
in S, cerevisiae by Expression of S. pombe cap

Disruption of the N-terminal functional domain of CAP
suppresses the heat-shock sensitive phenotype asso-
ciated with the RAS2"" mutation in . cerevisiae, sug-
gesting that the N-terminal domain is required for the
proper regulation of adenylyl cyclase by RAS (Field et
al., 1990; Gerst ef al,, 1991). Loss of the C-terminal
functional domain results in abnormal cellular mor-
phology (round and enlarged cells), growth inhibition
at 37°C, growth inhibition on rich medium, and failure
to survive starvation, The functions of the two domains
are separable and appear, at least superficially, to be
unrelated (Gerst et al., 1991; Vojtek et al., 1991).

To test whether the two yeast CAP proteins are func-
tionally conserved in either or both domains, we ex-
pressed the S. pombe cap cDNA in different S, cerevisiae
strains. To perform these experiments, we constructed
the plasmid pYCL1, which contains the S. pombe cap
cDNA under the control of the S. cerevisine ADH1 pro-
moter (see MATERIALS AND METHODS). pYCL1
suppressed abnormal growth phenotypes associated
with the loss of C-terminal CAP function in 5. cerevisiae
strain SKN37. SKN37 cells containing the plasmid
pYCL1 grew normally at 37°C and on rich medium,
were resistant to nifrogen starvation (Figure 6), and ap-
peared to have normal morphology (Figure 6). However,
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the heat shock-resistant phenotype, caused by the loss
of the N-terminal portion of CAP, in the 5. cerevisine
RAS2*" strain SKN37 (Table 1) was not suppressed by
expression of 5. pombe cap (Figure 7). SKN37 cells
transformed with pYCL1 remained heat-shock resistant,
whereas SKN37 cells transformed with pADH-CAP,
which expresses full-length S. cerevisize CAP protein,
became heat-shock sensitive. Thus, expression of S.
pombe cap appears insufficient to restore RAS responses
in S. cerevisiae.

Phenotypes Caused by Deletion of 5. pombe cap

We sought to examine further the function of 5. pombe
cap and to determine whether it is also a bifunctional
protein by deleting and expressing different regions of
the cap genein 5, pombe. We made two types of deletions
in the S pombe cap gene; we replaced either nearly the
entire coding sequence or only the C-terminal domain
coding sequences with the 5, pombe urad selectable
marker. To disrupt the entire cap coding sequence, we
first cloned the genomic locus of cap. We obtained the
plasmid pCGE2 (Figure 3), which contains the cap gene,
from a S, pombe genomic library by colony hybridization
with pCAP7-3 (see MATERIALS AND METHODS). We
then engineered the plasmid pCAD11, in which the
coding sequence {codons 69-551) between the Sal T and
HindIll sites has been replaced with the ura4 gene (Fig-
ure 3). This plasmid was digested by Not {, and the 3.8-
kb Not I fragment was purified by gel electrophoresis.
This fragment was used to transform the S. pombe dip-
loid SP826 (h*™™/h™, see Table 1). Several strains were
subjected to Southern blot analysis. One diploid strain
(MK1818) was confirmed to have the ura4 gene correctly
integrated within the cap locus. A spontaneous mating
type revertant, MK1818R, was obtained in which one
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Figure 8. Cellular morphology of cap disruptant. Photomicrographs of homothallic celis grown on PMA synthetic medium on plates (A, B,
and ) or in PMA liquid medium (I, E, and F). Cells were grown for 1 wk {A and D) or 2 d (B, C, E, and F). Homothallic wild-type cells form
spores on the solid medium (starvation conditions) but not in the liquid culture, (A and D) 5. pembe strain MK1818d, in which the cap gene
has been replaced with wrad gene (see Table 1), transformed with the control plasmid pAL; (B and E) MK1818d cells transformed with pA70L,
which expresses high levels of 5. cerevisize CAP; (C and F) MK1818d cells transformed with pCGE2, which expresses the 5. pombe cap gene.
Normal four-spore asci (arrow heads) are abundant in B, C, and E, and abnormal asci (filled arrow heads) are observed in A and D. The cells
of F, where wild-type cap function has been restared, do not show evidence of conjugation or sporulation. For photomicroscopy, cells grown
on solid medium were dispersed in liquid culture medium and photographed,
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Figure 9. Suppression of 5. pombe cap deficient strain
by the S, cerevisiae CAP gene. Patches of cells were
grown on PMA synthetic plates, replica plated on
PMA, and grown at 30 and 37°C. (A) §. pombe strain
MK1818d transformed with pAL (contral plasmid);
{B) MK1818d transformed with pA70L, which ex-
presses high levels of the 5. cerevisine CAP gene; {(C)
MK1818d transformed with pCGE2, which expresses

pendent transformants are shown.

tained in which one allele of the mating locus was pre-
sumed to be changed to h*, Tetrad analysis of the
MK1818R strain was performed. Of 10 tetrads analysed,
8 displayed a 2:2 segregation pattern for the Ura™ phe-
notype, The Ura™ {cap™) cells were otherwise wild-type,
whereas the Ura™ cells (cap::ura4) grew slowly. Thus,
cap disruption does not resuit in lethality.

Several of the cap disruptants were examined further.
Such cells showed an abnormal cellular morphology,
especially under starvation conditions; the cells were
larger and rounder than wild-type and some had
branched protrusions (Figure 8). They formed abnormal
asci (Figure 8) and were also temperature sensitive
for growth at 37°C (Figure 9). Such cells grew poorly
in synthetic medium {(PMA)} but well in rich
medium (YEA).

To see the effect of disruption of only the C-terminal
domain coding sequences of cap, we constructed plas-
mid pCAD3, in which the region between the two
Hindlll sites, encoding amino acid residues 513-551,
was replaced with the ura4 gene (Figure 3). This plasmid
was digested with Not [ and then used to transform the
homothallic S. pombe haploid strain SP870 (Table 1).
Proper integration of the plasmid sequences within the
cap genomic locus was confirmed by Southern blot
analysis. Cells lacking the C-terminal region of cap
showed a very similar phenotype to those with cap en-
tirely disrupted. Such cells had an abnormal celiular
morphology, abnormal asci, grew more slowly in syn-
thetic medium, and were temperature sensitive for
growth at 37°C.

A difference between the entire cap disruptant and
the C-terminal disruptant was found in sexual functions.
The strain with the entire cap deletion agglutinated,
conjugated, and sporulated when cultured in liquid
PMA medium (see Figure 8), conditions under which
wild-type homothallic strains and the C-terminal dis-
ruptant do not (see Figure 8 and data not shown). This
phenotype is similar to that of cyrl deficient strains,
suggesting a functional interaction between cap and
adenylyl cyclase. Further evidence for functional inter-
action between cap and cyrl is presented in the next
section.

We next expressed S. cerevisize CAP in S. pombe cap
disruption strains to study further the functional con-
servation of the proteins. The phenotype of abnormal
morphology and temperature sensitivity of cap deletion
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(A} pAL{Control) Bl 5.

) ! ) (B} pATOL(Sc.CAP
the S. pombe cap gene. For each plasmid, four inde- (€) pCGE2(Sp.cap) §

strains was suppressed by expression of S. cerevisine
CAP (Figures 8 and 9). However, the phenotype of ag-
glutination, conjugation, and sporulation exhibited by
the fully deleted cap strain in liquid medium was not
suppressed by the expression of 5. cerevisiae CAP (Figure
8). Thus, there has been functional conservation of the
C-terminal region of CAP, but the N-terminal domains
do not appear to function properly in the heterologous
species.

To test the significance of the highly conserved region
in the center of cap (amino acids 306-367), the plasmid
pACL7, which expresses cap having a deletion in codons
296-367, was constructed. No significant difference be-
tween pACL7 and pACL1, which expresses full-length
cap, was observed when these plasmids were trans-
formed into strains fully disrupted at the cap locus. Both
plasmids restored morphology, temperature sensitivity,
and sexual function (data not shown). This observation
is similar to our failure to find a function for the ho-
mologous central domain of CAT in 8. cerevisiae (Gerst
ef al,, 1991),

Overproduction of Adenylyl Cyclase and cap
in S. pombe

We previously observed that overproduction of adenylyl
cyclase in the S. pombe strain SP870 results in partial
sterility and an elongated celtular shape (Kawamukai
et al,, 1991), The effects resulting from overproduction
of both cap and adenylyl cyclase were examined in this
study. We constructed the plasmid pACL1, which con-
tains the S. pombe cap cDNA under the contro} of the
S. pombe adhl promoter (Figure 3), When both adenyly!
cyclase and cap were overexpressed, the morphology
of cells dramatically changed into highly efongated and
disordered shapes (Figure 10) and such cells became
very sterile. These drastic changes were not seen in cells
transformed with the pACL1 clone alone,

We measured adenylyl cyclase activities in membrane
extracts in 5. pombe cells overexpressing either adenylyl
cyclase alone or both adenylyl cyclase and cap together
(Table 2). Although overexpression of adenylyl cyclase
alone resulted in an 8- to 20-fold higher level of en-
zymatic activity, overproduction of both §. pombe cap
and adenylyl cyclase yielded 32- to 68-fold higher levels
than in wild-type cell extracts. These results suggest
thatS. pombe cap, like S. cerevisiae CAP, may be involved
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in regulating adenylyl cyclase activity. Expression of
CAP alone had no effect on measurable adenylyl cyclase
activity,

A
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Physical Interaction of Heterologous Yeast CAP
and Adenylyl Cyclase Proteins

We tested the specificity of 5. pombe cap and S. cerevisine
CAP inferaction with homologous and heterologous
yeast adenylyl cyclases expressed in the 5. pombe strain
MK7 and the S cerevisiae strain T158-5AT (Table 3).
The endogenous chromosomal adenylyl cyclase genes
have been deleted in both of these strains (Table 1},
The antisera KF211, which recognizes only §. cerevisiae
CAP, and the antisera AB321, which recognizes only
S. pombe cap, were used for the experiments. About
7.6% (10-fold above background) of the total adenylyl
cyclase activity in membrane extracts from 5. pombe
MK7 cells harboring pALY1Z, which expresses the S.
cerevisiae adenylyl cyclase, were immunoprecipitated
by AB321. In contrast, ~30% of the total activity in
extracts from MKY7 cells harboring pALY1, which ex-
presses the 5. pombe adenylyl cyclase, were immuno-
precipitated by AB321. Likewise, 13.8% (3-fold above
background) of the activity in extracts from S, cerevisiae
T158-5AT cells harboring pYALY2, which expresses the
5. pombe adenylyl cyclase, were immunoprecipitated by
KF211. In contrast, 58% of the activity in extracts from
T158-5AT harboring pYCYR, which expresses the S.
cerevisiae adenylyl cyclase, were immunoprecipitated
by KF211. Thus, 5. cerevisine CAP and S. ponmibe cap
each mmay be able to interact with adenylyl cyclase from
the heterologous yeast, but apparently not as strongly
as with adenylyl cyclase from the homologous source.

DISCUSSION

CAP, the adenylyl cyclase-associated protein of S. cer-
evisige, is a bifunctional protein. Its N-terminal domain
is required for full cellular responsiveness to the acti-
vated RAS2""? allele (Field et al., 1990; Gerst ef al.,
1991). Ordinarily, RAS2"" cells are heat-shock sen-
sitive, fail to survive nitrogen starvation, and do not
accumulate glycogen. RAS2*!? cells that, in addition,
lack just the N-terminal domain of CAP behave again
like wild-type cells: they are resistant to heat shock and
nitrogen starvatton and accumulate glycogen. These ef-
fects are probably mediated through the interaction of
the N-terminal domain of CAP with adenylyl cyclase.
5. cerevisiae cells lacking the C-terminal domain of CAP
have abnormal responses to nutrient deprivation and
excess, are abnormally round and heterogeneously
large, budrandomly, and are temperature sensitive (Field

Figure 10. Morphological change induced by overexpression of cap
and adenylyl cyclase. Photomicrographs of celis grown on PMA agar
plates for 3 d. (A} 5. pombe strain SP870 harboring pIRTS (control
piasmid containing nrad gene) and pAL {contrel plasmid containing
LEU2 gene); (B) SP870 harboring pAL and pALY1, which expresses
high levels of S pombe adenylyl cyclase; (C) SP870 harboring pALY1
and pACL1, which expresses high levels of both 5. pembe cap and 5.
pombe adenylyl cyclase. Abundant four-spore asci (arrow heads) are
seen in A.
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Table 2. Adenylyl cyclase activity in 5. pombe strain SP870
harboring various plasmids

Plasmids Exp. | Exp. 11
pAL and pIRTS 5 (12} 4 (+0.3)
pAL and pALY1 101 (£10) 32 (x1)
pACL1 and pALY1 342 (£84) 129 (+20)

The adenylyl cyclase activities in membrane extracts from SP870 cells
harboring the designated plasmids were measured as described in
MATERIALS AND METHODS. Adenylyl cyclase activities are ex-
pressed as the average pmol of cAMP produced per minute per mit-
ligram of total membrane protein from two duplicate assays. The
variation in these assays are in: parentheses. pAL and pIRTS are control
plasmids. SP870 harbering pALY1 overexpresses adenylyl cyclase.
SP870 harboring pACL? and pALY1 overexpresses both cap and ad-
enylyl cyclase. Lysates from independent transformants were prepared
for the two experiments,

et al., 1990; Voijtek et al., 1991). These defects are cor-
rectable by the overexpression of profilin, a low molec-
ular weight protein that binds actin and phosphoine-
sitides (Vojtek et al,, 1991). The C-terminal function of
CAP does not appear to be related to the cyclic AMP
signaling pathway. Moreover, the N-terminal and C-
terminal domains of CAP are capable of independent
function. The two functional domains of CAP are con-
nected by a middle domain that has as yet undetected
function.

The fission yeast 5. pombe is “wired” differently than
the budding yeast 5. cerevisige. Both organisms have ras

and adenyiyl cyclase proteins {(Young et al, 1989; Ya-
mawaki-Kataoka et al., 1989), but, in 5. pombe, ras does
not regulate adenylyl cyclase (Fukui ef al., 1986; Ka-
wamukai ef al., 1991). Indeed, ras and adenylyl cyclase
(cyrl) have opposing influences on sexual functions:
ras™! cells are sterile whereas cyrI™! cells conjugate
and sporulate under conditions where wild-type cells
do not (Kawamukai ef al,, 1991). Cells that overexpress
adenylyl cyclase are sterile whereas cells with the ac-
tivated ras1¥™!” aliele are hyperresponsive to mating
factors. It was therefore of interest to us to determine
if 5. pombe contained a homolog of the S. cerevisine CAP
protein and into which systems it was wired. By the
criteria of immunological reactivity, biochemical prop-
erties, genetic complementation, and primary sequence,
5. pombe does contain a homologous protein. All three
domains of the 5. cerevisiae and 5. pombe cap proteins
have primary sequence homology: the homology is
highest in the middle domain (66% identity), fol-
lowed by the C-terminal (40%) and N-terminal do-
mains (24%).

Phenotypic analysis suggests that the 5. pombe cap
protein is also bifunctional. 5. pombe cells that express
C-terminal deletion mutants of cap are temperature
sensitive, grow slowly in synthetic medium, and have
an abnormal morphology. On the other hand, cells that
have an extensive deletion of cap display all these phe-
notypes and, additionally, conjugate and sporulate un-
der conditions in which wild-type cells do not. The most
stark distinction between N-terminal and C-terminal
function can be seen in 8. pombe cells lacking endoge-

Table 3. Immunoprecipitable adenylyl cyclase activities in 5. pombe and 5. cerevisiqe straing

harboring vatious plasmids

Immunoprecipitable activity

Antisera: Total
strain/plasmid Activity None KF211 AB321
5. pombe (cyrl:LEU2)
MK?7 /pAL{control) <1 NG ND ND
MK7 /pALY 1(adh-Sp.cyrl) 633 (£21) 5 (%1) 6 (£2) 190 (£37)
MK7 /pALY12(adh-Sc.CYRI) 302 {£7) 2 (+.04) 2 (£.02) 23 (£1.4)
S. cerevisine (cyrl::URA3)
T158-5AT/YEp13M4(control) <1 ND ND ND
T158-5AT /pYCYR{ADH-5¢.CYRI) 2353 (+16) 131 {£31) 1369 (£172) 106 (£26)
T158-5AT/pYALY2(ADH-Sp.cyr1) 1290 (£68) 55 (£10) 178 (+5) 63 (£8)

Immunoprecipitations of soluble membrane extracts from the designated strains harboring the designated
plasmids were performed using the indicated antisera. Adenylyl cyclase activities were measured in duplicate
and presented as described in Table 2. NI, not determinec. Total activity, the total adenylyl cyclase activities
in the membrane extracts before immunoprecipitation. These data are representative of two independent ex-
periments. KF211 is a rabbit polycional antisera raised against E. coli extract expressing S. cerevisine CAP.
KF211 was obtained by the same way, and from the same E. coli extract, as KF191 was. AB321 is a polycional
antisera raised against the 5. pombe cap-adenylyl cyclase complex, as described in MATERIALS AND METHCODS.
MK7 is a §. pembe strain in which the endogenous adenylyl cyclase gene has been replaced (Tabie 1), T158-
SAT is a 5. cereuisiae strain in which the endogencus adenylyl cyciase gene has been replaced and harbors the
plasmid encoding TPK1 as a suppressor (Table 1). All plasmids used are described in Materials and Methods,
pAL and YEp13M4 are control plasmids, pALY12 and pYCYR encode S, cerevisine adenylyl cyclase. pALY?

and pYALY2 encode 5. penibe adenylyl cyclase.
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nous cap but expressing S. cerevisiae CAP. These cells
display none of the defects seen when just the C-ter-
minal domain of cap is disrupted but still display ab-
normal sexual responses,

The morphological and growth defects of S. ponbe
cells lacking the C-terminal domain of cap resemble in
kind, if not in exact detail, the defects seenrin S. cerevisiae
cells that lack C-terminal domain of CAP. Both types
of cells are temperature sensitive. Both are greatly in-
hibited for growth in certain media relative to wild-type
cells. Both are morphologically abnormal, although in
different ways. S. pombe cells lacking C-terminal cap
function are large but often have branched protrusions
and abnormal asci. All these defects are corrected by
expressing the 5, cerevisine CAP. Conversely, the growth
and morphological defects in S. cerevisiae cells lacking
the C-terminal function of CAP are corrected by
expression of the 5, pombe cap. Hence, we conclude that
the C-terminal function of S. cerevisiae and 5. pombe cap
have been highly conserved.

The N-terminal function of cap has also been con-
served, although perhaps not as strongly. In S. cerevisiae,
biochemical and genetic evidence suggests that the N-
terminus of CAP is required for proper adenylyl cyclase
function (Field ef al., 1990; Gerst ef al., 1991; Field, un-
published data). The same appears to be true in S. pombe.
First, 5. pombe cap binds to S. pombe adenyly! cyclase,
and both 5. pombe cap and S. cerevisiae CAP appear to
bind te some extent the adenylyl cyclase of the heter-
ologous species. Second, 5. pombe cells, which lack full-
length cap, conjugate and sporulate prematurely. Pre-
mature sexual activity is also seen in cells that lack ad-
enylyl cyclase. Third, coexpression of adenylyl cyclase
and cap in 8. pombe results in higher levels of measurable
adenylyl cyclase activity in cellular extracts and to a
highly aggravated phenotype of elongated and sterile
cells. A similar phenotype results in 5. pombe cells from
lack of the regulatory subunit of the cyclic AMP-de-
pendent protein kinase (McLeod, personal communi-
cation).

The 5. pombe adenylyl cyclase/cap complex and the
homologous complex in 5. cerevisine have diverged
considerably in their regulation. In 5. cerevisige, the
complex is regulated by RAS1 and RAS2 (Toda et al.,
1985), proteins highly homologous te the mammalian
oncogenic RAS proteins. This does not currently appear
to be the case in 5. pombe, Only one close homolog of
oncogenic mammalian RAS has been described in S
pombe, rasl, and it does not regulate adenylyl cyclase
(Fukui et al., 1986). Moreover, expression of 5. pombe
cap does not compiement the loss of the N-terminal
domain of S. cerevisine CAP nor does expression of S.
cerevisiae CAP affect the phenotypes associated with
the loss of the function of the N-terminal domain of S.
pombe cap. This divergence in function is perhaps re-
flected in the divergence of the primary sequence be-
tween the N-terminal domains of the 5. pombe and S.
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cerevisine proteins. However, as this study and our pre-
vious studies have shown, there are considerable par-
allels in the structure and regulation of the adenylyt
cyclase complexes from the two organisms. Therefore,
it should not surprise us if an as yet undiscovered RAS-
related protein is shown to modulate adenylyl cyclase
in 5. pombe. Recently, a number of loci in S, pombe have
been identified that potentially encode regulators of ad-
enylyl cyclase (Hoffman and Winston, 1991).

The function of the middle domain of yeast CAPs
remains a puzzle. In both 5. cerevisine and S, porbe, this
region can be deleted without apparent phenotypic
consequences. In terms of primary sequence, however,
the middle domain is the region most highly conserved
between the two proteins. In this region, both proteins
contain a stretch of consecutive prolines, six in 5. cer-
evisine and nine in S. pombe, and there is extensive ho-
mology neighboring these prolines. In our view, it is
not an accident that such a highly conserved structure
joins two domains with conserved function in two
highly divergent yeasts. The conservation of this struc-
tural and functional arrangement suggests that the
functions of the N-terminal and C-terminal domains
are in someway coordinated.
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