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ABSTRACT The Schizosaccharomycespombe genes pypl+
andpyp2+ encode protein troine phosphatases (PTPases) that
act as negative regulators of mitosis upstream of the
weel+/mikM+ pathway. Here we provide evidence that pypl+
and pyp2+ function Independently of cdrl+(niml+) in the
inhibition of mitosis and that the weel kinase is not a direct
substrate of either PTPase. In a pypl::urua cdc25-22 genetic
background, overexpresslon ofeither the N-terminal domain of
pypl+ or a catalytically inactive mutant, pyplC470S, causes cell
cycle arrest. This phenotype reverses the suppression ofa cdc25
temperature-sensitive mutation at 350C caused by a pyp)
disruption. Furthermore, pyplC470S and a catalytically inac-
tive mutant of pyp2, pyp2C630S, induce mitotic delay as do
their wild-type counterparts. Analysis of pypl+ and pyp2+
further reveals that the in vitro PTPase activity of pypl and
pyp2, as well as their biological activity, is dependent on the
presence of N-terminal sequences that are not normally con-
sidered part of PTPase catalytic domains.

The initiation of mitosis is a highly conserved process among
eukaryotes, including the yeasts Schizosaccharomyces
pombe and Saccharomyces cerevisiae (for review, see ref. 1).
It is regulated by the activity of an evolutionarily conserved
complex referred to as maturation or M-phase promoting
factor consisting ofa serine/threonine-specific protein kinase
known as p34cdc2 (for review, see ref. 2) and associated
cell-cycle-regulated proteins. In late G2 phase, p34cdc2 is
maximally phosphorylated on Tyr-15 (3). To initiate mitosis
in fission yeast, which is accompanied by the rapid activation
of the p34cdc2-cyclin complex, this Tyr residue has to be
dephosphorylated by a phosphatase known as cdc25 (4-8).
The activity of p34cdc2 is negatively regulated by the wee] +/
mik) + pathway (9, 10). We have shown that the two fission
yeast protein tyrosine phosphatases (PTPases) pypl and
pyp2 possess intrinsic tyrosine phosphatase activity (11) and
that the overexpression of either gene leads to mitotic delay
(12, 13). This phenotype is similar to that displayed by cells
overexpressing the negative regulators of mitosis, wee) + and
mik1+ (9, 10). Since pyp) + and pyp2+ function is dependent
on a functional wee) + gene product (13), both PTPases act as
negative regulators upstream of the wee) +/mikl + pathway.

In view ofthe apparent conservation ofthe major cell cycle
control elements among eukaryotes and the well-defined
mitotic network in S. pombe, we were interested in charac-
terizing further the mitotic function of pyp) + and pyp2+ by
analyzing the contribution of various structural domains of
both enzymes to their biological activity. Our data demon-
strate that enzymes that possess a crucial role in the negative
regulation of mitosis can function even in the absence of
catalytic activity, demonstrating unique features ofpypl and
pyp2 among the known PTPases.

MATERIALS AND METHODS
S. pombe Strains and Media. The following S. pombe

strains were used in this study: h+ leul-32 ura4-D)8 ade6-
M216 (FWP 165; F. Winston, Harvard Medical School,
Boston), h+ leul-32 ura4-D16 cdc25-22 (P. Russell, Scripps
Institute, La Jolla, CA), h- leul-32 ura4-D18 weel-SO (P.
Russell), he pypl::ura4 leul-32 ura4-D18 cdc25-22 (SOP18)
(13), h+ pypl::ura4 leul-32 ura4-D18 ade6-M216 (SOP 14)
(13), adh-niml + leu2 ura4-D18 (P. Russell), and niml::LEU2
ura4-D18 (P. Russell). S. pombe strains were grown in
complex medium, YEA (14), or minimal medium(EMM) with
or without 20 AM thiamine. S. pombe cells were transformed
as described (15).

Cloning and Expression. Before subcloning into the S.
pombe pREP3 expression vector, it was modified to eliminate
the initiator methionine provided by the pREP3 polylinker
sequence: the vector was linearized with Bal I, BamHI
linkers were attached, the DNA was digested with BamHI,
and the vector was circularized with T4 DNA ligase.
A S. pombe pypi + cDNA fragment (12) was subcloned into

a Bgl II restriction site of a modified version of the S. pombe
expression vector pREP1 lacking the ATG provided by the
polylinker as described (13, 16), to generate pREP1-pyplI.
A mutant of wild-type pyp) + containing Ser instead of Cys

at amino acid 470 (pyplC470S) was generated by site-
directed mutagenesis using a kit and following the manufac-
turer's protocol (Amersham). The mutagenic oligonucleotide
5'-TACTATTGTGCACAGAICIGCCGGTGTT-3', which
contains an artifically introduced Bgl II restriction site (un-
derlined), was used to introduce this mutation. The mutation
was confirmed by restriction digestion with Bgl II and DNA
sequencing and the fagment was subcloned into pREP3.
A mutant of wild-typepypl + containing Lys instead ofArg

at amino acid 476 (pyplR476K) was generated with the
mutagenic oligonucleotide 5'-GCCGGTGTTGGTAAGA-
CAGGAACCTTT-3', as described for pyp) C470S. The mu-
tation was confirmed by DNA sequencing, and the fragment
was subcloned into pREP3 to generate pREP3-pyplR476K.
To generate pypl deletion mutants, we employed PCR

using the following oligonucleotide primers. Each oligonu-
cleotide primer contained appropriate restriction sites (un-
derlined) to clone these fragments into the S. pombe multi-
copy plasmids pREPi or pREP3 and into pGEX-2T (17) or
pGEX-KG (18) for expression in bacteria. Primers: pyplAN,
5' primer (5'-GCG AICCCAIAIGTTTGGCAGTGC-
TACAGTC-3'; amino acids 235-240) and 3' primer (5'-
GCGGGATCCGAATTCTCATGTTAAAACCGG-3');
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pyplCD, 5' primer (5'-GCGGGATCCCATATGAAAAACA-
GATATACCGAC-3'; amino acids 297-303) and same 3'
primerasforpyplAN;pyplND, 5' primer(5'-GCGCiGiAWlC
CATATGAATTTTTCAACCGGT-3') and 3' primer (5'-
GCGGGAICCTCACTTATACGATGTATTACT-3'; amino
acids 291-2%); pypl235/296, same 5' primer as forpyplAN
and the same 3' primer as for pyplND.
A mutant ofwild-typepyp2+ containing Ser instead ofCys

at position 630 (pyp2C630S) was constructed as described for
pyplC470S. The mutagenic oligonucleotide 5'-CAATGT-
TCGTTCACAGCTCAGCAGGCGTA-3' contains an artifi-
cally introduced Alu I restriction site (underlined), and the
mutation was confirmed by restriction digestion with Alu I
and DNA sequencing.
A mutant wild-typepyp2+ containing Lys instead ofArg at

position 636 (pyp2R636K) was constructed with the muta-
genic oligonucleotide 5'-GCAGGCGTAGGAAAAACTGG-
TACTTTTA-3' as described for pyplC470S. The mutation
was confirmed by DNA sequencing.
A pyp2+ cDNA fragment, in the pBluescript vector (pBS-

pyp2+), was digested with Spe I and BamHI to generate a
pyp2+ fiagment with a truncation of the first 345 N-terminal
amino acids. The ends were filled-in with the Klenow frag-
ment of DNA polymerase I, BamHI linkers were attached,
the construct was digested with BamHI, and the fragment
was subcloned into the modified pREP3 vector to generate
pREP3-pyp2AN(1) and into pGEX-KG to generate pGEX-
KG-pyp2AN(1). Further pyp2 deletion mutants were gener-
ated by PCR using the following pairs of oligonucleotide
primers: pyp2AN(2), 5' primer (5'-GCGGGATCCTAT-
AAGTTTAAAAGACTTGAGG-3'; amino acids 425-430)
and 3' primer (5'-GCGGGATCCTTAAGTCATCAA-
GGGCTTGGA-3'); pyp2CD, 5' primer (5'-GCGQAILC-
CAAAAATCGTTACACAGATATCG-3'; amino acids 461-
467) and 3' primer was identical to that used for pyp2AN(2);
pyp2ND, 5' primer (5'-GCGC(AICCATGCTCCATCTTC-
TGTCTAAA-3') and 3' primer (5'-GCG(QATICCTTATCT-
TGAATTGGAAGTGGA-3'; amino acids 455-460).
To ensure that the amplified PCR products contained no

Taq polymerase-induced mutations, their nucleotide se-
quences were determined by DNA sequencing to confirm
wild-type products.

Purification of PTPases Expressed in Bacteria. Bacterial
pGEX-2T and pGEX-KG expression plasmids containing
either pypl or pyp2 mutants were transformed into the
Escherichia coli JM109, and the glutathione-S-transferase
fusion proteins were purified in a single glutathione affinity
chromatography step as described (19), except that the
purified proteins were not subjected to cleavage by thrombin.

Hydrolysis ofp-NPppenylh hate. The reactions were
carried out in 200 gd containing 25 mM Hepes (pH 7.3), 5 mM
EDTA, 10 mM dithiothreitol, and 20 mM p-nitrophenyl
phosphate (Sigma) at 300C either in the absence or presence
of 1 mM sodium orthovanadate, a specific PTPase inhibitor.
PTPase activity was determined both as a function ofenzyme
concentration (1 gg, 2.5 Agt or 5 jig) and as a function oftime
(15 min, 30 min, or 60 min). Addition of 200 g of 1 M sodium
carbonate terminated the reactions. The hydrolysis of p-ni-
trophenyl phosphate was monitored by determining the ab-
sorbance at 410 nm.

32P-Labeled Raytide. 32P-labeled Raytide (1 x 10W cpm;
Oncogene Science), exclusively labeled on Tyr by p43v-,bl
(Oncogene Science), was incubated with bacterially ex-
pressed PTPases (1 uag, 2.5 pg, or 5 Ag) for various amounts
of time (30 min, 90 min, or 180 min) in phosphatase buffer
containing 25 mM Hepes (pH 7.3), 5 mM EDTA, and 10 mM
dithiothreitol, in the presence or absence of 1 mM sodium
orthovanadate, at 300C in 50 pA. The reaction was stopped
and quantified as described (20).

RESULTS
Mutations ofInvariant Residues in the Catalytic Sites ofpypl

and pyp2 DoNot Inhibit Their Ability to Induce Mitotic Delay.
To study the effects of mutations in the catalytic domains of
pypl and pyp2, we introduced a series of mutations into
highly conserved amino acids in this region. These mutants
were assayed for in vitro PTPase activity using both p-nitro-
phenyl phosphate, a phosphotyrosine-related chromogenic
molecule, and [32P]Tyr-labeled Raytide as substrates. Since
the majority of full-length pypl and pyp2 expressed in
bacteria is insoluble (11), we routinely used N-terminal
truncations of both proteins. Furthermore, these mutants
were overexpressed under the control of the inducible nmtl
promoter (16) in a variety of S. pombe strains listed in Table
1.
The highly conserved Cys residue located within the sig-

nature motif found in the catalytic domains of all known
PTPases is directly involved in the formation of a thiophos-
phate intermediate during catalysis and is essential for cat-
alytic activity in vitro (21-23). To determine whether this Cys
residue is also crucial for the capacity of pypl and pyp2 to
induce mitotic delay, we altered Cys470 ofpypl and Cys-630
of pyp2 to Ser by site-directed mutagenesis. Overexpression
ofeitherpyplC470S orpyp2C630S resulted in cell elongation
in both wild-type and cdc25-22 cells. The cdc2S-22 cells
formed slower growing colonies compared to control cells
transformed with pREP1 (Fig. 1 and Table 1). In apypl::ura4

Table 1. Phenotypes of S. pombe wild-type (FWP165) cells,
pypl::ura4 cells, cdc25-22 cells, and pypl::ura4 cdc25-22
cells after the overexpression of pypl mutants or pyp2
mutants under the control of the inducible nmtl promoter

S. pombe strain phenotype

pypl::ura4

Wild-type pypl::ura4 cdc25-22 cdc25-22
320C 320C 250C 350C 250C 350C

pypl construct
pyplWT + + _ - + -
pyplC470S ++ + ++ - + -
pyplR476K + ND + - + -
pyp1AN234 + ND - - + -
pyp1CD29 +++ ND +++ - +++ +++
pyp1ND297 +++ ++ ++ - ++ -
pypl235/2% +++ ND +++ - +++ +++
pREPl +++ +++ +++ - +++ +++

pyp2 construct
pyp2WT + - - _ -
pyp2C630S ++ + - + -
pyp2R636K ++ + - ND ND
pyp2AN(1)345 + + - ND ND
pyp2AN(2)424 +++ +++ - +++ +++
pyp2CD" +++ +++ - +++ +++
pyp2ND461* +++ +++ - +++ +++
pREP +++ +++ - +++ +++

Transformed cells were grown to late logarithmic phase in EMM
containing 20 p thiamine at 320C (wild-type and pypl::ura4 cells)
or 25C (cdc25-22 and pypl::ura4 cdc25-22 cells), washed twice in
sterile H20, diluted intoEMM lacking thiamine, incubated further at
32°C (wild-type and pypl::ura4 cells) or 25°C (cdc25-22 and
pypl::ura4 cdc25-22 cells), and incubated further for 40 h. pypl::ura4
cdc25-22 cells were also shifted to 35°C and grown for another 40 h.
+, Highly elongated cells (50-100%o) with very slow colony forma-
tion; + +, cells display some degree of cell elongation (25-50o) and
slower colony formation compared to control cells; +++, the
phenotype of the transformed cells, as judged by cell size and their
ability to form colonies on plate, is indistnguishable from that of
nontransformed cells; ±, cells are very highly elongated (100-200%),
some cdc-; -, cell division cycle (cdc)-arrested cells; ND, not
determined.
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cdc25-22 genetic background, however, the overexpression
of either mutant resulted in very highly elongated cells, and
for pyplC470S, this phenotype was hardly distinguishable
from a cdc- phenotype (Table 1). These results indicate that
mutation of this Cys residue does not abolish the biological
activity of either enzyme but decreases its efficiency. Con-
sistent with data reported for other PTPases (24-27), how-
ever, alteration of the Cys residue in the catalytic site of
either enzyme completely abolished its in vitro PTPase
activity (data not shown).

Since the Arg residue located within the PTPase signature
motif has also been defined as an invariant residue that is
crucial for in vitro PTPase activity (5, 28), we altered Arg-476
of pypl and Arg-636 of pyp2 to Lys by site-directed muta-
genesis. The overexpression of these mutants also resulted in
cell elongation. The mutantpyplR476K influenced growth to
a greater extent than did pyplC470S, as judged by the ability
of transformed cells to form colonies, whereas pyp2C630S
and pyp2R636K showed no such difference (Fig. 1 and Table
1). In contrast to other reports (5, 28), however, alteration of
the Arg residue located in the catalytic site of pypl did not
completely inactivate the enzyme but significantly reduced
its in vitro PTPase activity (data not shown).

Biological Activity of pypl+ and pyp2+ Is Dependent on a
Minimal N-Terminal Region. The overexpression of pypl+
andpyp2+ causes mitotic delay in a S. pombe wild-type strain
and leads to cell cycle arrest in a cdc2S-22 strain at the
permissive temperature (13, 29). The same phenotypes were
observed after the overexpression of pyplAN in wild-type
and cdc25-22 cells (Fig. 2 and Table 1). These results dem-
onstrate that the first 234 N-terminal amino acids (79%o of the
N terminus) of pypl are not crucial for its ability to induce
mitotic delay. However, under the same conditions, the
overexpression of pyplCD, which lacks the remaining 60
N-terminal amino acids (residues 235-296), caused no mor-
phological changes in either a wild-type or a cdc25-22 strain
(Fig. 1 and Table 1). This indicates that the putative catalytic
domain of pypl is not sufficient to induce mitotic delay. To
determine whether pyplCD has lost its ability to induce
mitotic delay but may be able to rescue a cdc25-22 mutation,
we shifted cdc25-22 cells expressing pyplCD to the restric-
tive temperature of 350C. However, the overexpression of
pyplCD did not rescue the lethality ofthe cdc25-22 mutation,
which demonstrates that pyplCD cannot substitute for the
mutated cdc25 gene (Table 1).

cdc25-2 '-S 1Pv('l47S cdc25-22-S.p.pypl R476K
2r1fC1'-

The overexpression ofpyp2AN(1), which lacks the first 345
N-terminal amino acids (75% of the N terminus) of pyp2, led
to highly elongated cells and slow growing colonies, a phe-
notype similar to that observed after the overexpression of
pyp2+. The phenotype was less severe when pyp2AN(l) was
overexpressed in cdc25-22 cells at the permissive tempera-
ture, compared to the cell cycle arrest caused by pyp2+
overexpression in this strain. However, the overexpression
of pyp2AN(2), which lacks the first 424 N-terminal amino
acids (92% of the N terminus), displayed no detectable
phenotypical changes in either wild-type or cdc25-22 cells,
which indicates, as for pypl+, that a minimal N-terminal
region ofpyp2 is required for its biological activity (Table 1).
Furthermore, also consistent with pypi +, overexpression of
the catalytic domain of pyp2+ (pyp2CD) displayed no de-
tectable phenotypical changes in either genetic background,
and overexpression ofpyp2CD failed to rescue the lethality
of cdc25-22 mutation at the restrictive temperature. These
results correlate with the in vitro PTPase activity displayed
by these mutants: pyplAN and pyp2AN(1) had enzymatic
activity similar to that determined for wild-type pypl and
pyp2 proteins (11), whereas pyplCD, pyp2CD, and
pyp2AN(2) displayed no activity (data not shown).
pyp2+ Activates the wee1+1/mik+ Pathway Independent of

cdr1+(nim1+) Activity. Cdrl+(niml+) functions as a dosage-
dependent inducer of mitosis upstream of weel+ (30-33). A
pypl::ura4 niml::LEU2 double disruption reverses the mi-
totic delay observed in a niml-deleted strain, indicating that
pypl+ and cdrl+(niml+) regulate mitosis by independent
mechanisms (29). We were further interested in investigating
whether pyp2+ interacts with cdrl +(niml +) in the regulation
of weel+/mikl+ pathway. Therefore, we overexpressed
pyp2+ under the control of the inducible nmtl promoter in a
strain carrying a niml deletion. Ifpyp2+ were to activate the
weel+/mikl+ pathway by inhibiting the cdrl(niml) kinase,
then overexpression of pyp2+ would not be expected to be
additive to the mitotic delay caused by a niml deletion (32).
We found, however, that the overexpression of pyp2+ re-
sulted in very highly elongated cells (100-200%), which were
unable to form colonies, equivalent to a cdc- phenotype,
whereas the loss of niml function caused only a moderate
delay of mitosis, with a cell length at division of -18 Pm (this
study and ref. 32). Second, we overexpressed pyp2+ in a
strain that carries an additional integrated cdrl+(niml +) copy
under the control ofthe adh promoter. Fission yeast cells that

cdc25-22S, p.I) 12( ("30S
2--;(("

c 2-22-; R I

cdfc23-2 - S.p.py p I C 1)
25 O (

FIG. 1. Overexpression ofpyplR476K, pyplC470S, and pyp2C630S in cdc25-22 cells severely impairs the formation of single colonies. The
cdc25-22 cells overexpressing these mutants under the control of the inducible nmtl promoter were streaked on EMM plates lacking thiamine
and incubated for 3-4 days at 25°C. Under the same experimental conditions, the colony formation of cdc25-22 cells overexpressing pyplCD
or of cdc25-22 cells transformed with the pREP1 expression vector was not affected. S.p., S. pombe.
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FIG. 2. Overexpression of pyplAN in wild-type (FWP165) cells (A) results in highly elongated cells. This phenotype is identical to that
observed after the overexpression ofpyp1+ (B) (this study and refs. 12 and 13), whereas the transformation of wild-type cells with pREP1 (C)
caused no phenotypical changes. Wild-type cells were transformed with pREPi overexpressing either pyplAN or pypJ + under the control of
the inducible nmtl promoter or pREP1 containing no insert. The transformed cells were grown to late logarithmic phase at 320C in EMM
containing 20 jAM thiamine, washed twice in sterile H20, diluted into EMM lacking thiamine, and incubated further at 32C for 40 h.

overexpress cdrl+(niml+) initiate mitosis at a significantly
reduced cell size, which causes a wee phenotype (this study
and ref. 32). In this genetic background, we observed a
complete reversion of the G2-phase delay caused by overex-
pression ofpyp2+. The vast majority of the cells displayed a
wee phenotype, with a small minority of cells displaying
either a semi-wee or wild-type phenotype.

DISCUSSION
Our previous studies regardingpypl + andpyp2+ function as
negative regulators of mitosis were unable to distinguish
whether these enzymes operate by directly activating the
weel kinase, by inhibiting the cdrl(niml) kinase or by
functioning independently of both mechanisms. Based on
data presented in this study, we suggest the following
sequence of events of how pypJ+ and pyp2+ might be
involved in the negative regulation of mitosis: pypl/pyp2
H X -i weel/mikl H cdc2. This suggests (i) that the weel
kinase is not the physiological substrate of either PTPase
and (ii) that pypl+ and pyp2+ do not act through cdrl +
(nim1+), which has been shown to directly inhibit the weel
kinase (30, 31, 33).

Several lines ofevidence originally suggested that the weel
kinase might be a physiological substrate of pypl and/or
pyp2 (11, 13), although in unsynchronized fission yeast cells,
p107wel is apparently phosphorylated exclusively on Ser
residues (34). If the weel kinase were an in vivo substrate of
either PTPase, then the overexpressed catalytically inactive
pypi and pyp2 mutants such as pyplC470S and pyp2C630S
would bind to and titrate out the weel kinase, causing a wee
phenotype. Our results, however, indicate a cell cycle delay.
The fact that these mutants still retain significant biological
activity as judged by their ability to induce mitotic delay,
despite their obvious loss of catalytic activity as demon-
strated by in vitro PTPase assays, suggests that these mutant
proteins titrate out Tyr-phosphorylated proteins that are
involved in the negative regulation of the weel+/mik1+

pathway. These results, however, do not indicate that cata-
lytic activity is not important forpyp1+ andpyp2+ biological
activity. All strains used in this study contained at least one
genomic pyp copy, and this genomic copy obviously still
performs its function. Indeed, catalytic activity appears to be
essential for pyp function, since we were unable to suppress
the lethality ofapypl pyp2 double mutant by overexpressing
pyplC470S and pyp2C630S from the pREPi multicopy plas-
mid (S.O., unpublished data).
Our interpretation that catalytically inactive mutants of

either PTPase titrate crucial physiological substrate(s) is
further supported by Sun et al. (35), who reported similar
results for a catalytically inactive mutant of MPK-1, MPK-
1C258S, and Bliska et al. (36), who showed that YopHC430A,
a catalytically inactive mutant of the Yersinia pseudotuber-
culosis YopH PTPase, has a higher affinity for binding
Tyr-phosphorylated substrates than does its wild-type coun-
terpart. There are also reports, however, that demonstrate
that PTPases carrying a mutation of this highly conserved
Cys residue completely lose their in vivo activity (5, 24).
We further predict that neither pyp1+ nor pyp2+ act

through cdrl+(niml+), which is supported by the following
evidence. (i) The overexpression ofpyp2+ in a nimi deletion
strain led to very highly elongated cells, with the majority of
these cells unable to form colonies. (ii) The overexpression
ofnim1 + completely reversed the mitotic delay caused by the
overexpression ofpyp2+. (iii) A pypi disruption reverses the
mitotic delay observed in a niml-deleted strain (29).

Therefore, we postulate a gene "X" that is functionally
redundant with cdrl+(niml+) (32, 37) to inhibit the wee1+/
mik + pathway. In this pathway, pypJ + and/or pyp2+ would
inhibit the function of gene X. In fission yeast, the presence
of functional redundant gene pairs such as wee] +/mik1 + (9,
10), cdc25+/pyp3+ (38, 39), and pyp +/pyp2+ (12, 13, 29), is
a common phenomenon. Negative regulation of p107w"l by
cdrl(niml)-mediated C-terminal phosphorylation has been
shown (30, 31, 33). Furthermore, mitosis-specific hyperphos-
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phorylation of the N terminus of p107weel by a kinase other
than cdrl/niml was detected in Xenopus egg extracts (40),
which resulted in a dramatic decrease in the ability of
pl07w"' to mediate the inhibitory Tyr-phosphorylation of
cdc2.
pypl and pyp2 contain extended N-terminal regions of 296

and 460 amino acids, respectively, but these regions reveal no
sequence motifs indicative oftheir function, as is the case for
several other PTPases (for review, see refs. 41 and 42). The
overexpression of pypi and pyp2 mutants with significant
N-terminal deletions in both a wild-type and a cdc25-22
genetic background resulted in mitotic delay in either strain.
These results show that neither enzyme requires extended
regions of its N-terminal domain (-80%) to induce mitotic
delay. Therefore, these regions apparently do not affect the
substrate specificity or the intracellular localization; how-
ever, a minimal N-terminal region is absolutely required for
biological function, since the mere catalytic domains ofpypl
and pyp2 are biologically inactive. In the course of this
investigation, we have narrowed these minimal N-terminal
regions to 62 and 115 amino acids for pypl and pyp2,
respectively, and our data concerning pyp2AN(2) indicate
further that an N-terminal region of 36 amino acids is not
sufficient to support biological activity of pyp2.
The minimal N-terminal region appears to be crucial for the

correct folding of either PTPase, as has been demonstrated
for HPTPf3 (43). Since the overexpression of pyplCD and
pyp2CD yielded no detectable morphological changes in
either a wild-type or a cdc25-22 genetic background, we also
determined whether they might still have the ability to rescue
a lethal cdc25-22 mutation. We found that they were unable
to rescue this mutation, and cells, therefore, arrested at 350C
with a cdc- phenotype. These results are consistent with our
data observed for the in vitro PTPase activity ofpyplCD and
pyp2CD and support the hypothesis that a minimal N-termi-
nal region is required to display catalytic activity.

We thank Jack Dixon for plasmid pGEX-KG, Fred Winston and
Paul Russell for yeast strains, and Cristina Vidal for help with the
site-directed mutagenesis. This work was supported by National
Institutes of Health Grant CA 42580 and American Cancer Society
Grant BE-106. G.H. was supported by a postdoctoral fellowship of
the Deutsche Forschungsgemeinschaft and holds an American Can-
cer Society Massachusetts Division postdoctoral fellowship, and
S.O. held a Deutsche Forschungsgemeinschaft postdoctoral fellow-
ship. R.L.E. is an American Cancer Society Professor ofCellular and
Developmental Biology.

1. Forsburg, S. L. & Nurse, P. (1991) Annu. Rev. Cell Biol. 7,
227-256.

2. Nurse, P. (1990) Nature (London) 344, 503-508.
3. Gould, K. L. & Nurse, P. (1989) Nature (London) 342, 39-45.
4. Dunphy, W. G. & Kumagai, A. (1991) Cell 67, 189-196.
5. Gautier, J., Solomon, M. J., Booher, R. N., Razan, J. F. &

Kirschner, M. W. (1991) Cell 67, 197-211.
6. Lee, M. S., Ogg, S., Xu, M., Parker, L. L., Donoghue, D. J.,

Maller, J. L. & Piwnica-Worms, H. (1992) Mol. Biol. Cell 3,
73-84.

7. Millar, J. B. A., McGowan, C. H., Lenaers, G., Jones, R. &
Russell, P. (1991) EMBO J. 10, 4301-4309.

8. Strausfeld, U., Labbe, J. C., Fesquet, D., Cavadore, J. C.,

Picard, A., Sadhu, K., Russell, P. & Doree, M. (1991) Nature
(London) 351, 242-244.

9. Russell, P. & Nurse, P. (1987) Cell 49, 559-567.
10. Lundgren, K., Walworth, N., Booher, R., Dembski, M.,

Kirschner, M. & Beach, D. (1991) Cell 64, 1111-1122.
11. Hannig, G., Ottilie, S., Schievella, A. R. & Erikson, R. L.

(1993) Yeast 9, 1039-1052.
12. Ottilie, S., Chernoff, J., Hannig, G., Hoffman, C. S. & Erikson,

R. L. (1991) Proc. Natl. Acad. Sci. USA 88, 3455-3459.
13. Ottilie, S., Chernoff, J., Hannig, G., Hoffman, C. S. & Erikson,

R. L. (1992) Mol. Cell. Biol. 12, 5571-5580.
14. Gutz, H., Heslot, H., Leupold, U. & Loprieno, N. (1974) in

Handbook of Genetics, ed. King, R. C. (Plenum, New York),
Vol. 1, pp. 395-446.

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

16. Maundrell, K. (1990) J. Biol. Chem. 265, 10857-10864.
17. Smith, D. B. & Johnson, K. S. (1988) Gene 67, 31-40.
18. Guan, K. L. & Dixon, J. E. (1991) Anal. Biochem. 192, 262-

267.
19. Crews, C. M., Alessandrini, A. A. & Erikson, R. L. (1991)

Proc. Natl. Acad. Sci. USA 88, 8845-8849.
20. Streuli, M., Krueger, N. X., Tsai, A. Y. & Saito, H. (1989)

Proc. Natl. Acad. Sci. USA 86, 8698-8702.
21. Barford, D., Flint, A. J. & Tonks, N. K. (1994) Science 263,

1397-1404.
22. Cho, H., Ramer, S. H., Itoh, M., Kitas, E., Bannwarth, W.,

Burn, P., Saito, H. & Walsh, C. T. (1992) Biochemistry 31,
133-138.

23. Guan, K. L. & Dixon, J. E. (1991) J. Biol. Chem. 266, 17026-
17030.

24. Bliska, J. B., Guan, K.-L., Dixon, J. E. & Falkow, S. (1991)
Proc. Natl. Acad. Sci. USA 88, 1187-1191.

25. Guan, K. L. & Dixon, J. E. (1990) Science 249, 553-556.
26. Guan, K. L., Deschenes, R. J., Qiu, H. & Dixon, J. E. (1991)

J. Biol. Chem. 266, 12964-12970.
27. Guan, K. L., Broyles, S. S. & Dixon, J. E. (1991) Nature

(London) 350, 359-362.
28. Streuli, M., Krueger, N. X., Thai, T., Tang, M. & Saito, H.

(1990) EMBO J. 9, 2399-2407.
29. Millar, J. B. A., Russell, P., Dixon, J. E. & Guan, K. L. (1992)

EMBO J. 11, 4943-4952.
30. Coleman, T. R., Tang, Z. & Dunphy, W. G. (1993) Cell 72,

919-929.
31. Parker, L. L., Walter, S. A., Young, P. G. & Piwnica-Worms,

H. (1993) Nature (London) 363, 736-738.
32. Russell, P. & Nurse, P. (1987) Cell 49, 569-576.
33. Wu, L. & Russell, P. (1993) Nature (London) 363, 738-741.
34. Featherstone, C. & Russell, P. (1991) Nature (London) 349,

808-811.
35. Sun, H., Charles, C. H., Lau, L. F. & Tonks, N. K. (1993) Cell

7S, 487-493.
36. Bliska, J. B., Clemens, J. C., Dixon, J. E. & Falkow, S. (1992)

J. Exp. Med. 176, 1625-1630.
37. Feilotter, H., Nurse, P. & Young, P. G. (1991) Genetics 127,

309-318.
38. Russell, P. & Nurse, P. (1986) Cell 45, 145-153.
39. Millar, J. B. A., Lenaers, G. & Russell, P. (1992) EMBO J. 11,

4933-4941.
40. Tang, Z., Coleman, T. R. & Dunphy, W. G. (1993) EMBO J.

12, 3427-3436.
41. Mauro, L. J. & Dixon, J. E. (1994) Trends Biochem. Sci. 19,

151-155.
42. Walton, K. M. & Dixon, J. E. (1993) Annu. Rev. Biochem. 62,

101-120.
43. Wang, Y. & Pallen, C. J. (1992) J. Biol. Chem. 267, 16696-

16702.

10088 Cell Biology: Hannig et al.


