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We isolated a fission yeast putative protein serine/threonine phosphatase gene designated
ppel* by hybridization. The predicted amino acid sequence is similar to those of the fission
yeast ppa2 (53% identity) and dis2 (39%) phosphatases, and highly similar to those of the
budding yeast SIT4 (72%), Drosophila PPV (68%) and rabbit PPX (61%) phosphatases.
Antibodies against ppel protein identified a 37-kd polypeptide in fission yeast. A gene
disruption (designated Appel) caused cold-sensitive lethality and short, pear-shaped cells.
These phenotypes were fully suppressed by a plasmid carrying ppel*. Three classes of
multicopy suppressor genes for Appel were identified as follows: 1) ppal® and ppa2* en-
coding type 2A-like phosphatases, 2) mitotically essential dis3* similar to the budding yeast
SSD1/SRK1, a suppressor for sit4, and 3) pck1* coding for a protein kinase C-like kinase.
Consistently, the budding yeast SIT4 gene was also a multicopy suppressor for Appel.
Phosphatase ppel may play a role in cell morphogenesis and mitosis by either regulating
or being regulated by these multicopy suppressor gene products. Consistent with this hy-
pothesis, double mutants ppel-ppa2 and ppel-pck1 are lethal at the permissive temperature.

INTRODUCTION

The protein ser/thr phosphatases are a class of enzymes
that catalyze dephosphorylation of protein phospho-
serine or phosphothreonine and are present ubiqui-
tously in eukaryotes. It was only recently established
that these phosphatases are essential in the cell division
cycle. Mutations in the phosphatase genes were iden-
tified among mutants defective in mitosis for the fila-
mentous fungus Aspergillus nidulans (Doonan and
Morris, 1989), the fission yeast Schizosaccharomyces
pombe (Ohkura et al., 1989), and the fruit fly Drosophila
(Axton et al., 1990). The phosphatase genes identified
are highly similar to the mammalian type 1 protein
phosphatase catalytic subunit (designated PP1; Cohen,
1989). The amino acid sequence identity is ~80% be-
tween fission yeast dis2 and mammalian PP1. Definitive
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evidence for essentiality of the PP1-like genes in cell
division was provided in fission yeast by the lethality
of the double gene disruption of dis2* and sds21* both
of which encode polypeptides highly similar to PP1
(Ohkura et al., 1989).

Phosphatase genes encoding polypeptides highly
similar to mammalian type 2A catalytic subunits (des-
ignated PP2A) exist in fission and budding yeasts (Ki-
noshita et al., 1990; Sneddon et al., 1990; Ronne et al.,
1991; Sutton et al., 1991). The amino acid sequence
identity is ~80%. The fission yeast ppal®™ and ppa2*
genes encoding PP2A-like polypeptides are by them-
selves non-essential for viability but share an essential
function for cell viability (Kinoshita et al., 1990); the
single gene disruptions were viable, but the double dis-
ruption causes lethality. PP1- and PP2A-like dis2* and
ppa2* genes, however, do not share an essential func-
tion; the double mutant of ppa2 and dis2 can grow (Ki-
noshita et al., 1990). Consistent with this conclusion,
dis2 and ppa2 mutants exhibit strikingly different phe-
notypes (Ohkura et al., 1989; Kinoshita et al., 1990),
suggesting that their functions in cell division cycle are
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distinct. Other genes encoding type 2B (calcineurin)-
like phosphatases were reported in budding yeast (Cyert
et al., 1991; Liu et al., 1991); deletion mutants are viable,
suggesting that they are not essential for cell growth.

One question that these studies raise is how many
protein ser/thr phosphatases exist in one organism to
counteract the many protein ser/thr kinases (reviewed
by Cohen et al., 1990). A large number of protein kinases
have been found (Hunter, 1987), but only a relatively
small number of phosphatases have been reported
(Cohen, 1989). Protein phosphatases may have a variety
of regulators that generate the specificity for diverse
substrates, or there may be many more phosphatase
genes awaiting discovery. An approach to find more
phosphatase genes is to isolate the candidate DNA se-
quences by hybridization or polymerase chain reaction
with the use of a consensus sequence. As the amino
acid sequence of the catalytic domains of different
phosphatases are conserved (approximate identity is
40% between dis2 and ppa2), genomic DNAs or cDNAs
having the consensus sequences can be obtained. Such
attempts have been made (e.g., Cohen et al., 1990; da
Cruz e Silva et al., 1991; Posas et al., 1992).

In the present paper, we report isolation and char-
acterization of a novel phosphatase gene in fission yeast,
designated ppel™. It encodes a 37-kd polypeptide, and
the predicted amino acid sequence is similar to that of
the budding yeast SIT4 (Arndt et al., 1989), the fruit fly
PPV (Cohen et al., 1990) and the rabbit PPX phospha-
tases (da Cruz e Silva et al., 1991). It is not absolutely
essential for viability, but its disruption mutant is cold
sensitive. The loss of ppel* causes a defect in cell shape
and length. The phosphatase encoded by ppel* may be
implicated in multiple aspects of cell regulation as the
cs phenotype of ppel mutant is suppressed by the high
dosage of 2A-like phosphatase genes ppal* and ppa2®,
a PKC-related kinase pck1*, and a 110-kd protein-en-
coding dis3* required for sister chromatid separation.
In addition, Matsumoto and Beach (1993) have dem-
onstrated that esp1 mutations suppress the temperature
sensitive phenotype of pim1, and the esp1* gene is iden-
tical to ppel*. The pim1* gene is similar to the human
RCC1 gene (Ohtsubo et al., 1987) involved in chro-
mosome condensation and signal transduction (Mat-
sumoto and Beach, 1991).

MATERIALS AND METHODS

Strains and Media

S. pombe haploid strains HM123 (h~ leul), weel-50, cdc25-22, (Nurse
et al., 1976), and dis3-54 (Ohkura et al., 1988) were employed. Gene
disruptant strains Appal (h~ leul ura4 ppal::urad*), Appa2 (h~ leul
urad ppa2::urad*), Adis2, and Asds21 were previously constructed
(Ohkura et al., 1989; Kinoshita et al., 1990). The gene disruption of
pck1* is h* leul ura4 his2 pckl::ura4* (Toda et al., unpublished ob-
servation). The rich yeast extract, peptone, dextrose (YPD) medium
contains 1% yeast extract, 2% glucose, and 2% polypeptone. The
synthetic EMM2 medium was as described (Mitchison, 1970); 2%
agar was added for plating.
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Plasmids and Gene Disruption

Plasmid pPH101 containing the ppel* gene (formerly called ppx1*,
Kinoshita et al., 1990) was isolated by hybridization with the use of
a 20-mer mixed oligonucleotide (Kinoshita et al., 1990). Plasmids used
for suppression of Appel were described by Ohkura et al. (1989),
Kinoshita et al. (1990, 1991b), and Ohkura and Yanagida (1991).
Plasmids CB182 and pSRK1-2 containing the budding yeast SIT4
(Arndt et al., 1989) and SRK1/55D1 (Sutton et al., 1991; Wilson et al.,
1991), respectively, were the gifts of Drs. K. Arndt and K. Tatchell.

The ppel* gene was disrupted by one-step gene replacement (Roth-
stein, 1983). A 1.9 kb genomic DNA fragment containing the ppe1*
gene was ligated with the Kpn I fragment of the S. pombe ura4* gene
inserted at the Kpn I site in the coding region of ppe1* gene. A linearized
EcoRI fragment (one end in the vector sequence) was used for trans-
formation of the diploid host strain h™/h* leul/leul ura4/ura4 +/
his2 ade6-210/ade6-216.

Fluorescence Microscopy

S. pombe cells in liquid culture were collected by a low-speed centrif-
ugation and stained with the DNA-specific fluorescent probe 4,6-
diamidino-2-phenylindole (DAPI) by the procedure described pre-
viously (Toda et al., 1981). Indirect-immunofluorescence microscopy
was performed (Hagan and Hyams, 1988) by using anti-tubulin an-
tibodies TAT1 (Woods et al., 1989).

Nucleotide Sequencing and Southern Hybridization

Nucleotide sequencing was done by the dideoxy method (Sanger et
al., 1977). pPH211 and pPH221 contained the insert of 4.1 kb genomic
DNA fragment in Bluescript. Standard procedures for sequencing and
hybridization (Maniatis et al., 1982) were followed.

Overexpression of ppel*

Two oligonucleotides, a 21-mer (5-CCGCATATGTTTGTCTTGGAT-
3) and a 24-mer (5-CGCGGATCCTTAGATGAAATACTC-3') were
made. The 21-mer contained the Nde I restriction site in front of the
initiation codon of the ppel* gene. The 24-mer contained the Bam HI
site just after the termination codon of the ppel* gene in the noncoding
strand. These were used as the primers for polymerase chain reaction
(PCR). The resulting 1-kb DNA fragment was ligated into pREP1
(Maundrell, 1990), which had been restricted with Nde I and Bam HI
and treated with alkaline phosphatase. pREP1 contains the inducible
promoter nmtl; the resulting plasmid pXP102 expresses the entire
coding region of the ppel* gene in the absence of thiamine. pXP102
was used for transformation of the wild-type HM123, and transfor-
mants were grown at 33°C in synthetic EMM2 (+thiamine, final con-
centration 2 uM) medium and then transferred to the same medium
lacking thiamine at 33°C. The cell concentration was adjusted to 1.0
X 10°/ml. Aliquots of the culture were taken at 0, 8, 10, 12, 14, 16,
and 18 h.

FACScan Analysis

The procedures described by Costello et al. (1986) were followed.
Haploid wild-type cells were used as a control. S. pombe cells (1-5
X 107) were collected, washed twice in distilled water, resuspended
in 3 ml distilled water, slowly mixed with 7 ml ethanol with vortexing,
and incubated at 4°C for 12 h. Cells were washed and resuspended
in 1 ml 50 mM sodium citrate (pH 7.0). RNase A (final concentration,
0.5 mg/ml) (Sigma, St. Louis, MO) was added and incubated at 37°C
for 2 h. Cells were stained by propidium iodide (final concentration,
12.5 pg/ml) and analyzed by FACScan (Beckton Dickinson, San
Jose, CA).

Preparation of Fusion Proteins and Antisera

Two fusion proteins were made by using the T7 promoter (Studier
and Moffat, 1986). pXP101 and pUM32 contain the entire coding
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region and the carboxyl group (COOH) terminal half of ppel®, re-
spectively. The 21-mer and 24-mer oligo nucleotides described above
were used for PCR of plasmid pPH101, and the resulting 1 kb DNA
fragment was ligated into pAR3038 (Studier and Moffat, 1986; con-
taining the T7 promoter), which had been treated with Nde I1/Bam
HI restriction enzymes and bacterial alkaline phosphatase. pXP101
thus made was introduced into Escherichia coli BL21 and produced a
37 kd full length protein. The Nde I linker (5'-CCATATGG-3") was
introduced at the Ssp I site in the ppel* coding region and used for
ligation behind the T7 promoter. The resulting COOH-half polypep-
tide (168 residues, 20 kd) was produced in E. coli BL21. These fusion
proteins were purified and injected into rabbits by the procedures
described previously (Hirano et al., 1988). Antibodies were affinity-
purified. Immunoblots were performed according to Towbin et al.
(1979).

RESULTS

ppel” Gene Codes for a Protein Phosphatase

We isolated the ppel™ gene (formerly called ppx1*; Ki-
noshita et al., 1990) from a fission yeast genomic DNA
library by hybridization by using a 20-mer mixed oli-
gonucleotide probe encoding the consensus amino acid
sequence for 2A-like phosphatases. Two type 2A-related
phosphatase genes ppal® and ppa2* obtained in this
manner were previously reported (Kinoshita et al.,
1990). The nucleotide sequence of the DNA fragment
from a third gene, ppel*, was determined (Figure 1a),
predicting a coding region consisting of 305 amino acids.
The sequence is identical to that of esp1™* identified by
Matsumoto and Beach (1993). Genomic Southern hy-
bridization using ppel™ as the probe showed only one
set of hybridizing bands with the expected sizes.

The amino acid sequence comparison among different
protein ser/thr phosphatases in fission yeast indicated
that ppel is similar to type 2A-like ppa2 (Kinoshita et
al., 1990) and type 1-like dis2 (Ohkura et al., 1989)
phosphatases (Figure 1b). It is more similar to ppa2 (53%
identical) than dis2 (39% identical). Comparison with
phosphatases of different organisms indicated that ppel
is highly similar to the Saccharomyces cerevisiae SIT4
phosphatase (Arndt et al., 1989; 72% identical), the
Drosophila PPV (Cohen et al., 1990; 68% identical) and
the rabbit PPX (da Cruz e Silva et al., 1988; 61% iden-
tical). The amino acid sequence similarity between ppel
and these three phosphatase was found over the entire
coding regions except the short terminal or near-ter-
minal sequences. The COOH-terminal residues YFL/I,
however, are conserved among ppa2, ppel, PPV and
PPX phosphatases.

ppel* Gene is Required at Low Temperature

To investigate whether the ppel* gene is essential for
viability, one-step gene disruption was done, by using
a 1.9-kb fragment containing the S. pombe ura4* gene
as the marker (Figure 2a). The resulting Ura* hetero-
zygous diploid transformants produced four viable
spores at 33°C. Genomic Southern hybridization of
the heterozygous diploid (+/A) and haploid segre-
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gants (+ or A) produced new restriction bands with
the expected sizes (8.5-kb Bgl II and 2.0 and 2.1-kb
HindlIll) for gene disruption of ppel® (Figure 2b).
These results indicate that the ppel* gene is non-es-
sential for viability.

Cell growth of the haploid gene disruptant (des-
ignated Appel), however, is not normal. The cell di-
vision of Appel is slow at 33°C. The doubling time
of Appel is 3.5 h in rich YPD medium at 33°C,
whereas the wild-type doubling time is 2.2 h under
the same culture conditions. Furthermore, as also de-
scribed by Matsumoto and Beach (1993), the growth
of Appel is cold-sensitive. Small colonies exist at 26°C
and no colony is seen at 20°C, as shown in Figure 3a.
Introduction of a multicopy plasmid carrying the
ppel® gene complements the cs phenotype so that the
absence of the ppel* gene must cause the cs lethal
phenotype.

Multicopy Suppressor Genes for the cs Phenotype

of Appel

Various phosphatases, kinases and related genes were
examined for ability to suppress the cs phenotype of
Appel. As shown in Figure 3b and Table 1, we found
that high gene dosage of the following four S. pombe
genes suppresses the cs phenotype, in that colonies were
produced in the transformants at 26 and 20°C. Multi-
copy plasmids carrying ppal* or ppa2* phosphatase
genes (Kinoshita et al., 1990) suppress the growth phe-
notype of Appel. Their amino acid sequences are ~80%
identical. Multicopy plasmids carrying other phospha-
tase genes, dis2* or sds21* (Ohkura et al., 1989) or the
regulator sds22" for dis2* and sds21* (Ohkura and Ya-
nagida, 1991; Stone et al., 1993) do not suppress the cs
phenotype of Appel.

Cells carrying a multicopy plasmid with the dis3* gene
(Kinoshita et al., 1991a) also produce colonies at 20°C
(Figure 3b and Table 1). Hence the high gene dosage
of dis3* suppresses the cs lethality of Appel. This may
be analogous to the case of the S. cerevisiae SSD1 (Sutton
et al., 1991), the overexpression of which suppresses
the phenotype of sit4 phosphatase mutants. The amino
acid sequence of the dis3* gene product was previously
shown to be similar to SSD1/SRK1 (Kinoshita et al.,
1991a; Sutton et al., 1991; Wilson et al., 1991). dis3*
was previously shown to be related to the protein phos-
phatase dis2* as the double cs mutant dis2 dis3 was
lethal at the permissive temperature (Kinoshita ef al.,
1991a) and as the mitotic phenotype of dis2-11 and dis3-
54 is highly similar (Ohkura et al., 1988).

Surprisingly, a multicopy plasmid carrying the protein
kinase C-related pckl* gene (Toda et al., 1993) was
found to suppress the cs phenotype of Appel. The pckl
and pck2 kinases have the consensus sequences for
mammalian protein kinase C, and a cell morphology
phenotype similar to Appel (see below) was found for
the deletion mutant of pck2*.

305



M. Shimanuki et al.

b

SITH
ppel
ppal
dis?

MVSRGP El:( A
MF ABVRERKY
MSIDPANDSKLAPEANDATTG EQLKEREP

3
LES
VED
PEE

¥ '

i
EDREF $108
8B DLNSM

0

TCTAGAAGAGATCCTTGAATAATTTGTGCTACAACG
ATGTTTGACTTGGATGAATGGATCGCTACAGTAAGGAAGTGTAAATATCTTCCAGAACAC
M F D L D E W I ATV RIKCIK Y L P E H

CAGTTGAAACGATTGTGTGAGATGGTAAAAGTTATTTTAATGGAGGAGTCCAATATCCAG
Q L K R L CEMV K VI L METE S NI Q

CCTGTGCGGACTCCCGTTACTGTTTGTGGTGATATACATGGTCAGTTTTACGACCTTTTG
P V R T P V T V G D I H Y D L L

GAACTGTTTCGAGTAGGTGGAGAATTGCCAAGCACAAATTATATATTTATGGGTGATTTT
E L F RV G G E L P S TNY I F MG D

GTGGATCGAGGTTATTTTAGCTTAGAAACTTTTACGTTATTTATGCTTTTGAAAGCAAGG
V D R G F s L E T F T L F ML L K A R

Kppnl
TACCCAGATAAAATTACATTGCTTCGTGGTAATCACGAAAGTCGCCAGATCACTCAAGTC
Yy P D K I TJLULRGNJU HESU RZOQTITQV
Sspl
TACGGGTTTTATGATGAGTGTCAAACCAAATATGGAAATGCAAATGTTTGGAAATATTGT
Y G F YDETGCO QTIE K ZYGNA ANV WK Y C

TGCCAAGTTTTTGATTTTTTGACTTTGGCAGCGGTTATCGATAACAAAATTTTATGCGTG
cC Q vV F D F A AV I DNIKTI L CV

CATGGTGGATTATCTCCGGAAGTTCGCACATTGGATCAGATTCGTATTCTTGCGCGTGCT
H G G L s P E V RTULD QI R I L A R A

CAAGAAATTCCCCATGAAGGCTCATTTTGCGATTTGATGTGGTCTGATCCAGAGGATATT
Q E I P HEGSF CDILMMWS D P E D

GAATCTTGGACTGTTTCGCCTCGGGGAGCTGGATGGTTGTTTGGTTCTAAAGTTACTACC
E S w TV S P R GA G WL F G S K VT T

GAATTTAGTCAAATCAACGACTTGACATTGATTGCTCGTGCTCATCAACTTGTTCAAGAG
E F S Q I N D L T A R A H Q L V Q E

GGCTACAAATATCATTTTGCCGATAAAAATCTTGTTACCGTTTGGAGTGCTCCCAATTAC
G Y K Y HF ADIKNTULVT TV W S AP N Y

TGCTATAGATGTGGAAATGTGGCAAGTGTTATGAAAGTAGATGAATCTTTGGAACCGGAA
cC Y R CGNV A S VMIKUVDES L E P E

TTTCGTATTTTCTCGGCTGTTGCCGACGAAGATCGTACCGTTCCCCCTAGCAGAAAAAGA
F R I F S AV A DE DR T V S R K R

AGCGAGTATTTCATCTAACTTTGGTATGTGCAAGTCAAATATCTTGTTTTTTATGGCACT
S E Y F I *

CATATACCGAATTC

EM

oLl
DVEM
EIRF

DKAREVECQ

MSNPOVDLDS | IDRLEEVRGSRPGRQVQ HKARE'FISOPI{[ELEA»

| B ¥ LECERVK
T F F‘L b 1

L " B Do R
ANRLEL KoBREv | cOLLAYE KRBENFF I R

S i L D-NVEA
llA | S E-§15SHT
DEVERY PMESEL D-BRCG
RIMEPTDVED TEL LESEL DKBLTGWGDND

M v O OREP TBK DY IRESTANHNNQRA
0 . il 'l PPS!KRSE

" ATLEVODTMNQVELCEDPAPREGE X | ARBTPD---—¥i
£

AGAMESVOEBELCSEQTLKPAEKKORYGYQGS SONWHMT PPRKNKTGNSK

+60
20

+120
40

+180
60

+240
80

+300
100

+360
120

+420
140

+480
160

+540
180

+600
200

+660
220

+720
240

+780
260

+840
280

+900
300

+960
305

+974

10
68
87
80

196
153
1
164

241
138
197
250

n
305
n
1

Figure 1. Nucleotide and predicted amino
acid sequences of ppel*. (a) The nucleotide
sequence of the cloned ppel* gene is shown
with the predicted amino acid sequence. (b)
Comparison of the amino acid sequences of
the budding yeast SIT4, ppel, ppa2, and
dis2 phosphatases. Identical amino acid
residues are hatched. The nucleotide se-
quence of ppel* will appear in the DDBJ,
EMBL, and GenBank Nucleotide Sequence
Databases with accession number D13712.

These high gene dosage suppressors may be classified
into three types, namely, phosphatase, kinase, and a
mitotically essential phosphatase-related protein.
Suppression by ppal*, ppa2*, dis3*, and pck1* genes is
partially compared with that by ppel* itself; the colony
size produced at 20 and 26°C is smaller than that of
wild-type or Appel cells transformed with a plasmid
carrying the ppel™ gene.
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Budding Yeast SIT4 Phosphatase Gene is also a
Multicopy Suppressor

A multicopy plasmid carrying the S. cerevisiae SIT4 gene
(a gift of Dr. K. Arndt) suppresses the cs phenotype of
Appel (Figure 3b, Table 1). Suppression was clearly seen
both at 20 and 26°C, but the degree of suppression was
partial, judging from the size of colonies formed. The
budding yeast SSD1/SRK1 gene (a gift of Dr. K. Tatchell)

Molecular Biology of the Cell



Figure 2. Gene disruption of ppel®. (a) A genomic DNA fragment
containing the ppel* gene was restricted with Kpn I (indicated by K)
into which was ligated the S. pombe ura4* gene (the fragment ends
contained the sites of Kpn I and HindllI (indicated by H). This fragment
was used for transformation of a diploid strain. Expected restriction
sizes for the chromosomal integrant are shown; 8.5 kb by Bgl II (in-
dicated by B) and 2.0- and 2.1-kb bands by HindIIl. (b) Genomic
Southern hybridization of S. pombe wild-type diploid (indicated by
+/+), heterozygous diploid (+/4), and haploid segregants (+ or A)
restricted with Bgl II (left) or Hindlll (right). The probe used was a
1.9-kb fragment containing the ppel* gene. Haploid disruption se-
gregants were viable at 33°C and their genomic DNA produced the
hybridization bands at the expected sizes.

failed to suppress the cs phenotype of Appel. However,
it was not determined whether SSD1/SRK1 was ex-
pressed in S. pombe under the experimental condition
employed.

Cell Shape and Length are Altered in Appel

The cell length and shape of Appel was strikingly dif-
ferent from the wild type (Figure 4, a and b); Appel
cells were short and round.

The average cell length of Appel is 7.6 and 9.6 um
at 26 and 33°C, respectively. The average cell length
(7.6 um) of slowly growing Appel at 26°C is comparable
to that (7.0 um; Fantes, 1981; Russell and Nurse, 1987)
of wee1-50 at 36°C and much shorter than the wild type
average cell length (11.0 pm). Growth-arrested Appel
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cells at 20°C were also short with roughly the same
average length as that at 26°C. However, Appel cells
are distinct from weel, as their cell width is larger (~1.5
times) than that of weel. Furthermore the cell shape of
Appel is round, often pear-shaped, or somewhat irreg-
ular. The cell shape of weel mutants is rod-like, as are
wild-type cells (Fantes, 1981).

DAPI-stained Appel cells are shown in Figure 4b.
Neither highly condensed nor abnormally segregated
chromosomes have been observed. The frequency of
mitotic cells in a culture of Appel at 26°C is similar to
that of wild-type cells. Hence obvious mitotic defect
was not found in Appel cells.

The DNA contents of Appel cells at 33, 26, and 20°C
were analyzed by the FACScan method (Costello et al.,
1986). As shown in Figure 4c, exponentially growing
Appel cells at 33°C revealed a single peak. The position
of the peak was shifted from that of exponentially
growing wild-type cells containing the G2 DNA content
to the direction opposite that for the G1 DNA content.
The peak position for G1 DNA content was determined
by using nitrogen-starved wild-type cells or cdc10 mu-
tant incubated at 36°C (Kinoshita et al., 1991a). The
shift was probably due to changes in cell shape and
length rather than in DNA content. Hence a culture of
Appel cells at the permissive temperature is likely to
consist mostly of G2 cells. Similar FACScan patterns
were obtained for slowly growing or arrested cells at
26 and 20°C, respectively.

Suppression of the Cell Shape Phenotype
by Multicopy Suppressor Genes

We investigated whether multicopy suppressor genes
for the cs phenotype of Appel could also suppress the
cell length and shape phenotype of Appel. Transfor-
mants of Appel cells carrying the multicopy vector
plasmid (indicated by vector), or multicopy plasmids
with ppel*, the budding yeast SIT4, ppa2*, pck1*, or
dis3* gene are shown in Figure 4a. Appel cells carrying
the vector plasmid were short and pear-shaped, whereas
Appel cells carrying plasmids with the ppel* gene were
normal in shape and length; cells are rod-like rather
than pear-shaped. The cell size distribution was also
like the wild type. Transformants of Appel by plasmids
with the SIT4, ppa2*, pck1™, or dis3* gene still contained
small fractions of short and/or pear-shaped cells, but
the majority of cells were normal or nearly normal. High
gene dosage of SIT4 has a strong effect on the cell length
and shape; the cell shape of Appel cells became mostly
normal. However, a fraction of cells were still small and
round. Three genes, ppa2*, pckl*, and dis3* showed
similar suppression patterns; that is, abnormality of
Appel cells in both cell shape and length partly remained
in the transformants.
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a

Figure 3. Cold sensitive phenotype of Appel and its extragenic suppressors. (a) Wild-type (wt) and Appel disruption mutant cells (Appel)
were streaked on plates at 33, 26, and 20°C. Appel fails to produce colonies at 20°C and produces small colonies at 26°C so that Appel is
cold-sensitive. (b) Appel disruption mutant cells were transformed with different multicopy plasmids, and transformant cells were streaked on
plates at 33, 26, and 20°C. Results of 8 transformant cells carrying different plasmids are shown. Cells carrying multicopy vector plasmid
(vector) failed to produce colonies at 20°C, while cells carrying plasmid with the ppel* gene (ppel*) grew normally at 20°C. The Appel cs
phenotype was suppressed by several multicopy plasmids carrying ppal*, ppa2*, dis3*, and pck1* genes but not by dis2*, sds21*, and sds22*.
The high gene dosage of the S. cerevisiae SIT4 gene also suppressed the cs phenotype of Appel.

Other Phosphatase Genes Functionally Overlap
with ppel”

The Appel deletion mutant was crossed with phospha-
tase deletion mutants, Appal, Appa2, Adis2, or Asds21,
and the growth properties of resulting double mutants
were examined. As Appel cells were poor in conjugation
and hardly formed spores when crossed with wild type,
transformants with plasmid carrying the ppel™ gene
were used for crossing and, after tetrad dissection, hap-
loid segregants, which lost plasmid were examined. As
shown in Table 2, the double mutant Appel Appa2 failed
to produce colonies, suggesting that ppel* and ppa2*
genes might share an essential function. Other double
gene disruptants, Appel-Appal, Appel-Adis2, and
Appel-Asds2]1 were viable and produced colonies.
However, two of the double mutants did not grow like
the Appel single mutant; the doubling times of Appel-
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Appal and Appel-Adis2 were both 5.2 h, whereas that
of single Appel and double Appel Asds21 was 3.5 h.
The double gene disruptant Appel-Appa2 germinated
but was arrested after a few rounds of cell division. The
cell shape and morphology of these arrested cells were
similar to those of the single Appel disruptant.

A cross was made between Appel and the Apckl ki-
nase deletion mutant; the double mutant was lethal.
Hence ppel* phosphatase and pck1* kinase may share
an essential function. The functional relationship be-
tween ppel* and pck1™ is further strengthened by the
staurosporine sensitivity of Appel as shown in Table 3.
Wild-type fission yeast is sensitive to staurosporine, a
kinase inhibitor, and is not able to grow in the presence
of 0.5 ug/ml drug (Toda et al., 1991). Appel becomes
more sensitive to the drug (unable to grow in 0.3 pg/
ml drug concentration) than wild type, whereas high-
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Table 1. Multicopy suppressors of the cs phenotype of Appel

Genes carried by
multicopy plasmid

Colony formation
at 20°C

ppel* ++
ppal®
ppa2*
dis2*
sds21* -
sds22*

dis3*

pck1*

Budding yeast SIT4
Budding yeast SSD1
None, vector -

+ +

I+ 4+ + |

Appel cells were transformed with multicopy plasmids carrying the
indicated genes, and resulting transformants obtained at 33°C were
streaked on EMM2 plates and incubated at 33 and 20°C for 4 and
10 d, respectively. The colony formation of transformants at 20°C is
shown in the Table. The colony formation at 33°C was normal.

copy expression of either the ppel™ or pck1* gene sup-
presses the drug hypersensitivity. The loss of the ppel*
gene may reduce the activity or the level of a kinase
involved in determining the staurosporine sensitivity.

Characterization of the ppel* Gene Product

To characterize the gene product of ppel*, we raised
antiserum against a full length polypeptide made in E.
coli using the T7 promoter. As shown in Figure 5, wild-
type extracts produce a polypeptide band at the position
of 37 kd, which is completely absent in Appel deletion
mutant extracts. When wild-type extracts of cells con-
taining multicopy plasmid with the ppel* gene were
used, the band intensity did not increase significantly,
but a small increase (clearly seen in original blotting
patterns) was reproducibly observed. We concluded that
the antibodies specifically detected the gene product of

ppel™.

Effect of Overexpression of ppel* on Cell Division

The fission yeast nmt1 inducible promoter (Maundrell,
1990) was employed for overexpression of ppel*. To
this end, the nmt1 promoter was ligated in front of the
initiation codon of ppel*, and the resulting plasmid was
introduced into S. pombe wild-type cells. In the presence
of thiamine, the nmt1 promoter is shut off, whereas in
the absence of thiamine, expression is induced (Maun-
drell, 1990). On plates, wild-type cells carrying a plas-
mid with the nmt-ppel* gene produce colonies in the
presence or the absence of thiamine. The size of colonies
is smaller in the absence than in the presence of thia-
mine.

In liquid culture, because intracellular thiamine de-
pletion requires several cell divisions, induced expres-
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a vector ppel* ppa2*
dis3* pck1* SIT4
b
Appet
C

wild type Appel
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° 280 422 E@@ eR@ @@ @ @2 49 @@ e@@ 1a0a

Figure 4. Cell morphology and the DNA content of Appel. (a) Appel
disruption mutant cells were transformed with 6 different multicopy
plasmids, and the phase contrast micrographs of transformant cells
grown at 33°C are shown. Vector; Appel cells carrying multicopy
vector plasmid. They were short and round. ppel*; Appel cells carrying
multicopy plasmid with the ppel* gene. Their cell shape and length
are indistinguishable from wild type. ppa2*, dis3*, and pck1*; Appel
cells carrying multicopy plasmids with the ppa2*, dis3*, or pck1* gene.
SIT4; Appel cells carrying multicopy plasmid with the S. cerevisiae
SIT4 gene. These 4 extragenic suppressors, which complemented the
cs phenotype of Appel, partially suppressed the cell shape and length
phenotype of Appel. The wild-type S. pombe cells are not shown but
are indistinguishable from cells shown in the panel indicated by ppel®.
The bar indicates 10 um. (b) DAPI-stained fluorescence micrographs
of wild type (wt), Appa2, weel-50 and Appel cells grown at 33°C.
Cells of Appa2 and weel-50 are shown to be short in cell size (Russell
and Nurse, 1987; Kinoshita et al., 1990). Normal looking nuclear
chromatin structure was found in DAPI-stained Appe1 cells. The bar
indicates 10 um. (c) FACScan analysis of exponentially growing wild-
type and Appel cells. Cells containing 2C DNA are abundant.
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Table 2. Growth property of the double mutants between Appel
and other phosphatase disruptions

Colony formation Doubling time

Strains at 33°C (h)

Wild type +++ 22
Appel ++ 35
Appel Appal + 5.2
Appel Appa2 - Lethal
Appel Adis2 + 52
Appel Asds21 ++ 35
Appel Apckl - Lethal

The doubling time was estimated in YPD liquid cultures at 33°C.

Table 3. Sensitivity of Appel to staurosporine

Staurosporine Colony
Strains (ng/ml) formation
Wild type 0.5 -
0.3 +
0.2 +
Appel 0.5 -
0.3 -
0.2 +
Appel with OPppel* 0.5 -
0.3 +
Appel with OPpck1* 0.5 -
0.3 +

* sion was observed only after 10 h. The amount of ppel
protein estimated by immunoblotting (Figure 6a) in-
creased after 12 h. Significant protein degradation of
ppel was also detected. In parallel with the overpro-
duction of ppel protein, the rate of cell number increase
was sharply reduced to 30% after 12 h. DAPI-stain flu-
orescence microscopy showed that many cells in the
absence of thiamine after 16 h are elongated, containing
the single nucleus (Figure 6b). Nuclear chromatin is
somewhat altered (possibly condensed) from the wild
type hemispherical chromatin region (see Figure 4b).
Immunofluorescence microscopy using anti-tubulin
antibody TAT-1 (Woods et al., 1989), however, dis-
played cytoplasmic microtubules in the absence of thia-
mine (Figure 6c). Such cytoplasmic array is characteristic
of the interphase cells (Hagan and Hyams, 1988). The
spindle structure was hardly seen, suggesting that ppel-
overexpressing cells may not enter mitosis. In the pres-
ence of thiamine, however, both interphase and mitotic
cells, respectively, revealing cytoplasmic and spindle
(indicated by the arrow in Figure 6C, left) microtubules
are seen.

DISCUSSION

We report in the present paper isolation and character-
ization of the ppel* phosphatase gene of fission yeast.
It is not absolutely required for viability, but the dis-
ruption mutant displays a cs lethal phenotype. Even at
the permissive temperature, cells grow significantly
more slowly than wild type. ppel appears to have a
cellular function distinct among protein ser/thr phos-
phatase genes so far identified in fission yeast; gene
disruption mutant cells of ppel* produce an aberrant
cell shape. Because this cell morphology phenotype has
not been found in other protein ser/thr phosphatase
mutants identified in fission yeast (Booher and Beach,
1989; Ohkura et al., 1989; Kinoshita et al., 1990, 1991b;
Yanagida et al., 1992; Yoshida et al., unpublished ob-
servation), but seen even in growing Appel cells at the
permissive temperature, the ppel* gene seems to play
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OPppel* and OPpck1* represent multicopy plasmids carrying the ppel*
and pck1* gene, respectively.

a role in controlling cell shape in fission yeast. However,
little is known about how ppel phosphatase is actually
involved in forming the rod-shaped cell morphology of
fission yeast. Because plasmids carrying the ppel* gene
fully complemented the cell shape phenotype, the loss
of ppel” is solely responsible for the phenotypes ob-
served. The PKC-related pckl* gene might have an
overlapping function in cell shape control (see below).

The cell length of Appel is strikingly reduced com-
pared with that of the wild type. The average cell length
of Appel at the restrictive temperature is comparable to
that of weel-50 mutant (Fantes, 1981; Russell and Nurse,
1986, 1987). However, Appel cells were distinct from
weel-50 because the cell width of Appel was much
larger than that of wild type. Therefore, the total cell
volume of Appel at the restrictive temperature is roughly
the same as that of wild type. The cell volume of weel-
50 is approximately one-half that of wild type. From
this difference, the short cell length phenotype of Appel
is not thought to represent the same phenomenon as
that of the wee phenotype. The double mutant weel-50

Figure 5. Identification of ppel
polypeptide using anti-ppel antibod-
ies. Extracts of S. pombe wild-type cells
(wt), disruption mutant (Appel), and
kD wild-type cells carrying multicopy
928 = plasmid with the ppe1* (WT/p[ppel”])
gene were run in SDS-PAGE and im-
munoblotted with the use of anti-ppel
antibodies. The 37-kd polypeptide was
detected in the lanes of wild type and
wild type with multicopy plasmid but
not in deletion mutant. Molecular
weight markers used are phosphory-
lase B (92.5 kd), bovine serum albumin
(66.2 kb), ovalbumin (45.0 kd), car-
bonic anhydrase (31.0 kd), soybean
. trypsin inhibitor (21.5 kd), and lyso-
PP pope zyme (14.4 kd).

66.2 m—

45.0 m—
e, - e p37

31.0 =

21.5 m—

14.4 =
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Figure 6. Overexpression of ppel*. (a) The ppel* gene was ligated
with the inducible promoter nmt1* and overexpressed in the absence
of thiamine. The level of ppel protein (¥) with p37 shown in the
immunoblotting patterns was increased after 12 h. (b) DAPI-stained
cells carrying nmt-ppel plasmid, which overexpress the ppel* gene
in the absence of thiamine. Elongated cells containing the nucleus
with apparently altered chromatin structure are frequently seen. The
bar indicates 10 um. (c) Immunofluorescence micrographs of wild-
type cells carrying nmt-ppel plasmid in the presence (indicated by
+T) or the absence (—T) of thiamine. Micrographs were taken for
cells after 16 h. Top, anti-tubulin TAT-1 staining; bottom, DAPI
staining. Elongated cells produced in the absence of thiamine contained
cytoplasmic microtubules. Cells with the mitotic spindle were hardly
seen in the absence of thiamine. A cell with the mitotic spindle in the
presence of thiamine is indicated by the arrow. The bar indicates 10
pm.

Appel is viable so that they do not share an essential
function. The cell length of Appel is shorter at 26 than
at 33°C. There might exist a correlative relationship be-
tween cs lethal phenotype and cell length shortening.
An abnormal cell shape was not observed in mutants
of the budding yeast SIT4 gene (Arndt et al., 1989; Sut-
ton et al., 1991), which might be a functional homologue
of ppel®, judging from predicted amino acid sequence
identity and mutant phenotype suppression. The amino
acid identity between SIT4 and ppel phosphatases is
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high (72%), and the Appel mutant phenotype is sup-
pressed by the high gene dosage of SIT4. Note, however,
that the cell shape of wild-type budding yeast is round
so that the mechanism to produce the rod-shaped cells
might be specific to fission yeast and not present in
budding yeast. Alternatively, the lack of ppel/SIT4
phosphatase possibly causes aberration in cytoskeletal
structures, and that causes a gross change in cell shape
for fission yeast. Another significant difference between
sit4 and ppel mutants was found in the measured DNA
contents under the restrictive conditions. Cells with a
G2 DNA content were accumulated in Appel, but cells
with a G1 DNA content were found in sit4 mutants
(Sutton et al., 1991). The reason for this difference is
not understood. Drosophila PPV and rabbit PPX phos-
phatases (Cohen et al., 1990) are also highly similar to
ppel, but their cellular roles are unknown. Some ab-
normality in cell-shape control was reported in type 2A
catalytic (Ronne et al., 1991) and regulatory subunits
(Healy et al., 1991).

The multiple phenotypes for Appel are consistent
with the action of multicopy suppressor genes, which
are classified into three groups, namely, 2A-related
phosphatases ppal and ppa2, a mitotically required
protein dis3 and a PKC-related kinase, pck1. In addition
to these, Matsumoto and Beach (1993) show that mu-
tations in the fission yeast pim1* gene, which is similar
to human RCCI (Matsumoto and Beach, 1991), were
suppressed by the loss of ppel™ function. Only future
investigations will reveal the actual relationship between
these diverse gene products (Figure 7). The following
discussion is intended to establish the presence of re-
lationships rather than to explain molecular interactions
among them.

Because the double mutant ppa2-ppel is lethal, these
different phosphatases may share the substrates that
are essential for viability. The amino acid sequence
identity between ppel and ppa2 is ~50%, significantly
higher than that between ppel and dis2. The loss of
the ppa2" gene produces a semi-wee phenotype (Ki-
noshita et al.,, 1990). Substrate proteins related to cell
length control might be regulated by both ppel and

Mitosis Cell shape

Cell cycle

Nucleus Cell size

Figure 7. Relationship between ppel phosphatase mutation and
high-gene dosage suppressors, ppal*, ppa2*, dis3*, and pckl* genes
identified in the present study. ts pim1 mutation was suppressed by
mutation or disruption of the ppel* gene (Matsumoto and Beach,
1993).
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ppa2 phosphatases. The inactivation or hyperactivation
of such substrate protein functions by the lack of ppa2
and/or ppel phosphatases might cause the inability to
reach normal cell length.

High gene dosage of dis3* suppresses the disruption
phenotype of ppel™. The dis3 mutation is defective in
mitotic chromosome disjunction, showing the failure to
exit from mitosis, the phenotype commonly found in
dis1 and dis2 (Ohkura et al., 1988). The dis3* gene en-
coding an essential 110-kd protein (Kinoshita et al.,
1991a) is possibly related to the dis2* gene, because the
double mutant dis2-dis3 is lethal at the permissive tem-
perature. The dis2* gene encodes the catalytic unit of
type 1-like phosphatase (Ohkura et al., 1989; Kinoshita
et al., 1990). The relationship between dis3* and ppel*
was not unexpected because the budding yeast sit4 mu-
tations were suppressed by SSD1/SRK1, which has a
significant sequence similarity to dis3* (Kinoshita et al.,
1991a; Sutton et al., 1991; Wilson et al., 1991). Hence
ppel phosphatase is related to dis3 protein, but the ac-
tual relationship between ppel and dis3 is unknown.
The double mutant dis3-ppel has not been constructed
due to the difficulty in crossing between them. Char-
acteristic abnormal mitosis that causes dis mutants to
fail in sister chromatid separation (Ohkura et al., 1988)
is not observed in Appel cells at 20°C so that the reason
why Appel is suppressed by multicopy plasmid carrying
the dis3* gene is unclear. The molecular function of
dis3 protein is little understood; dis3 protein is enriched
in the nucleus and essential for viability (Kinoshita et
al., 1991a). It remains to be determined whether the
dis3 directly interacts with ppel and related phospha-
tases. Alternatively, dis3 protein might interact with
pim1 or related proteins such as spil (Matsumoto and
Beach, 1991). Only future investigation can establish
the involvement of ppel phosphatase in mitosis.

High gene dosage of PKC-related pck1* also sup-
presses the disruption phenotype of ppel*. The link be-
tween ppel phosphatase and pckl kinase is strength-
ened by the phenotypic similarity between Appel and
Apck2 in producing pear-shaped cells (Toda et al., 1993).
Furthermore, the synthetic lethality of the double mu-
tant Appel-Apckl gene disruptants suggest that these
genes share an essential function. The phosphatase ppel
may directly or indirectly up-regulate the activity of pck1
kinase. This hypothesis is consistent with the fact that
Appel is hypersensitive to staurosporine. Alternatively,
pck1 kinase possibly up-regulates ppel phosphatase.
These two genes appear to be implicated in cell-shape
control.

Matsumoto and Beach (1993) show that ts pim1 mu-
tants are suppressed by mutations in the espl* gene
that is identical to ppel*. piml1 is likely to be a GTP-
exchange factor that interacts with the GTP-binding
protein spil (Matsumoto and Beach, 1991 and 1993).
The loss of pim1* gene function causes hyperchromo-
some condensation like in a mutant of the mammalian
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RCC1 gene (Ohtsubo et al., 1987). pim1 or spil might
be phosphorylated, and its dephosphorylation possibly
regulated by ppel. In short, we report a novel fission
yeast phosphatase ppel that is involved in cell-shape
control and possibly also in cell length, mitosis, and
signal transduction.
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