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We have used degenerate oligonucleotide probes based on sequences conserved among known protein
tyrosine phosphatases (PITPases) to identify two Schizosaccharomyces pombe genes encoding PIPases. We
previously described the cloning of pypl+ (S. Ottilie, J. Chernoff, G. Hannig, C. S. Hoffman, and R. L.
Erikson, Proc. Natl. Acad. Sci. USA 88:3455-3459, 1991), and here we describe a second gene, called pyp2+.
The C terminus of each protein contains sequences conserved in the apparent catalytic domains of all known
PTPases. Disruption ofpyp2+ results in viable cells, as was the case forpypl +, whereas dismuption ofpyp2+ and
pypl + results in synthetic lethality. Overexpression ofeitherpypl+ orpyp2+ in wild-type strains leads to a delay
in mitosis but is suppressed by a weel-50 mutation at 35°C or a cdc2-1w mutation. Apypl disruption suppresses
the temperature-sensitive lethality of a cdc25-22 mutation. Our data suggest that pypl+ and pyp2+ act as
negative regulators of mitosis upstream of the weel+/lmikl+ pathway.

The structural and functional diversity of protein tyrosine
kinases (PTKs) has been a major center of attention for over
a decade because of the role of PTKs in oncogenesis, cell
proliferation, and cell differentiation (26). Studies on revers-
ible tyrosine phosphorylation of proteins have suffered,
however, from a notable absence of characterized phos-
phatases specific to tyrosine dephosphorylation (PTPases).
In contrast to PTKs, the genes for which were initially
captured by avian retroviruses or became available because
of the relative abundance of some growth factor receptors,
the PTPases required extensive purification because of their
low abundance (27). The sequencing of a purified human
placental PTPase termed PTP1B led to a major breakthrough
in our understanding of this class of enzymes (4). They are
structurally unrelated to serine/threonine-specific phos-
phatases and have an extraordinarily high level of activity in
vitro. Molecular cloning results to date indicate that the
PTPase family may be as diverse as the PTK family (2, 5, 7,
21). Some members are entirely cytoplasmic in location,
whereas others have transmembrane sequences and N-ter-
minal extracellular domains (7, 48, 49). These proteins may
be analogous to receptor tyrosine kinases, with their PTPase
activity regulated by extracellular ligands. Therefore, stud-
ies of this gene family are likely to be as rewarding as studies
of PTKs.
A key regulator of the eukaryotic cell cycle is p34cdc2 (for

a review, see reference 35), a serine/threonine-specific pro-
tein kinase. The Schizosaccharomyces pombe homolog
p34cdc2, encoded by the cdc2+ gene (24), responsible for the
G1JS and G2/M phase transition, is regulated in its activity
throughout the cell cycle by phosphorylation (33, 47), in
particular of a tyrosine residue within the ATP-binding site
(18). At the G2/M transition in the cell cycle, dephosphory-
lation of this tyrosine (Tyr-15) is associated with rapid
activation of the capacity of p34CF2 to phosphorylate exog-
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enous substrates such as histone Hi. Although the PTK that
phosphorylates p34cdc2 has not been unambiguously identi-
fied, the weel+ gene product, p107, which negatively regu-
lates p34Cd2 activity, is a strong candidate in S. pombe (12,
39, 43). More recent data indicate that the weel+ gene
product, along with that of a newly identified gene, mikl+,
cooperates in the tyrosine phosphorylation of p34cdc2 (30).
Genetic data indicate that p107Wee' is negatively regulated by
the protein kinase encoded by cdrl+ (niml+) (13, 42). The
product of cdc25+, p80''dc2, is required for activation of
p34cdc2 (41) and is believed to oppose the weel+/mikl+
pathway. Although its sequence shows only weak similarity
to the known PTPases (34), it has been recently reported to
have PTPase activity (8, 16, 29, 32).
We have previously identified an S. pombe gene, pypl,

that encodes a protein with structural and functional features
of a PTPase (38). The product ofpypl + is not required for
viability of haploid cells, suggesting there may be genes with
complementary functions resulting in cell viability in the
absence ofpypl +. In Saccharomyces cerevisiae, two genes
encoding PTPases have also recently been identified (20, 37).
In this report, we describe a second gene, pyp2+, with the
potential to express a PTPase-like protein and show that the
disruption of both pypl + and pyp2+ genes results in syn-
thetic lethality. Our unpublished data also show that the
pypl and pyp2 proteins produced in bacteria have the
capacity to dephosphorylate tyrosine-containing peptides. In
addition, genetic data and overexpression studies indicate
that these two genes act as negative regulators of mitosis.

MATERIA1S AND METHODS

Isolation ofpyp2+ cDNA clone. Oligonucleotide synthesis
and polymerase chain reactions (PCR) were performed as
previously described (38). A total of 20,000 colonies of an S.
pombe cDNA library (50) were screened by using a 300-bp
pyp2+ probe labeled with [a-32P]dCrP to 5 x 108 cpm/,g by
the random-priming technique (14). The filters were hybrid-
ized overnight at 65°C in 1% NaCl to 1% sodium dodecyl
sulfate (SDS) and washed twice at 65°C in 0.2x SSC (lx
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SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS
for 30 min. Autoradiography was performed by overnight
exposure of the filters to Kodak XAR film. The EcoRI insert
from pUC18-pyp2+ was subcloned into pBluescript SK+
(Stratagene), and nested deletions were constructed by
standard protocols (23). Sequencing reactions were per-
formed by the chain termination technique, using double-
stranded DNA templates (45).

Southern and Northern (RNA) blot analysis. Genomic
DNA from S. pombe cells was isolated by using the protocol
of Hoffman and Winston (25). DNA (3 ,ug) was digested with
restriction enzymes, electrophoresed in a 1% agarose gel
(GIBCO/BRL), and transferred to a Zetabind membrane
(Cuno, Inc.) by capillary blotting. The filters were hybrid-
ized overnight under high-stringency conditions at 65°C in
0.5 M sodium phosphate (pH 7.2)-7% SDS-1% bovine
serum albumin and probed with either a 1.8-kb BalI fragment
from pyp2+ or a 1.8-kb HindIII fragment from the ura4+
gene labeled with [a-32P]dCTP.

Total RNA from S. pombe cells was obtained by using the
protocol of Carlson and Botstein (3). Poly(A)+ RNA was
purified by using the Pharmacia mRNA purification kit
according to the manufacturer's protocol. Three micrograms
of poly(A)+ RNA was electrophoresed as described previ-
ously (38), and the filter was hybridized under high-strin-
gency conditions at 65°C in 0.5 M sodium phosphate (pH
7.2)-7% SDS-1% bovine serum albumin and probed with
either a 1.8-kb BalI fragment frompyp2+ or a 1.8-kb HindIlI
fragment from the ura4+ gene labeled with [a-32P]dCTP.

Pulsed-field gel electrophoresis analysis. Agarose plugs
containing S. pombe chromosomal DNA (Bio-Rad) were
digested with the restriction enzyme NotI (New England
BioLabs) overnight and electrophoresed in a 1.0% agarose
gel (GIBCO/BRL) containing 0.5 x Tris-borate-EDTA
buffer, using a Bio-Rad CHEF DRII pulsed-field gel electro-
phoresis system. The running conditions were 200 V with a
60-s switch time for 18 h and 90-s switch time for 12 h. To
determine the size of the separated NotI fragments, we ran
S. cerevisiae chromosomal DNA (Bio-Rad) and A marker
from New England BioLabs. The gel was blotted to a
Zetabind membrane (Cuno, Inc.) by capillary blotting. The
filter was hybridized under high-stringency conditions and
probed with either apypl+- orpyp2+-specific probe.

In vivo gene disruption. All strains used in this study are
listed in Table 1. S. pombe cells were grown in complex
medium, YEA (22), or essential minimal medium (EMM),
supplemented as required. Plasmid pCG1 (19), containing
the S. pombe ura4+ gene (1), was digested with HindIII; the
1.8-kb fragment was filled in with Klenow polymerase and
deoxynucleoside triphosphates and blunt-end ligated into the
EcoRV site of the pyp2+ cDNA clone, thereby replacing a
0.9-kb EcoRV fragment that presumably codes for the cata-
lytic domain of pyp2'. This construct (ppyp2::ura4+) was
digested with BalI, and the resultingpyp2::ura4+ insert was
used to transform the haploid S. pombe strain FWP172 to
uracil prototrophy. Stable Ura+ transformants were iso-
lated, and it was shown by Southern hybridization, using a
1.8-kb BalI fragment ofpyp2+ as a probe, that strain SOP1l
contains the disruptedpyp2 allele.

Analysis of pypl pyp2 double mutants. To obtain an h'
pypl::ura4 strain, strain SOP13 was crossed to strain
FWP165, and the progeny were analyzed to isolate strain
SOP14. Strains SOP14 and SOP11 were crossed on YPD
plates (46). After incubation at 25°C for 3 days, tetrads were
dissected, and the viable colonies were replica plated onto
either YEA plates or SC-minus-uracil plates. DNA from

TABLE 1. S. pombe strains

Strain Genotype Source

972 h-s
FWP165 h+ leul-32 ura4-D18 ade6-M216 F. Winston
FWP172 h- leul-32 ura4-D18 ade6-M210 F. Winston
SOP1l h- pyp2::ura4 leul-32 ura4-D18 ade6-M210 This study
SOP13 h- pypl::ura4 leul-32 ura4-D18 ade6-M216 This study
SOP14 h+ pypl::ura4 leul-32 ura4-D18 ade6-M216 This study
SOP18 h- pypl::ura4 leul-32 ura4-D18 cdc25-22 This study
SOP24 h+ pyp2::ura4 leul-32 ura4-D18 cdc25-22 This study
SOP31 h+ pypl::ura4 leul-32 ura4-D18 cdc2-lw This study
SOP32 h+ pypl::ura4 leul-32 ura4-D18 cdc2-3w This study
SOP35 h+ pypl::ura4 leu-1-32 ura4-D18 weel-50 This study
SOP39 h+ pypl::ura4 leul-32 ura4-D18 cdc2-33 This study
SOP51 h- pyp2::ura4 leul-32 ura4-D18 weel-50 This study
SOP54 h+ pyp2::ura4 leul-32 ura4-D18 cdc 2-lw This study
SOP59 h+ pyp2::ura4 leul-32 ura4-D18 cdc2-33 This study
SOP60 h+ pyp2::ura4 leul-32 ura4-D18 cdc2-3w This study

h+ leul-32 ura4-D18 cdc25-22 P. Russell
h- leul-32 ura4-D18 weel-50 P. Russell
h- leul-32 ura4-D18 cdc2-lw P. Russell
h- leul-32 ura4-D18 cdc2-3w P. Russell
h- ura4-D18 cdc2-33 P. Russell

these colonies was isolated, digested with BalI and AatII,
electrophoresed, blotted, and hybridized under high-strin-
gency conditions with either a pypl +- or pyp2+-specific
fragment. The phenotype of the double mutants was deter-
mined by microscopic analysis.

Overexpression ofpypl+ and pyp2+. The full-length coding
regions of pypl+ and pyp2' were subcloned into a BglII
restriction site of a modified version of the S. pombe
expression vector pREP-1 (31). To eliminate the initiator
methionine provided by the NdeI restriction site of the
pREP-1 polylinker, the vector was linearized with NdeI, the
ends were filled in with Klenow DNA polymerase, BglII
linkers were attached and digested, and the vector was
circularized with T4 DNA ligase.

S. pombe strains were transformed with these plasmids
and selected for leucine prototrophy. Transformed cells
were inoculated at 25 or 35°C in EMM containing thiamine
(20 p,M), grown to late log phase, washed twice with sterile
H20, and diluted into thiamine-free medium.

Genetic analysis of pypl+ and pyp2+. Strains containing
either a pypl or pyp2 disrupted gene were crossed to the
strains listed in Table 3, using standard genetic procedures
(22). For each cross, at least 10 tetrads were dissected and
the phenotype of the progeny was determined. Cells were
inoculated into liquid YEA medium at 25 and 35°C and
grown to mid-log phase, and the length of cells displaying a
complete septum was measured by using a phase-contrast
microscope (Olympus) with an eyepiece micrometer; 24 to
36 cells from each strain were measured at both tempera-
tures.

Nucleotide sequence accession number. The sequence re-
ported in this paper has been deposited in the GenBank data
base (accession number X59599).

RESULTS

Cloning and sequence of the S. pombe pyp2' gene. The
DNA and protein sequences of all known PTPases were
analyzed to identify consensus regions to which degenerate
oligonucleotides could be synthesized. Using appropriately
designed primers (38), a DNA fragment of approximately 300
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TC CTCGTCTCCCAAGCGTCGGTAAAAACCCCAAQA

TCTC _ACLCAGTCTATCACC CACTCC _iAT CTTTC TM:
_TC _ _ CCA

TATATAAA- ACAACTtCTCCTC A

mTTlTGZTACATCCATCTTCTCXC=bAAACGATWTCTACTClNWAGITCrArACACCAA:TTTG
M L B L L S X D F F N S T L K S F E E Q T F S V S N

ATTATlATOC;CGCCAAATT l _CTTA_ATGCTJUCTTC TCTCCAAC
I I D L R L H S K Y A V S H I K N A I N V S L P T A L L R R
__GA_GcCTGTAThMTGCAACGTVGTAATrAATGCCATAG'~CATATAC

P S F D I G K V F A C I K C N V K V S L D E I N A I F L Y D
TC CAAA _TATATACA
S S N A G M N R I Y D L V Q K F R R G G Y S K K I Y L L S N

G F F A F A S S H P D A I V S T F N V K F S V P Y K I D I N
CGATCAGCTGG^TAT_CTCGTACClCATTGTTTCTACCCCTATTCACAI TAT=;TTTCCAlTTGGAT
E N C K L D I L H L S D P S A V S T P I S P D Y S F P L R V
CCATAJTCACCsCTT7cT_CACACC
P I N I P P P L C T P S V V S D T F S F F A S B A F Y P G F
TCG=TAACACC .tlCGATCCACTCTCTATOCTTCTTCGTTCCO IDT lCA TTCCA
S G L T P F S I B S P T A S S V R S C Q S I Y G S P L S P P
_INIPPPLCTPSVVSDT EAHAETTTCCTCl

N S A F Q A E M P Y F P I S P A I S C A S S C P S T P D F Q
AAAAAC ATC C CCCCC TC CCGCCXATCTA GT CCTTCCGAAGTAT
K N F F I V G N A P Q Q T P A R P S L R S V P S Y P S S N N
CAGA%GGCTTCTCTTCTSCGTTTAOCTTeTA ___CAAC TTCAC
Q R R P S A S R V R S F S N Y V K S S N V V N P S L S Q A S
TTGGAAATTATTCAC =_ATCATGAMTAACAOACGAG7GATACGTAAGATAACATCT
L E I I P R K S M K R D S N A Q N D G T S T M T S K L K P S

_ C A A~~~~~CAAACAGGTTAAGOTAAACC> _CTTATAAr_ACLAGA
V G L S N T R D A P K P G G L R R A N K P C F N K E T K G S
ATTTCTCCAW"AAAAGiCCCTTACTTO ATCCC lTTCT TCCTCC r-%\GlCTGGAT
I F S K E N K G P F T C N P W G A K K V S P P P C E V L A D

TTAAATACTt TCTCATAACACL%TAAADAGTAAATCTGAT
L N T A S I F Y K F K R L E E M E M T R S L A F N D S K S D
TGGTOClTGTTAGTCCACCG TCTAAAGGCCGT
W C C L A S S R S T S I S R K N R Y T D I V P Y D K T R V R
CTA=TCAAG%TTCGTAATAOTCCTTAGCC _ GAAAAAA1TTTCTGCCATGCCCAAG
L A V P K G C S D Y I N A S B I D V G N K K Y I A C Q A P K
CCCRGLATCTTTTACKN RYCTDIVGVTAA
P G T L L D F WE M V WH N S G T N G V I V M L T N L Y E A

G S El K C S Q Y 'N Pi D N K D B A L C L E G G L R I S V Q K YGS KC Y PDNKDHALC LEGGLRISVQKY

E T F F D L K V N T H L F R L D K P N G P P K Y I B B F W V
CCACGGTTAAACCTCGTTGAGACACCCT C GGAACTC TTTGGTAlA =_CAGAOACAT
B T W F D K T B P D I F S I T G I I R C I D K V P N D G P M
TTGTA r.Gl 1Q =A GCGr TGGTAC TAGCCATCTAG CAAACTTACAG
F| V H C S A G V GI R T G T F I A V D Q I L Q V P K N I L P K

T T N L E D S K D F I F N C V N S L R S Q R M K M V Q N F E
CAATTCAAATTTa:CTCT
Q F K F L Y D V V D Y L N S G V N Q A S K P L M T
TATGTTC TTA CGC
ET EDLKVNTTHLTALDKCNGTCKY_HH r
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FIG. 1. Nucleotide and predicted amino acid sequences of pyp2+. An upstream termination codon is underlined. The amino acids
corresponding to the degenerate oligonucleotides used for PCR are boxed. The termination codon is marked with an asterisk. Nucleotides are
numbered at the right; amino acids are numbered at the left.

bp was amplified from an S. pombe cDNA library (50). This
fragment was then subcloned, and six independent isolates
were sequenced. In each case, the nucleic acid sequences
were identical, except for regions corresponding to the
degenerate primers used for PCR amplification. The pre-
dicted amino acid sequence for this fragment conforms to all
known PTPase consensus sequences. Therefore, it is likely
that this sequence represents a portion of an authentic yeast
PTPase.
The DNA fragment produced by the PCR amplification

was used to screen the S. pombe cDNA library in order to
isolate a full-length clone. Two distinct clones, designated
pyplJ (38) and pyp2+, were isolated in this way. Thepyp2+

cDNA (Fig. 1) encompasses all of the sequences found in the
300-bp PCR product, differing at only a few nucleotides
corresponding to the primers used in the amplification. The
2,932-bp pyp2' cDNA contains a long 5' leader sequence
(552 bp) upstream of the putative initiation codon, followed
by a long open reading frame, a short 3' untranslated region,
and a polyadenylate tract. Because only a few yeast mRNAs
contain 5' untranslated regions of this length (6), we consid-
ered the possibility that the cDNA insert was in fact a
chimeric molecule, formed from an inadvertent concatena-
tion of unrelated cDNAs during library construction. We
believe that this is unlikely, however, as PCR analysis of
genomic DNA with use of primers derived from various
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FIG. 2. Northern blot analysis of pyp2 transcripts. Poly(A)+
RNA was isolated from strains 972 (lane 1) and SOP11 (lane 2),
separated on a 1.2% agarose-6% formaldehyde gel, and transferred
to a Nytran membrane. The filter was hybridized with a a-3P-
labeled 1.8-kb BalI fragment (pyp2+) and the 1.8-kb HindIII ura4+
fragment. Each lane was loaded with 5 pLg of poly(A)+ RNA.

regions of the cDNA insert yields the same lengths as from
the pyp2+ cDNA (data not shown). In addition, Northern
blot analysis of S. pombe RNA with use of a full-length
pyp2+ probe reveals a single transcript of about 3.1 kb (Fig.

2), consistent with the observed size of the cDNA insert.
Therefore, we conclude that the cDNA clone accurately
reflects an authentic mRNA.
Homology between pyp2 and PTPases. The pyp2+ se-

quence predicts a protein of 711 amino acids. The carboxy
terminus of the protein bears striking homology to the
conserved (and presumed catalytic) domain of all known
PTPases, whereas the amino terminus is unrelated to any
protein sequences found in current data banks. There are no
extended hydrophobic regions compatible with transmem-
brane structures. The predicted pypl and pyp2 amino acid
sequences are particularly similar to one another at the
carboxyl terminus (Fig. 3). Over the lengths of the entire
proteins, the two yeast PTPases are 34% identical and 56%
similar. A sequence alignment of pypl, pyp2, and human
PTP1B (Fig. 3) indicates a strong sequence similarity be-
tween the putative catalytic domains of pypl and pyp2 and
the human PTP1B sequence. pypl and pyp2 protein se-
quences terminate immediately after the putative catalytic
domain. In human leukocyte common antigen-related pro-
tein Dl (48), human PTP1B (5), and human T-cell phos-
phatase (7), this domain is followed by at least another 150

pypl WNFSNGSKSS TFTIAPSGSC IALPPQRGVA TSKhAVHASC LflDI KDDTLIIDLR PVSEFSKSRI KGSVNLSLPA TLnIKPAFSV ARII.
pyp2.KNSTLK.................... ..... .S. MITlKS FQEOSvM ..... IIDLR LHSKYAVSHI KNIVLPT ALLRSFDI KVFhCTKCN VKVSLDEINA
PTP1B .......... .......... .......... .......... .......... .......... .......... .......... .......... .......... ..........

Co-sensus_

pyp ..... SNLED VDRDFQN wFS.S.I.VC........................ N5S .... S I A NYVTEVIG
pyp2 IFLYDSSMA4G MNRIYDLVQK F SKI T GFEAP ASSHPDAIVS TENVKESVPY KIDINENCKL DILHLSDPSA VSTPISPDYS FPLRVPINIP PPLCTPSVVS

P PISB . ................... ............... ............... ............... ............... ............... ............................. .............. .. ........ ..........

Consensus ------------------------------------

pypl EKFRKESYSG DFGILD ..LD YSKVSGKYPS V..... IDNS PVKSKLAP SRPRLSYSA AQTAPISLSS ..Z.1GSDYFS R... PPPTPN VAPL.
pyp2 DTFSEFASHA EYPGFSGLTP FSIHSPTASS VRSCQSIYGS PISPPNSAFQ AEMPYFPISP AISCASSCPS TPDEQKIFI VQQQTPA RPSLRSVPSY PSSNNQRRPS

PTP lB .......... .......... .......... .......... .......... .......... .......... .......... .......... .......... ..........

Consensus- - ------- -------

pypl .....SL F .............................. .................... ...CPIS.. ........ NDNR..... ........PF GSATVQPCL
pyp2 ASRVRSFSNY VKSSNVVNPS LSQSLEIIP RKSKRDS QNDGTSTTS KLKPSVGISN TRDAPKPGGL RACN EKGSIFSK .aGPFTCNPW GAKKVSPP..

PTP1B .......... .......... .......... .......... .......... .......... .......... .......... .......... .......... ..........

Consensus -------------.--------.----- .

pypl HSVPDAFT DVATLYQFL RLQSIEQRfL VSCSDNSQW STV. DSSTSY.K .KNRY TDIVPYNTR VKTSPSE LDYIISFIK eT. .SNYIA
pyp2 ..PCEVLADL NTASIFYKFK RTENETS lAFNDSKS CCL... ASSRSTSISR. KNRY TDIVPYDiTR VRLAVPKCS .DYIN ID VN. .mYIA

PTPlB .................... .....MUE FEQIDKSGSW AAIYQDIR ASDFPCRVAK LPNRNRY RDVSPFD5SR 1KLHQEDtR.. .DYINASLIK MEEAQRSYIL
Ccnsensus -------- -------- ------- ---D---W --------- -S------- ------NRY -D--P----R --L------ -DYINS- -------YI-

pypi CQGSISRSIS DF EIVGTIVNLG SLYZA REC TAYWPSNQIG DKQVYG.DYC VKQISEENVD NSRFILRF INFPSVK KVYQYPW SDCNSPINVK
pyp2 CQAPGTLL DFWEMVWHNS GTNVIVMLT NLDASIC SQWPDNKDH AICLUG.GLR ISV T DIZVNTLFR WPNOPP.IK YINFWVHTW FDKTHPD. IE

PTP1B BLPWCIG SR. .GVVMLN RVMEKGSIXC A4YWPQKEEK EMIFEDTNL LTLISEDI.. KSYTMRQLE LDI1TTQETR ILFITW PDFGVPSPA
consensus QV------W-MW--VW--VML- ---E-G---C --YWP ----- ----- --B----W -D---P---

pypl SMVEFLKYVN N.... SEGSG NTIVHCSAV GRTGTFIVILD TILRFPESKL S...SVADS SDV1VFQLVDH IIRKQRNKMVQ TIIY......... SL QKS. .QVHFP
pyp2 SITGIIRCID .... VPNDG PMFVCSAGV GRTGTFIAVD QILQVPKNIL PK.TTNULDS KDFIFNCVNS LRSQRMKNVQ NFEQFKFLY. DWD.... YL WSGVNS

PTPlB SFIFKVR ESGSLSPEHG PVVVHCSAGI GRSGTFCIAD TCLLLMDKRK ...DPSSVDI MUM-... RKRHLIQ TADQLRFSYL AVIEGAKFIM GDSSVQDQWK
Consensus S------ -------G ---VBCSA- GR-GTF--D --L------- -- --D- ------- -R--RM--Q ---Q---Y- - -----Q--

pyplVLT.
pyp2LmT.

PTP1B ELSHDLPP PEHIPPPPP PKRILEPHiNrKCREFFPNQ WVEMTQSDK DCPIKEEGS PIAAPYGIE SMSQDTSVRS RVWGSLRGA QAASPAKP SLPEDEDA
Conenus ------------- - -- - - -----------.--- -.-- ___ ___ _ _ _ _ _ _ _ _

pypl .......... .......... .......... ....

pyp2 .......... .......... ..........

PTP1B LSYWKPFLVN PVAMVLT AICYRFLFN S.
Cnus -------------------

FIG. 3. Sequence alignment of pypl, pyp2, and human PTP1B. The consensus sequence represents amino acids present in all three
sequences.
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FIG. 4. Southern blot analysis of the pyp2 gene disruption.
Genomic DNA from strains FWP172 (lanes 1 and 3) and SOPll
carrying the disrupted pyp2 allele (lanes 2 and 4) was isolated,
digested with the restriction enzymes BalI (lanes 1 and 2) and
AflII-AatII (lanes 3 and 4), separated by agarose gel electrophoresis,
transferred to a Zetabind membrane, and probed with a a-32P-
labeled 1.8-kb BalI fragment ofpyp2+. Each lane was loaded with 5
,ug of DNA.

amino acids, whereas many members of the cdc25 family,
such as the products of human cdc25 (44), the Drosophila
homolog, string (9), and S. pombe cdc25+ (41), share a short
C-terminal region following the catalytic domain. It was
recently shown (15) that the C-terminal region of the human
PTPase family contains a stretch of amino acids similar to a
cyclin B sequence that may be important for full PTPase
activity. This sequence is absent in pypl and pyp2.

In vivo gene disruption ofpyp2+. To determine whether or
notpyp2+ is essential for cell viability, we constructed a null
allele by the one-step gene disruption method (40). A 0.9-kb
EcoRV fragment containing most of the putative catalytic
domain ofpyp2+ was excised and replaced by the S. pombe
ura4+ gene (1, 19), creating plasmid ppyp2::ura4+.
We transformed the haploid S. pombe strain FWP172 with

a BalI fragment of plasmid ppyp2::ura4+. Transformants
were screened for a stable Ura+ phenotype; DNA from
strain SOP11 was subjected to Southern hybridization anal-
ysis using a pyp2+-specific probe (Fig. 4) and a ura4+-
specific probe (data not shown) and shown to contain apyp2
disrupted gene. Cells with the disrupted allele of pyp2+
showed no significant alteration in morphology or cell length
compared with wild-type cells. Therefore, thepyp2+ gene is
not essential for S. pombe growth, and the disruption does
not cause advancement of mitosis, as observed for thepypl
disruption (see Table 3).
Poly(A)+ RNA was isolated from wild-type strain 972 and

strain SOP11 to determine whether a partial pyp2+ gene
product is synthesized in cells carrying the pyp2 disruption.
Northern blots were hybridized with a pyp2+ fragment and
with a fragment of the ura4+ gene. With use of the pyp2'
probe, a 3.1-kb band was detected in RNA from wild-type
cells, and a 0.85-kb mRNA was identified with the ura4+
gene. Northern analysis of RNA from SOP11 cells contain-
ing the disrupted pyp2 gene detected no 3.1-kb mRNA, but
bands of 2.0 and about 0.85 kb were identified with the
pyp2' and ura4+ probes, respectively (Fig. 2). These data
indicate that no functionalpyp2+ product could be produced
in SOP11.
pypl pyp2 double mutants are lethal. Since pypl+ and

pyp2' are nonessential genes for S. pombe growth, we
investigated the phenotype of a double mutant strain. Strains
SOP14 and SOP11, carrying disrupted alleles ofpypl+ and
pyp2+, respectively, were crossed, and 122 tetrads were
dissected (Table 2). Fifty-eight tetrads resulted in four viable

TABLE 2. Meiotic segregation pattern of SOP14 x Soplla

No. of tetrads
No. of
viable Parental ditype Tetratype Nonparental ditype
spores (4:0 Ura+/Ura- (3:1 Ura+/Ura- (2:2 Ura+/Ura-

segregation) segregation) segregation)

4 58 0 0
3 16b 36C 0

a A total of 122 asci were dissected, and the phenotype of the spores was
determined. The relatively high number of tetrads with four viable spores with
a 4:0 Ura+/Ura- segregation indicates linkage (see text) and allowed assign-
ment as parental ditype tetrads. Not included in the data are 12 tetrads with
two viable spores, 8 with a 2:0 Ura+/Ura- segregation and 4 with a 1:1
Ura+/Ura- segregation.

b Random spore inviability resulted in some tetrads with three viable spores
and a 3:0 Ura+/Ura- segregation. On the basis of Southern blot analysis of
two asci of this type, they were assigned as parental ditype tetrads.

c Asci with three viable spores and a 2:1 Ura+/Ura- segregation were
assigned as tetratype tetrads on the basis of Southern blot analysis of progeny
derived from 10 asci of this type.

spores, all displaying the Ura+ phenotype, and they can
therefore be classified as spores from a parental ditype
tetrad. We did not observe tetrads with four viable spores
and a 3:1 Ura+/Ura- segregation. Thirty-six tetrads resulted
in three viable spores with a 2:1 segregation of Ura+ to Ura-
progeny. DNA from 30 colonies derived from 10 tetrads of
this type was subjected to Southern hybridization analysis
using the pypl+ and pyp2+ probes. In each case, we
confirmed that cells derived from the Ura+ progeny carried
a single pypl or pyp2 disruption, whereas cells from the
Ura- progeny carried both wild-type alleles. It is therefore
likely that the spores that result in nonviable cells contain
both disruptedpyp genes, suggesting that a double mutant is
lethal.
To determine the phenotype of the double mutants, we

analyzed microscopically the spores that derived from asci
that yielded three viable spores with a 2:1 Ura+/Ura-
segregation. Spores with the presumed double disruption
that germinated underwent a few cell divisions and resulted
in very small cells, suggesting premature mitosis. Because of
this behavior, the double-mutant phenotype cannot be fur-
ther analyzed at this time. It should be noted, however, that
this phenotype is similar to a deletion of the mitotic inhibitor
weel +Imikl , which yields very small cells and is lethal (30).
Genomic mapping of pypl+ and pyp2+. The fact that 74

tetrads were parental ditypes suggests that the two PTPase
genes are linked. Therefore, to analyze their genomic local-
ization and possible linkage, we performed pulsed-field gel
electrophoresis of NotI-digested S. pombe chromosomal
DNA. According to Fan et al. (10), a complete NotI digest of
S. pombe chromosomal DNA results in 17 fragments.
pyplJ- and pyp2+-specific probes hybridized to the same
DNA fragment of about 530 kb, presumably localized at the
tip of the right arm of chromosome I (data not shown). The
fact that the two pyp-specific probes hybridize to the same
Notl fragment supports our assumption that these two genes
are linked.

Overexpression of pypl+ and pyp2' delays mitosis. To
determine the role ofpypl+ and pyp2+ in regulation of the
cell cycle, pypl+ and pyp2+ were expressed under the
control of the nmt promoter (31) either in a wild-type strain
or in strains with mutations involved in cell cycle regulation
(cdc25-22, weel-SO, cdc2-1w, cdc2-3w, and cdc2-33). The
overexpression of either pypl+ or pyp2+ led to significant
cell elongation in a wild-type background and to cell division
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FIG. 5. Overexpression of pypl' in wild-type (FWP172) and cdc25-22 cefls. Wild-type (A and B) and cdc25-22 (C and D) cells were
transformed with the plasmid expressing pypl+ under the control of the S. pombe nmt promoter. Transformed cells were grown in EMM
containing thiamine (20 p,M) to late log phase, washed twice, diluted into EMM containing either 20 p,M thiamine (A and C) or no thiamine
(B and D), and incubated at 25°C.

arrest in a cdc25-22 strain at both the permissive and
nonpermissive temperatures (Fig. 5). This result suggests
that neither the pypl norpyp2 gene product can substitute
for the S. pombe cdc25+ gene product as described for the
human T-cell phosphatase (17). Therefore, neither pypl or
pyp2 protein appears to have the capacity to dephosphory-
late p34cdc2 as is the case for human T-cell phosphatase and
the cdc25 gene product.
The overexpression of eitherpypl+ or pyp2+ led to cell

elongation in all strains tested except a cdc2-1w strain, in
which we found only modest increases in cell length. This
strain carries a gain-of-function mutation in the cdc2+ gene
that is relatively insensitive to overexpression of weel + (43).
In contrast, the overexpression of pypl+ and pyp2+ in a
cdc2-3w strain carrying another gain-of-function mutation
that is sensitive to weel+ overexpression (43) led to elon-
gated cells. Thus, cdc2 mutations that respond to weel+
respond to pypl + and pyp2+.

In wild-type cells, the overexpression of weel + leads to
the inhibition of cell division (43). To study the potential
interaction of the weel+ gene product withpypl+ orpyp2+,
either pypl+ or pyp2+ was overexpressed in a weel-SO
strain. Expression of eitherpypl+ orpyp2+ in weel-50 cells
in thiamine-free medium at 25°C led to cell elongation. This
delay in mitosis was suppressed when cells were incubated
at 35°C before induction (Fig. 6), which demonstrated that
pyplJ andpyp2+ require a functional weel+ gene product in
order to inhibit mitosis. It is therefore likely thatpypl + and

pyp2+ act as negative regulators of mitosis upstream of
weel +.
A pypl disruption, but not a pyp2 disruption, suppresses a

cdc25 temperature-sensitive mutation. These data suggested
that pypl + and pyp2+ act as negative regulators of mitosis
upstream of weel +. Moreover, we have noted that a pypl
disruption leads to a reduction in the length of wild-type cells
(Table 3), a semi-wee phenotype. We therefore determined
the potential ofpypl andpyp2 deletion mutants to influence
strains with other cell cycle mutations. pypl- and pyp2-
disrupted strains were crossed to strains with mutations
involved in cell cycle regulation (Table 3). If pypl+ and
pyp2+ act upstream of weel + as suggested by the overex-
pression data, mutations in cdc2 should be unresponsive to
their disruptions. The data in Table 3 show thatpypl orpyp2
disruption does not alter the phenotype of a cdc2-33 strain at
35°C and that neither a cdc2w-3w nor a cdc2-lw strain
showed a detectable change in phenotype uponpyp disrup-
tion. A cdc2-3w mutation is, however, lethal in a weel-50
strain, in which the double mutant enters mitosis at 35°C
prematurely and undergoes "mitotic catastrophe" (43). In
contrast, the disruption of either pypl+ or pyp2+ in a
weel-50 background resulted in a wee or semi-wee pheno-
type at 25 or 35°C.
Thepypl disruption rescued cdc25-22 at 35°C (Table 3 and

Fig. 7) and thus is similar in phenotype to the loss of weel +
function (11). A pyp2 disruption did not rescue a cdc25-22
mutation at 35°C, however, and the cell length reduction at
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FIG. 6. Overexpression of pypl in weel-50 cells. weel-SO cells were transformed with pypl under the control of the nmt promoter.
Transformed cells were grown in EMM containing thiamine (20 ,uM) at 25 and 35°C to late log phase. Cells were washed twice and diluted
into EMM containing either 20 pM thiamine (A and C) or no thiamine (B and D) and further incubated at either 250C (A and B) or 35°C (C
and D).

25°C for pyp2::ura4+ cdc25-22 (20.5 1.5 pLm) was not as

dramatic as forpyp1::ura4+ cdc25-22 (15.6 -t 1.6 ,um), which
is about wild-type length. These data indicate that a pypl
disruption causes advancement of mitosis and can rescue a

cdc25-22 mutation as previously described for a weel dele-
tion (11). pyp2+ has a less dominant role, since a pyp2
disruption neither advances mitosis nor rescues a cdc25-22
mutation at 35°C.

DISCUSSION

In this report, we describe the cloning of a second gene
from S. pombe, called pyp2', encoding a protein with
sequence similarity to animal cell protein PTPases. In a

previous report (38), we described pyplJ, which is distinct
frompyp2+ but also encodes a PTPase-like protein. Disrup-
tion of pypl' leads to an advancement of mitosis, whereas
the disruption ofpyp2+ has no obvious impact on cell growth
and proliferation. The disruption of both genes results in
synthetic lethality. We also show that these gene products
negatively regulate mitosis, possibly by stimulating a path-
way counteracted by cdc25 function and upstream of the
weel+ pathway.
Thepypl+ andpyp2+ gene products show a major differ-

ence in Mr, with pypl consisting of 550 amino acids and pyp2
consisting of 711 amino acids. Within the catalytic domains,
they have 59% similarity and 41% identity, which is approx-
imately the identity between pypl and human PTPlB (37%).
The two genes exhibit sequence similarity in the N-terminal

TABLE 3. Genetic analysis'
Mean cell length (>im) at:

Strain
25°C 350C

pypI+pyp2+ (FWP172) 14.7 ± 1.1 15.7 ± 1.7
pypl::ura4 (SOP14) 11.3 + 0.9 12.4 ± 1.1
pyp2::ura4 (SOP11) 14.6 ± 1.5 14.6 ± 0.8

cdc25-22 23.5 + 2.2 cdc-
cdc25-22pypl::ura4 (SOP18) 15.6 ± 1.6 23.0 + 3.7
cdc25-22pyp2::ura4 (SOP24) 20.5 ± 1.5 cdc-

weel-SO 11.7 ± 1.4 8.2 ± 1.2
weel-SOpypl::ura4 (SOP35) 8.9 ± 1.1 8.1 ± 1.4
weel-SOpyp2::ura4 (SOP51) 9.5 ± 1.2 8.7 ± 1.2

cdc2-3w 10.8 ± 1.6 9.0 ± 1.2
cdc2-3wpypl::ura4 (SOP32) 8.9 ± 1.0 8.5 ± 1.0
cdc2-3wpyp2::ura4 (SOP60) 10.50 + 1.3 9.5 ± 0.9

cdc2-lw 10.2 ± 1.6 8.1 ± 1.2
cdc2-lwpypl::ura4 (SOP31) 8.1 ± 0.9 7.9 ± 1.0
cdc2-lwpyp2::ura4 (SOP54) 9.5 ± 1.2 8.6 ± 1.3

cdc2-33 13.7 ± 1.0 cdc-
cdc2-33 pypl::ura4 (SOP39) 12.8 ± 1.0 cdc-
cdc2-33pyp2::ura4 (SOP59) 14.8 ± 1.5 cdc-

I Strains were grown in YEA medium (mid-log phase) at 25 and 35'C, and
the length of cells displaying a septum was determined; 24 to 36 cells from
each strain were measured at both temperatures.
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FIG. 7. Rescue of cdc25-22 through a pypl disruption. A YEA plate was spread with strain cdc25-22 pypl::ura4 (SOP18), cdc25-22

pyp2::ura4 (SOP24), or cdc25-22 and incubated at either 25 or 35°C for 4 days.

half, but we have not detected any significant similarity of
the N-terminal regions of the yeast proteins and potential
mammalian homologs in our data base searches. Our previ-
ous experiments usingp-nitrophenyl phosphate (a tyrosine
homolog) as a substrate failed to show phosphatase activity
associated with the pypl or pyp2 protein; however, recently
we have obtained evidence that the glutathione S-transferase
fusion proteins of pypl and pyp2 purified from bacteria
dephosphorylate phosphotyrosine-labeled peptide sub-
strates and thus may serve as PTPases in vivo (22a).
The relatively weak conservation (41% identity) of these

PTPase-like proteins is in sharp contrast to the strong
homologies between the type 1 (PP1) and type 2A (PP2A)
serine/threonine-specific protein phosphatases, whose se-
quences are highly conserved. In S. pombe, each class of
serine/threonine enzymes is encoded by two genes. The two
classes of serine/threonine-specific phosphatases (PP1 and
PP2A) do not have complementary functions in S. pombe. A
type 1 phosphatase is encoded by dis2 and participates in
chromosome disjoining, and mutants of the gene fail to exit
mitosis. The type 2A phosphatases are also required at some
other, as yet unidentified point in the cell cycle (28, 36). The
two PP1 gene products are approximately 80% identical, as
are the two PP2A gene products, and the yeast PP1 and
PP2A proteins are also highly similar to their mammalian
homologs. Thus, the pypl and pyp2 proteins are more highly
divergent than are the serine/threonine phosphatases.
Although apypl disruption has no impact on cell viability,

it leads to an advancement in mitosis, a semi-wee pheno-
type. After sporulation of diploid cells carrying single dis-
ruptions ofpypl + andpyp2+, we have failed to detect spores
that resulted in viable haploid cells with disruptions in both
genes. These results suggest that only one functional gene is
required for viability and that the products of pypl + and
pyp2+ evidently participate in similar biochemical pathways
in S. pombe, despite their distinct structures. We tried to
determine the phenotype of a pypl pyp2 double mutant
microscopically. Spores with the presumed double mutation
that germinated underwent a few cell divisions and yielded
very small cells. Because of this unconditional phenotype,

no additional characterization of the double mutant has been
possible. It is possible that another class of PTPases or
cdc25+-related genes is expressed in S. pombe, but any
other gene products must have substrate specificities differ-
ent from those of pypl and pyp2. A search for genes similar
in sequence to pypl + and pyp2+ with techniques such as
low-stringency screening of Southern blots and genomic
libraries remains to be completed. In this regard, it may be
relevant that the S. cerevisiae PTPases recently cloned (20,
37) are only distantly related to the pypl+ and pyp2+
products.
The overexpression ofpypl + orpyp2+ leads to a delay of

mitosis in all strains tested with the exception of cdc2-lw, a
phenotype similar to that reported for overexpression of the
negative regulators of mitosis, weel+ (43) and mikl+ (30).
These data suggest that pypl + and pyp2+ may also act as
negative regulators of mitosis in a dose-dependent manner,
as do weel + and mikl . We therefore investigated pypl +
andpyp2+ overexpression in a weel-50 background. At the
permissive temperature, weel-SO cells overexpressing either
pyplJ or pyp2+ elongate, but this phenotype is suppressed
at 35°C. These data indicate that both pypl + and pyp2+
require weel + function to arrest the cell cycle and that they
act upstream of the weel+/mikl+ step. The fact that the
semilethal effect of overexpressed pypl+ and pyp2+ is
largely suppressed in a strain carrying cdc2-lw, a mutation
that is insensitive to weel+ regulation, further supports the
idea that weel + mediates pypl and pyp2 function.
These experiments further show that a pypl disruption

suppresses the lethality of a cdc25-22 mutation at 35°C, as
was described for a weel disruption (11); however, a
cdc25-22 mutation at 35°C is not suppressed by a pyp2
deletion. Thus, in this genetic background, pypl and pyp2
disruptions have a suppressor capacity analogous to that
described for weel+ and mikl+. A cdc25-22 mutation is
rescued by a weel deletion at 35°C but not by a mikli
disruption (30). Taken together, these data suggest a model
outlined in Fig. 8, whereby the pypl and pyp2 proteins may
activate negative regulators of mitosis, such as the weel +
product, or inhibit the inducer of mitosis, cdrl+ (niml+).
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FIG. 8. Proposed model ofpypl ' and pyp2' interaction.

Our genetic data cannot distinguish between these two
possibilities and require further investigation of the path-
ways regulating weel +Imikl + activity.
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