Proc. Natl. Acad. Sci. USA
Vol. 90, pp. 1804-1808, March 1993
Genetics

The putative phosphoinositide-specific phospholipase C gene, PLCI,
of the yeast Saccharomyces cerevisiae is important for cell growth

(phospholipase C/signal transduction/polymerase chain reaction)

TAKEHIKO YOKO-0*, YASUSHI MATsuI*, HitosHI YAaGisawat, HirosHI NosiMa$, Isao Uno$,

AND Ak10 ToH-E*1

*Department of Biology, Faculty of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan; 'Department of Life Science, Faculty of
Science, Himeji Institute of Technology, Kamigori, Hyogo 678-12, Japan; ¥Department of Molecular Genetics, Research Institute for Microbial Diseases,
Suita City, Osaka 565, Japan; and $Research and Development Laboratories 1, Nippon Steel Corporation, 1618, Ida, Kawasaki 211, Japan

Communicated by Norman H. Giles, November 16, 1992

ABSTRACT Using the polymerase chain reaction tech-
nique, we have isolated a gene that encodes a putative phos-
phoinositide-specific phospholipase C (PLC) in the yeast Sac-
charomyces cerevisiae. The nucleotide sequence indicates that
the gene encodes a polypeptide of 869 amino acid residues with
a calculated molecular mass of 101 kDa. This polypeptide has
both the X and Y regions conserved among mammalian PLC-g8,
-y, and -8, and the structure is most similar to that of
mammalian PLC-8. This putative yeast PLC gene has been
designated PLC1. Disruption of PLC]I results in slow growth or
lethality for cells, depending on their genetic background and
the medium, indicating that PLC]I is important for cell growth.
Expression of rat PLC-81 cDNA suppressed the growth defect
of plcl disruptants, strongly suggesting that PLCI encodes
PLC.

In mammalian systems, hydrolysis of polyphosphoinositides
by phospholipase C is one of the major pathways of signal
transduction during response to extracellular signals, such as
hormones, growth factors, and other regulatory ligands (re-
viewed in refs. 1-4). The phosphoinositide-specific phospho-
lipase C (PLC) is responsible for the production of two
second-messenger molecules, diacylglycerol, which is an
activator of protein kinase C (5), and inositol 1,4,5-
trisphosphate [Ins(1,4,5)P;], which causes the release of
Ca?* from endoplasmic reticulum (1). PLCs are categorized
into four isoforms, PLC-a, -8, -v, and -8, on the basis of their
enzymatic characteristics and comparison of their primary
amino acid sequences (6, 7). Among PLC-pB, -, and -6 there
is significant similarity of amino acid sequences in two
regions, designated the X and Y regions, which are essential
for the PLC activity (8).

Purification and biochemical characterization of PLCs
have been carried out with materials of mammalian origin.
However, the functions of the enzyme in vivo remain unelu-
cidated. To explore the in vivo functions of these enzymes,
a genetic approach using a model organism is promising. In
Drosophila, analysis of the norpA gene has revealed that it
encodes a putative PLC (9), and this result, along with the
fact that the norpA mutations render the fly blind (10), offers
strong evidence that PLC is an essential component of the
phototransduction pathway in Drosophila.

In the budding yeast Saccharomyces cerevisiae the gene of
a putative protein kinase C, which is believed to play a role
downstream from PLC, has been identified (11, 12), and
existence of polyphosphoinositides has also been reported
(13). In spite of these findings suggesting the presence of a
phosphoinositide-mediated signal transduction pathway in S.
cerevisiae, no PLC gene has been identified so far, to our
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knowledge. We report here the isolation of the putative yeast
PLC gene, | whose function is important for cell growth. This
finding suggests that the signal transduction systems medi-
ated by phospholipid hydrolysis play an important role(s) for
yeast cell growth.

MATERIALS AND METHODS

Microbial Techniques. Yeast transformations were per-
formed by the method of Ito et al. (14), and other standard
yeast genetic manipulations were performed as described by
Sherman et al. (15). YPD and sporulation media have been
described (ref. 15, pp. 163-169). SC medium contains 0.67%
yeast nitrogen base without amino acids (Difco), 2% glucose,
20 ng each of adenine sulfate, uracil, L-histidine-hydro-
chloride, L-methionine, and L-tryptophan, and 30 ng each of
L-leucine and L-lysine-hydrochloride per ml. SDCA medium
contains 0.67% yeast nitrogen base without amino acids, 2%
glucose, 0.5% casamino acids (Difco), and 20 ng each of
adenine sulfate, uracil, and L-tryptophan per ml. YPGS was
prepared by replacing the 2% glucose of YPD with 5%
galactose and 0.3% sucrose. LB and 2x YT (ref. 16, pp.
A.1-A.3) were used for bacterial culture. Bacterial cells were
grown at 37°C. Yeast cells were grown at 30°C unless
otherwise indicated.

DNA Manipulation. Plasmid DNA was propagated in Esch-
erichia coli XL1-Blue or DH5«a and prepared according to the
alkaline lysis method described by Sambrook et al. (ref. 16,
pp. 1.25-1.28). Yeast DNA was prepared as described by
Sherman et al. (ref. 15, pp. 125-128). Restriction enzymes
were purchased from Takara Shuzo (Kyoto), Toyobo (Os-
aka), and New England Biolabs, and were used according to
the suppliers’ directions. Probes for hybridization were pre-
pared by the method described by Feinberg and Vogelstein
(17, 18). Colony hybridization was performed as described by
Grunstein and Hogness (19). Rapid hybridization buffer
(Amersham) was used for hybridization, and the conditions
of hybridization and washing were those recommended by
the supplier. Deletion derivatives of plasmids for sequencing
were constructed by the method of Henikoff (20), and the
nucleotide sequences were determined by the method of
McBride et al. (21) using an automated DNA sequencer,
model 370A (Applied Biosystems).

Strains and Plasmids. The S. cerevisiae strains used in this
study are S288C (MATa CUPI gal2 mal mel SUC2),
X2180-1A (MATa CUPI gal2 mal mel SUC2), RAY-3A-D
(MATa/MATa his3/his3 leu2 /leu2 trpl/trpl ura3/ura3) 22),

Abbreviations: PLC, phosphoinositide-specific phospholipase C;

Ins(1,4,5)Ps, inositol 1,4,5-trisphosphate; Plc1p, PLC1 gene product.
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and YPH501 (MATa/MATa ade2/ade2 his3/his3 leu2/leu2 corresponding sequence of the X region, suggesting that the
lys2/lys2 trpl/trpl ura3/ura3) (23). A cosmid library of S. amplified fragment was derived from a yeast PLC gene. An

cerevisiae, which contains =45-kb yeast genomic Sau3Al S. cerevisiae genomic cosmid library was screened, using this
DNA fragments from strain X2180-1A inserted into the fragment as a probe, to obtain pTY1 and pTY2 (Fig. 1). The
BamHI site of cosmid pHC79 (24), was kindly provided by Y. partial nucleotide sequences and the restriction maps of these

Ohya (Univ. of Tokyo). Plasmid pSTS1-19 carrying STTI cosmid clones indicated that neither of them contained the
(PKC1) was from S. Yoshida (University of Tokyo) (12), and entire gene. Therefore, the genomic library was screened
plasmid pRS314[BCKI-20], which carries BCK1-20, was again, using the 1.5-kb Mlu I fragment of pTY1 as a probe.
from D. E. Levin (The Johns Hopkins University School of Four clones, designated pTY3-pTY6, were hybridized to the
Hygiene and Public Health, Baltimore) (25). Plasmids pTY1- probe, and all of them carried an ~4.7-kb HindIII fragment.
pTY6 were isolates from the yeast genomic cosmid library. This HindIIl fragment from pTY4 was subcloned and the
Plasmids YEpUPLC1 and YCpUPLC1 carry the 3.4-kb nucleotide sequence was determined on both strands. The
BamHI fragment of pTY4 containing the PLCI gene in sequence that was identical to that of the fragment amplified
YEp352 (26) and pRS316 (23), respectively. Plasmid pS81/ by PCR was found in this nucleotide sequence, and an open
TV119 carries the PLC-61 cDNA derived from a spontane- reading frame of 2607 bp was identified (Fig. 2). This encodes
ously hypertensive rat (27). The whole open reading frame of a polypeptide of 869 amino acids, and the calculated molec-
the PLC-61 cDNA in pS81/TV119 was inserted between the ular weight is 100,546. The deduced amino acid sequence of
EcoRI and Pvu 11 sites of pKT10 (28), which contains URA3, the open reading frame is homologous to the sequences of
the origin of replication of the 2-um plasmid, and the S. mammalian and Drosophila PLCs, and the gene product
cerevisiae TDH3 promoter, to obtain pGAP-PLC-61. This possesses both the X and Y regions, which are conserved
construction placed the rat PLC-81 cDNA expression under among PLC-B, -y, and -8. The gene product shows 24-25%

the control of the TDH3 promoter. amino acid sequence identity with mammalian PLC-91, -61,

In Vitro DNA Amplification. PCR was carried out essen- and -82. The regions corresponding to the X region and Y
tially as described by Saiki et al. (29). The mixed oligonu- region are about 40% and about 30%, respectively, identical
cleotide primers used for PCR were as follows: 5'- to those of mammalian PLCs. Therefore we designated this

GGAATTCTCICAYAAYACITAYYT-3' and 5'-CGGATC- gene PLCI. The deduced structure of the gene products is
CTYCCAICAITCYAAYTCIAIRCAICKRCAICC-3', in diagramed in Fig. 3.

which Y indicates C or T, I indicates inosine, R indicates A Disruption of PLC1 Results in a Growth Defect. To explore
or G, and K indicates G or T. PCR was carried out with these the functions of PLC1, we disrupted the chromosomal PLCI
primers at 2.5 uM and 20 ng of genomic DNA of S. cerevisiae and studied the consequence of the disruption. First, we

strain S288C as a template in a 20-ul reaction mixture. The constructed plasmid pTY411AHIS3, which carries
reactions were performed for 35 cycles as follows: the plcl::HIS3, where most of the PLCI coding sequence is
samples were heated at 94°C for 1 min, cooled at 37°C for 2 replaced by HIS3 (Fig. 1). pTY411AHIS3 was digested with

min, and heated at 72°C for 3 min. Stu 1 and Mlu 1 and introduced into diploid yeast strains
RAY-3A-D and YPHS501 by replacement transformation.

RESULTS Histidine-independent transformants were isolated, and dis-

ruption of the genomic PLC! gene was confirmed by South-

Identification of the Yeast PLC Gene. Two conserved amino ern hybridization analysis (data not shown). The resultant

acid sequences, SHNTYL and GCRC(I/L/V)ELDCW(D/ heterozygous plcl::HIS3/PLC1 diploids, TY1, which was
K/N), found in the X region of mammalian PLC-8, -y, and -8, derived from RAY-3A-D, and TY4, which was derived from
were used as the basis for designing two primers for PCR. A YPHS501, were sporulated and dissected on YPD plates. In
122-bp fragment was amplified by PCR using these primers the TY1 strain, two large and two small colonies of haploid
and S. cerevisiae genomic DNA as a template. The fragment cells were obtained from each tetrad (Fig. 4A4). All of the cells

was cloned and its nucleotide sequence was determined. The from large colonies were histidine auxotrophs, indicating that
deduced amino acid sequence was highly homologous to the they carried the PLCI allele and implying that the cells in
PCR product —
Probe
TY1
P pTY2
He
HiPs Ba St S N Hp He N Be C EV HcMBaEV HeElBaEV SpEVSmHd
pTY4 Al L L L—L Ly NI N e | ]
PLCT
HIS3
I [ il /N
Ba N Ps BaEIEV

1kb

Fi1G. 1. Restriction map of the PLCI region and the construction of the PLCI deletion. The restriction map of the 4.7-kb HindIII-HindIII
fragment of pTY4 is highlighted. pTY1 and pTY2 are primary isolates from the genomic DNA library. The 1.5-kb Miu I fragment used for the
secondary screening as a probe is indicated as a filled box in pTY1. An empty box indicates the DNA fragment amplified by PCR. The coding
region of PLCI is indicated by an empty arrow. Plasmid pTY411AHIS3, which carries the plcI::HIS3 allele, was constructed as follows: pTY411
carries the 4.2-kb Pst I-EcoRI fragment containing PLCI between the Pst I site and the EcoRI site of pUC19 (30). The 2.1-kb Hpa 1-Cla 1
fragment in pTY411 was replaced with the 1.8-kb fragment carrying the HIS3 gene to construct pTY411AHIS3. Restriction sites: Ba, BamHI;
Bs, BstXI; C, Cla 1; El, EcoRl; EV, EcoRV; He, Hincll; Hd, HindIll; Hp, Hpa I; M, Mlu I; Nd, Nde 1; Ps, Pst I; Sm, Sma I; Sp, Spe I, St,
Stu 1.
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1 ATGACTGAAAGTGCTATAGATGACCAAAGGTTTAATCTTACAAAGGAGTTACAACGACACTCATGCAGAGATCAAGGGAAAATAACACAAAAGGATGATGCTTTAGATTTTATAAGTTAC
M T E S A I DDUG QRTFNTILTIEKETLUG QRIHSTCRDU Q@GIE KTITUOQKUDUDA ALTDTFTISY 40

121 AGTTCTTTTCAATCCTCTTTTAATACTGACCAAAAAAGCGCGAACAATGGAAGTACTGTGAGAAGAAGCATAAGGTCGATT TTTAGAAGAGCAGCCGAATTGCCTAGAGTCCATATGGGG
S S FQ S S FNTUDAG QIKSANNSG STV RRSTIURSTITFRRAAETLTPRVUHMG 80

241 CCTCTTACTTATTCACATGGGATAAATGAGCTTGTTAACAAGAAATTAAGAAAAGACTGTGATCTCAGCACGCTATGTCGCGTATTGCAAAGAGGAATCAGGATGATTAGGATGACAAGA
P L TY S HGINZETULVNIEKT KTLRIEKDTCDTLSTLTCGCRUVILQRGTIHRMIRMTR 120

361 AGAAGAAGGAAGTTCTATGAATT TAAATTAATCAATAACAACGGGCAAATAATATGGAAAGATGGTTCGAAGTATCTGGAATTAGACTCCGTTAAAGACATCAGAATCGGTGATACGGCG
R RRKTFYETFI KTLTINNNG TITIW®WIKDGSIKZYULETLUDSVKDTIRTIGDT A 160

481 AGTACTTATCAAGAGGAAGTAGATCCGAAAAGATTGAGATCGGACAGTAAACTTTGGATTGCTATTATTTATAAGGTTTCCAACAAATTGAAAGCGTTACACGTAGTTGCTTTGAATGAA

S T Y Q EEVDUP KR RILURSD S KTILW

A I I Y KV S N KULIKA ALUHV V ALNE 200

601 TTGGACTTTAACACATTCTTAAGCTGCATTTGCGGTTTAGTGAAGT TAAGGAGGGAAT TAATGGAAAGCATACTTTTGCCTGATAATTCGCAATTCGCTAGGATACATTGGCAAATTACT
L DFNTTFILS S CTIGCGCGTLVI KTLTZRIRERETLMESTITULTLZPDNSOQTFA ARTIUHUWQTIT 240

721 GTTTCTGAAAAAGAGGA AAAAGGAC; TTGAGCTTTGC

AGAAACTATGTGATAAATTTCATATT TATGTGTCAACTGGTCAATTGTTAGAGTTTTTCCAATTA

V S E K EEDEIKIKUDTTULSFADTVI KT KTLTCDI KT FUHTIYVSsSTG GO QQLTLTETFTFOQQL 280

841 GCAGACATCAATCATAACGGACTATTAAATTATTTTGAATTTGAAAAGTTCATTAAAATCTTAARGAATAGGAAAGAGGTAAATATGATTTGGTCTAAATTTACAAAACCTCCACACTCC

A D I N HNGULULNYTF FETFEIKTFTIKTI

L KNRKEV NMIWSKTFTKTZPPH S 32

961 CACTTATCATTTGAAAATTTTTTTCAATTTTTAATTACAGAGCAGCATGAGCAAGTGGATCGTCAAACTGCATGGTCATAT TTTATTAAGTACAGAGAACCGACTCAGCTGACGATGGGG
HL S F ENTFTFOQFTULTITETU QHEZ QVDURU QT AWSYFTIIZKTYHRETZPTU QLTMG 360

1081 CAAGATGGTTTTACCAAGTTCTTGAAGGAGCAACCATATTTGGTGGAGGTTAAARGAGGAGTTATATTCAAAGCCATTAAACCATTATTTTATTGCATCTTCACATAATACTTATTTATTG
Q DG F T KFULKET GQPTYULVEVIE KETETLYSIZ KTZPTLNUHYT FTIA ASSUHNTTYTLTL 400

1201

'GGTGAAAATGGGCCAGTGGTATGCCATGGA

G KQ I A ETZP S VEGYTIOQVLQQGCRTCVETIDTIWDGENSGZPVVCHSG 440

1321 TTTTTAACGTCAGCTATTCCCTTAAAAACAGTTATACGCGTGATAAAGAAGTACGCTTTTATAACGTCTCCGTATCCTTTGATTATTTCACTGGAAATAAACTGTAACAAGGATAATCAA

F LTS AIU®PLIKTUVIRUVIIKIKYARATF

T S P Y P L I I S L E I NCNZKTUDNQ 480

1441 AAATTGGCAAGCCTGATAATGAGAGAGGTTTTAGCAGAACAGCTGTACTTTGTTGGCACAAGAACTGATAAACTGCCATCACCAAGGGAATTAAAACATAAAATACTGTTGAAATCCAAG
K L A S L I MREVILAETZ QLYT FVGTURTUDIKTULUZPSZPRETLIKIHIE KTITLTILKS K 520

1561 AAGACGAGTGAAGCAACTAGAGGTCTTAGCGTTAATGAGCCATTTCCATCTTCTTTTAGTTCTTCTTACGAATCAGCTAATGAACAGGAATTAAGAATGAAAGATGACTCCACGAACAGT
K T S EATU R GIUL SV NETPTFUP S SF S S S Y ESANEU QETLRMMEKTPDTUDSTNS 560

1681 AGTAGCGCAACAAATTCTTCTAGTATGCAACGCATCAAAAGAATTGGATTAAAAAAGCACGCTGATATAATTAATGATGTTTCTAACATTTCTGGAATACATGGCATCAAGTTCAGGAAT
S S ATNSS SMOQRTIKRIGTLI KTIEKU HADTITINDTV S NTISGOGIHGTIIKTFRN 600

1801 TTCTCTTTACCAGAGTCCAAAACGATAGCGCATTGTTTTTCACTGAATGAGCGCAAAGTAGAATACATGATAAAAGACAAACACTTAAAATTATCGTTGGATAAACATAATAGAAGATAT
F S L P E S KT I AHTCTF S LNZEHRTI KTV VETYMTIIKTDI KU HLIEKTLSULDIEKUHNR RIRY 640

1921 TTGATGAGAGTCTATCCTCACGTTTTACGATACAAATCATCAAATTTTAACCCAATACCTTTTTGGAAGGCCGGTGTACAAATGGTGGCTACGAATTGGCAAACTAATGATATTGGACAG

L M RV Y P HVLRYKSSNTFNZPI

P F W KAGVQMVATNUWAOQTNDTIGQ 680

2041 CAACTTAATCTGGCAATGTTTCAAATATTAGATCACCAACCTGATGGAAGTTTTAAATCAGGATACGTGCTAAAACCAAAAAAGTTGCTACCTGTAGTAACAAAGGCGAAAATGATTCCA
Q L NL AMTFOQILDUHO QPDGST FIKSGYUVILI KT PZEKTI KTLTLZPVVTIKAIEKMMTIHTF®P 720

2161 TTAATTTACGAACATTTTGAAAATGGTAGTGATCCTGTTACTGTTAAAATTCGAATTTTATCTACACAGTTATTGCCCAGATTGAATGATACATCGCCAAGCAGAAATAACACCAATTCC

L I YEHF ENGSDU&PVTVKTIRTI

L S TQULLPRULNUDTSP S RNNTNS 760

2281 TTTGTTAAAGTGGAGTTTCATACCGATGACGAGCCGACAATGCCCATCTCAATCGATAAGGGTACAAGGATTTCTGCCACTGAAGCATCCACTAAGAGTTCTCAAGGGAATGGATTCAAC
F VKV EFHTDUDTETPTMEPTISIDI KGT RTISATEH ASTIKSSQGNGTF N 800

2401 CCAATATGGGATGCTGAAGTTTCTATCACATTGAAAGATACAGACCTCACATTTATAAAATTCATGGTTATCTCTGAAGAGACCCAGATTGCATCTGTTTGCCTTAAGCTGAACTATTTG

P I WDAEUV S ITULI KU DTUDTLTTFI

2521 AGGATGGGATATCGTCACATTCCGTTGTTTAACATGGAGGGGGAACAATACATATTTTGCACTTTATTTATTCATACACAAATTT

K F MV I SEETUGQIA ASUVCLIKTLNYL 840

GATCTTTTTCCGGCCAAATACACATATT

R MG Y RHTIUPTLTFNMETGEZ QYTIFCTTULTFTIMHTA QTITL * 869

F1G. 2. Nucleotide sequence of PLCI and the deduced amino acid sequence. The numbers of the nucleotide sequence and the amino acid
sequence are shown on the left and right, respectively. Nucleotides are numbered beginning with the A of the first ATG initiator codon that
appears downstream from a nonsense codon found in-frame. The nucleotides with an underline indicate the region amplified by PCR.

small colonies carried the plcl::HIS3 allele. When the seg-
regants were transferred onto a fresh YPD plate and kept at
18°C, 30°C, or 37°C, the cells from the small colonies did
grow, but slowly, irrespective of temperature, indicating that
the cells lacking the PLCI gene product are viable. On the
other hand, tetrads from TY4 strain yielded at most two
visible colonies after 4 days of incubation (Fig. 4B), and also
after 8 days of incubation. The cells from these colonies were
all histidine auxotrophs. Microscopic observation of micro-
colonies that failed to become visible colonies revealed that
the spores germinated but ceased to grow after five or six cell
divisions. These results indicate that disruption of PLCI in
the YPH501 background results in lethality for cells.

To examine the effect of the media on the picl disruptant,
asci from TY1 were dissected on plates of various media.
When the asci were dissected on plates of SC, SDCA, YPD
containing 7% glucose, YPGS, YPD containing 5% galactose,
and YPD containing 5% sucrose, each tetrad yielded two or
fewer visible colonies after 6 days of incubation (Fig. 4 C-H).
Cells from visible colonies were all histidine auxotrophs,
indicating that the plc! disruptants did not form colonies on
these media. In contrast, addition of 5% sorbitol, which yeast
cells cannot utilize as a carbon source, into YPD did not

S.c. Plc1p Overall identity

Rat PLC-B1 2.4% 43.8% 20.7%
R T e

Rat PLC-y1 % 7 24.3%

Rat PLC-y2 22.0%

Rat PLC-31 12.2% 24.6%
B

Bovine PLC-82 11.3% I 500/a.a: 25.1%
S S S S

Fi1G. 3. Structure comparison between the putative PLCI gene
product (Plclp) and mammalian PLC-B, -v, and -8. Identities of each
region are shown in the boxes by percent. The X region and Y region
are indicated by open boxes. SH2 and SH3 indicate the regions
homologous to noncatalytic regions of the src gene product (7).
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FiG. 4. Tetrad analysis of plcl::HIS3/PLCI heterozygous dip-
loids TY1 (A and C-H) and TY4 (B). Asci were dissected on YPD
(A, B), SC (C), SDCA (D), YPD containing 7% glucose (E), YPGS
(F), YPD containing 5% galactose (G), and YPD containing 5%
sucrose (H) plates. They were incubated at 30°C for 6 days (TY1) or
at 30°C for 4 days (TY4).

abolish the colony formation of the picl disruptant (data not
shown), indicating that the inhibitory effect of a high con-
centration of sugar on colony formation of the plc1 disruptant
is not due to the high osmolarity of the media.

Expression of Rat PLC-51 Suppresses the Growth Defect of
the plcl Disruptant. To investigate whether the growth defect
of the plcl disruptant resulted from the reduced activity of
PLC, the rat PLC-81 cDNA was expressed in the plicl
disruptant. pGAP-PLC-81, a multicopy plasmid carrying rat
PLC-81 cDNA under control of the yeast TDH3 promoter
and the selectable marker URA3, was introduced into the
PLC1/plcl::HIS3 strain TY1. When the uracil-independent
transformants were sporulated and dissected on a YPD plate,
more than three visible colonies were obtained from each
tetrad after 4 days of incubation at 30°C, whereas the uracil-
independent transformants with the plasmid without PLC-61
produced no more than 3 visible colonies, all of which were

A

F1G.5. Suppression of the growth defect of the pic! disruptant by
expression of rat PLC-81 cDNA. (A) plcl::HIS3/PLCI heterozygous
diploids, TY1, harboring the plasmid pGAP-PLC-41 (a) or the control
plasmid, pKT10 (), were sporulated, dissected on YPD plates, and
incubated at 30°C for 4 days. (B) Haploid wild-type cells derived from
RAY-3A-D (a) or plcl::HIS3 cells from TY1 with no plasmid (b),
with YEpUPLCI1 (c¢), with YCpUPLC1 (d), or with pGAP-PLC-61
(e) were streaked on a YPD plate and incubated at 30°C for 2 days.

Proc. Natl. Acad. Sci. USA 90 (1993) 1807

histidine auxotrophs, in each tetrad (Fig. SA). Four days of
incubation is not long enough for the picl:: HIS3 cells to form
a visible colony on YPD. In these segregants, all of the
histidine-independent segregants were uracil-independent,
indicating that a segregant carrying plicl::HIS3 harbors
pGAP-PLC-81 to form a visible colony. picl::HIS3 cells
harboring pGAP-PLC-81 grew as well as wild-type cells (Fig.
SB). In the case of TY4, the result was essentially the same
as with TY1 (data not shown). These results indicate that a
lost PLCI gene is complemented by the PLC-81 activity.

DISCUSSION

We have isolated a putative PLC gene, designated PLCI,
from S. cerevisiae. The PLC1 gene product (Plclp) possesses
the X region and Y region, which are hallmarks of PLC-8, -y,
and -8. Plclp does not have either the SH2 or the SH3 region,
both of which are found in the PLC-y family, or an extended
carboxyl-terminal sequence after the Y region, which is
common among the PLC-B family. The overall amino acid
identity between Plclp and bovine PLC-82 is 25.1%, which is
the highest identity between Plclp and other PLCs reported.
From the structural point of view, we propose that Plclp be
classified into the PLC-§ family.

The molecular mass of mammalian PLC-8s (about 85-87
kDa; refs. 31-34) is smaller than that of Plc1p (about 101 kDa)
when the longest open reading frame of PLCI is adopted.
Expression of the open reading frame started from the second
methionine of the 79th codon under the control of the GAL7
promoter and complemented the lost PLCI (unpublished
data), suggesting that the deduced N-terminal sequence of 78
residues shown in Fig. 2 is not essential for the Plc1p activity.
This result is consistent with the fact that the amino-terminal
amino acid sequence is variable among PLCs. However,
more work is necessary to reach the conclusion. It is still
unclear whether Plclp has PLC activity. In this context, it
should be emphasized that the lost PLCI was complemented
with the mammalian PLC-81 activity in vivo. This result
strongly suggests that PLCI encodes PLC. Purification and
characterization of Plclp should clarify this matter.

The disruption of PLCI resulted in a severe growth defect:
slow growth or lethality for cells, depending on the strain
background and medium. Viability of the plcl disruptant was
tested by staining with methylene blue (35), and we found that
few cells in the slowly growing plcl disruptant culture were
inviable. When the plcl disruptant cells grown on YPD or
those in microcolonies formed on an SC plate were inspected
by microscopy, these cells showed no morphological aber-
ration and their growth was not arrested at any specific stage
of the cell cycle. This observation suggests that PLCI may be
required at the various stages of cell cycle. The reason why
the phenotype of the plcl disruptant in the RAY-3A-D
background was different from that in the YPHS01 back-
ground is obscure at this moment. There may be a factor(s)
bypassing the function(s) of PLC! in the RAY-3A-D back-
ground. We do not know the reason for the lethality of picl
disruption on synthetic media and the media containing a high
concentration of fermentable carbon source. Isolating con-
ditional mutants of PLCI should allow us to address these
questions.

It remains unclear whether Plclp is involved in any signal
transduction system. Like growth factors in mammalian
systems, nutrients, especially fermentable carbon sources,
are one of major factors that promote yeast cells to transit G,
phase to S phase. The loss of PLCI caused sensitivity to a
high concentration of fermentable carbon sources and to the
synthetic media, suggesting that Plclp might mediate the
signal transduction functioning in nutrient response. Assum-
ing that Plclp possesses the catalytic function of PLC, it is
likely that the growth defect of the plc! disruptant resulted
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from decreased diacylglycerol and Ins(1,4,5)Ps;, which are
believed to activate the downstream pathways. The PKCI
gene product, a putative protein kinase C in yeast, is a
candidate that plays a role downstream from the PLCI
function(s). In S. cerevisiae, BCK1-20, a dominant mutation
of the BCKI gene, has been isolated as an extragenic sup-
pressor of a pkcl deletion mutant (25). However, we have no
evidence supporting the possibility that these genes interact
with PLC1, since the suppressors of the defect of the PKCI
pathway, such as multicopies of PKC1, BCK1-20, and addi-
tion of osmotic stabilizing agents into media, did not suppress
the growth defect of the picl disruptant on YPD (data not
shown). But it is premature to exclude the possibility that
PKCI1 acts downstream from PLCI, since it is possible that
the pathway mediated by Ins(1,4,5)P; is also important for
cell growth, and this pathway may be independent of the
protein kinase C pathway. Genetic analysis of the PLCI
function(s) should shed some light on understanding the PL.C
functions.

We thank David E. Levin (The Johns Hopkins University School
of Hygiene and Public Health, Baltimore) and Satoshi Yoshida
(Univ. of Tokyo) for providing plasmids. We thank Yoshikazu Ohya
(Univ. of Tokyo) for providing a yeast genomic DNA library. We
thank Tomoko Ando (Univ. of Tokyo) for constructing the plasmid
YCpUPLCI1. This work was supported in part by a Grant-in-Aid for
Scientific Research from the Mombusho.

1. Berridge, M. J. & Irvine, R. F. (1984) Nature (London) 312,

315-321.

Nishizuka, Y. (1984) Science 225, 1365-1370.

Majerus, P. W., Connolly, T. M., Deckmyn, H., Ross, T. S.,

Bross, T. E., Ishii, H., Bansal, V. S. & Wilson, D. B. (1986)

Science 234, 1519-1526.

Meldrum, E., Parker, P.J. & Carozzi, A. (1991) Biochim.

Biophys. Acta 1092, 49-71.

Nishizuka, Y. (1984) Nature (London) 308, 693—-698.

Rhee, S. G., Suh, P.-G., Ryu, S.-H. & Lee, S. Y. (1989)

Science 244, 546-550.

Rhee, S. G. (1991) Trends Biochem. Sci. 16, 297-301.

Emori, Y., Homma, Y., Sorimachi, H., Kawasaki, H., Naka-

nishi, O., Suzuki, K. & Takenawa, T. (1989) J. Biol. Chem. 264,

21885-21890.

9. Bloomaquist, B. T., Shortridge, R. D., Schneuwly, S., Perdew,
M., Montell, C., Steller, H., Rubin, G. & Pak, W. L. (1988) Cell
54, 723-733.

10. Pak, W. L., Grossfield, J. & Arnold, K. (1970) Nature (Lon-
don) 2217, 518-520.

bl d

>

®N o

11.
12.
13.
14.
15.

16.

17.
18.
19.

20.
21.

30.
31.
32.
33.
34.

3s.

Proc. Natl. Acad. Sci. USA 90 (1993)

Levin, D. E., Fields, F. O., Kunisawa, R., Bishop, J. M. &
Thorner, J. (1990) Cell 62, 213-224.

Yoshida, S., Ikeda, E., Uno, I. & Mitsuzawa, H. (1992) Mol.
Gen. Genet. 231, 337-344.

Talwalkar, R. T. & Lester, R. L. (1973) Biochim. Biophys.
Acta 306, 412-421.

Ito, H., Fukuda, Y., Murata, K. & Kimura, A. (1983) J.
Bacteriol. 153, 163-168.

Sherman, F., Fink, G. R. & Hicks, J. B. (1986) Laboratory
Course Manual for Methods in Yeast Genetics (Cold Spring
Harbor Lab., Cold Spring Harbor, NY).

Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989) Molecular
Cloning: A Laboratory Manual (Cold Spring Harbor Lab., Cold
Spring Harbor, NY), 2nd Ed.

Feinberg, A. P. & Vogelstein, B. (1983) Anal. Biochem. 132,
6-13.

Feinberg, A. P. & Vogelstein, B. (1984) Anal. Biochem. 137,
266-267.

Grunstein, M. & Hogness, D. S. (1975) Proc. Natl. Acad. Sci.
USA 72, 3961-3965.

Henikoff, S. (1984) Gene 28, 351-359.

McBride, L. J., Koepf, S. M., Gibbs, R. A., Salser, W., May-
rand, P. E., Hunkapiller, M. W. & Kronick, M. N. (1989) Clin.
Chem. 35, 2196~-2201.

Tanaka, K., Matsumoto, K. & Toh-e, A. (1989) Mol. Cell. Biol.
9, 757-768.

Sikorski, R. S. & Hieter, P. (1989) Genetics 122, 19-27.
Hohn, B. & Collins, J. (1980) Gene 11, 291-298.

Lee, K. S. & Levin, D. E. (1992) Mol. Cell. Biol. 12, 172-182.
Hill,J. E., Myers, A. M., Koerner, T. J. & Tzagoloff, A. (1986)
Yeast 2, 163-167.

Yagisawa, H., Tanase, H. & Nojima, H. (1991) J. Hypertens.
9, 997-1004.

Tanaka, K., Nakafuku, M., Tamanoi, F., Kaziro, Y., Matsu-
moto, K. & Toh-e, A. (1990) Mol. Cell. Biol. 10, 4303-4313.
Saiki, R. K., Gelfand, D. H., Stoffel, S., Scharf, S. J., Higuchi,
R., Horn, G. T., Mullis, K. B. & Erlich, H. A. (1988) Science
239, 487-491.

Yanisch-Perron, C., Vieira, J. & Messing, J. (1985) Gene 33,
103-119.

Ryu, S. H., Suh, P.-G., Cho, K. S., Lee, K.-Y. & Rhee, S. G.
(1987) Proc. Natl. Acad. Sci. USA 84, 6649—-6653.

Suh, P.-G., Ryu, S. H., Moon, K. H., Suh, H. W. & Rhee,
S. G. (1988) Cell 54, 161-169.

Meldrum, E., Katan, M. & Parker, P. (1989) Eur. J. Biochem.
182, 673-677.

Meldrum, E., Kriz, R. W., Totty, N. & Parker, P. J. (1991)
Eur. J. Biochem. 196, 159-165.

Matsui, Y. & Toh-e, A. (1992) Mol. Cell. Biol. 12, 5690-5699.



