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We have isolated the human genes encoding the Pyst1
(MKP-3) and Pyst2 (MKP-X) MAP kinase phosphatases.
Both genes consist of three exons interrupted by two
introns and lack an intron which is conserved in all the
other members of this gene family characterised to date.
This reinforces the conclusion that Pyst1 and Pyst2 are
members of a distinct and structurally homologous
subfamily of dual-specificity (Thr/Tyr) MAP kinase
phosphatases. We find that Pyst2 mRNA is constitutively
expressed in a wide variety of human cell lines including
those derived from ovarian, bladder and breast cancers.
While there is no evidence for inducible expression of Pyst2
mRNA in human skin fibroblasts in response to cellular
stress, Pyst2 mRNA levels are moderately increased in

response to serum stimulation. Pyst2 protein is
predominantly cytosolic when expressed in COS-1 cells. In
common with Pyst1, Pyst2 shows substrate selectivity for
the classical p42 (ERK2) isoform of MAP kinase both in
vitro and in vivo, displaying much reduced activity towards
stress activated MAP kinase isoforms such as JNK-1 and
p38/RK. Pyst2 binds p42 MAP kinase in vivo and both
MAP kinase binding and substrate selectivity correlate
with the ability of different recombinant MAP and SAP
kinases to cause catalytic activation of the Pyst2
phosphatase in vitro.

Key words: MAP kinase phosphatase, Catalytic activation, Signal
transduction
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INTRODUCTION

The mitogen-activated protein (MAP) kinases are compone
of signal transduction pathways which are highly conserv
from yeast to mammalian cells (Nishida and Gotoh, 199
Marshall, 1994; Robinson and Cobb, 1997). These rel
amplify and integrate diverse signals, allowing the cell to c
ordinate a wide variety of cellular functions. These includ
proliferation, differentiation, development, inflammator
responses and apoptosis. Ten MAP kinase family memb
have been identified in mammalian cells thus far, and these
classified according to their differential activation by variou
agonists (Cohen, 1997). The most widely studied of the MA
kinases are the ‘classical’ 42 and 44 kDa isoforms (also kno
as ERK2/ERK1 or MAPK2/MAPK1) which respond
vigorously to growth factors and phorbol esters and have b
associated with cellular proliferation and differentiation (Cob
et al., 1994). A second group of kinases are preferentia
activated by cellular stress including osmotic shock, oxidat
stress, DNA-damaging agents and inhibitors of prote
synthesis. These comprise the stress-activated protein (S
kinases and include the c-Jun kinase isoforms JNK-1, JNK
and JNK-3 (SAPK1c, SAPK1a and SAPK1b), p38/RK/CSB
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(SAPK2a), p38β (SAPK2b), ERK6/p38γ (SAPK3), SAPK4
and ERK5/BMK1 (SAPK5) (Cohen, 1997).

All MAP kinases are activated by phosphorylation of both
threonine and tyrosine residues within the conserved signatu
sequence T-X-Y by a dual specificity MAP kinase kinas
(MEK or MKK). In addition to mediating activation of MAP
kinases, it has recently been demonstrated that phosphorylat
of these key residues is responsible for promoting th
dimerisation and nuclear translocation of ERK2/MAPK2
(Khokhlatchev et al., 1998). Other MAP and SAP kinases als
form dimers indicating that this is a general mechanism o
action of the MAP kinase family. This has important functiona
implications, as the magnitude and duration of MAP kinas
signalling, coupled with nuclear translocation of the enzym
are critical determinants of biological effect (Marshall, 1995)
This is best illustrated by studies of the differentiation of ra
PC12 cells in culture. These cells proliferate in response 
epidermal growth factor (EGF), while exposure to nerv
growth factor (NGF) causes cell differentiation marked by th
cessation of cell division and outgrowth of neurites. Thi
differential response is entirely due to the ability of NGF to
cause both sustained activation and nuclear translocation
MAP kinase. In contrast, EGF causes only a very transie
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activation of MAP kinase and the kinase does not enter the 
nucleus (Traverse et al., 1992).

The magnitude and duration of MAP kinase signalling 
likely to reflect a balance between the activities of upstre
activators such as MEK/MKK and the activities of protei
phosphatases. It is now clear that there are specific pro
phosphatases which are responsible for regulating MAP kin
activities in yeasts, Drosophilaand mammalian cells (Keyse,
1998). In particular, a family of dual-specificity (Thr/Tyr) MAP
kinase phosphatases (MKPs) typified by the inducible, nucl
CL100 (MKP-1) enzyme appear to play a key role in th
regulation of MAP kinase activity in mammalian cells (Keys
and Emslie, 1992; Alessi et al., 1993; Sun et al., 1993). At le
nine CL100-like enzymes have now been isolated a
characterised which show distinct patterns of transcription
regulation, tissue/cell distribution and subcellular localisatio
(Keyse, 1998). These include the Pyst1 phosphatase (
called MKP-3) which is able to bind to p42 (ERK2) MAP
kinase and shows remarkable substrate selectivity for 
p42/p44 (ERK2/1) isoforms of MAP kinase both in vitro an
in vivo (Groom et al., 1996; Muda et al., 1996a,b). Recent wo
has now shown that p42 (ERK2) substrate binding 
accompanied by catalytic activation of Pyst1 (MKP-3) in vitr
(Camps et al., 1998) and this may provide a mechanism 
targeted inactivation of different MAP kinase isoforms.

In addition to Pyst1, the partial cDNA sequences of bo
human (Pyst2) and rat (MKP-X) enzymes closely related 
Pyst1 (MKP-3) were reported (Groom et al., 1996; Muda et a
1996a). Furthermore, a third enzyme designated MKP-4 wh
is more closely related to Pyst1 than to other MAP kina
phosphatases was isolated and found to exhibit subst
selectivity for the p42/p44 MAP kinases (Muda et al., 1997
This suggests that these enzymes might constitute a dist
and structurally homologous subfamily of dual-specifici
(Thr/Tyr) MAP kinase phosphatases. Here we prese
evidence, based on the structure of both the human Pyst1
Pyst2 genes, that this is indeed the case. Furthermore, we 
shown that Pyst2 is a cytosolic protein which displays substr
selectivity for p42 MAP kinase both in vitro and in vivo
Finally we show that the ability of Pyst2 to bind to p42 MA
kinase (ERK2) in vivo correlates with the ability o
recombinant MAP and SAP kinases to cause cataly
activation of Pyst2 in vitro.

MATERIALS AND METHODS

Isolation and characterisation of human genomic clones
encoding Pyst1 and Pyst2
We screened approximately 2.4×105 plaques from a human genomic
library constructed from human placental DNA cloned into EMBL
(Clontech) using standard techniques (Sambrook et al., 1989). Pla
were initially probed using a 300 bp cDNA fragment derived from t
3′ untranslated region of Pyst2. Filters were then rescreened usin
600 bp probe derived from the 3′ untranslated region of Pyst1. Positive
plaques were identified and purified. The inserts were then excis
subcloned and analysed using a combination of restriction analy
PCR and DNA sequencing. 

Plasmids
All manipulations were carried out using standard techniqu
(Sambrook et al., 1989) and plasmid structures were verified by D
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sequencing (Sanger et al., 1977). The complete Pyst2 open rea
frame was assembled from our partial cDNA (Groom et al., 1996) a
the Pyst2 genomic clone by overlap extension PCR (Ho et al., 198
The cDNA was then subcloned as an NdeI-XhoI fragment into the
bacterial expression vector pET15b (Novagen) and as an EcoRI-XhoI
fragment into a modified pSG5 mammalian expression vect
(Stratagene) encoding a C-terminal myc-tag as previously describ
(Groom et al., 1996). Site directed mutagenesis of the putative s
codons in our full length Pyst1 cDNA was performed b
oligonucleotide directed mutagenesis using the Sculptor syst
(Amersham). The plasmids encoding myc-tagged p42 MAP kina
and p38/RK SAP kinase and HA-tagged JNK-1 have been descri
previously (Groom et al., 1996)

RNA extraction and northern blot analysis
Total RNA was prepared from cultured cells using TRIzol reage
(Gibco BRL) as recommended by the manufacturers and northern b
analysis of mRNAs was performed using standard techniqu
(Sambrook et al., 1989). 32P-labelled cDNA probes were generated
by random primed labelling (Feinberg and Vogelstein, 1984) using t
following templates: the complete human Pyst2 cDNA; the comple
human Pyst1 cDNA (Groom et al., 1996); the complete human CL1
cDNA (Keyse and Emslie, 1992) and a 1,400 bp PstI fragment of the
rat cDNA encoding glyceraldehyde-3-phosphate dehydrogena
(Piechaczyk et al., 1984).

Cell culture, transfection and indirect
immunofluorescence
FEK4 primary human skin fibroblasts were cultured routinely an
treated with radiation and chemicals as described previously (Ke
and Emslie, 1992). COS-1 cells were maintained in Dulbecco
modified Eagle’s medium (DMEM) supplemented with 10% foeta
bovine serum and transfected using a standard calcium phosp
method. Indirect immunofluorescence experiments in COS-1 ce
transiently transfected with myc-tagged Pyst2, Pyst1 and CL1
proteins were performed using anti-myc monoclonal antibody 9E
as described previously (Lewis et al., 1995). Cell staining w
observed and photographed with an Olympus BX-60 microsco
fitted with a ×100 objective using excitation/emission filters for FITC
and DAPI. At least 50 9E10-positive cells were examined for ea
cell type and staining patterns were entirely consistent with t
representative cells photographed.

In cotransfection experiments, plasmids encoding kinase report
were introduced at 2 µg per 6cm dish in combination with varying
amounts (0.1-2.0 µg) of expression plasmid encoding Pyst2.

Antibodies, immunoblotting and immunoprecipitations
The anti-Pyst1 antibody was produced as described previou
(Groom et al., 1996). Purified Pyst2 protein expressed in Escherichia
coli was separated by SDS-PAGE and transferred to nitrocellulo
before immunoblotting with the anti-Pyst1 antiserum using standa
techniques (Harlow and Lane, 1988). For detection of th
phosphorylated and non-phosphorylated forms of p42 MAP kinase
COS-1 cells, lysates were separated by SDS-PAGE (10%), transfe
to nitrocellulose and immunoblotted with either an anti-MAP kinas
monoclonal antibody (Zymed), or in the case of myc-tagged p42 MA
kinase, the anti-myc monoclonal antibody 9E10, exactly as describ
previously (Groom et al., 1996).

COS-1 cells transfected with either myc-tagged RK/p38, HA
tagged JNK-1 or myc-tagged p42 MAP kinase were lysed and 
kinase was then immunoprecipitated before being assayed for kin
activities or analysed by SDS-PAGE as described previously (Gro
et al., 1996).

Preparation of 32P-labelled substrates and protein
phosphatase assays
Phosphorylase a was 32P-labelled exactly as described by Alessi et a
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A. Pyst1

1 kb

1 2 3

AA
AA

AA
AA

a b AS

1 2 3

1 kb

A
A
A
A

a b AS

B. Pyst2

5' 3'

3'5'

1 134 280 381

1 121 266 368

Fig. 1.Genomic structures of the human genes encoding Pyst1 (A)
and Pyst2 (B). Exons are boxed and numbered and the shaded areas
correspond to coding regions. Dashed lines indicate that the exon
size has not yet been determined. The structure of the encoded
proteins are also shown and amino acid residues are numbered. The
positions of various domains within the proteins are indicated,
including the regions of homology with the cdc25 proteins (a and b)
and the PTPase active site (AS).
(1993). MAP kinase was activated and 32P-labelled using activated
MAP kinase kinase as described by Alessi et al. (1995). Puri
MalE-RK fusion protein was activated and phosphorylated 
described previously (Groom et al., 1996).

Activated c-Jun kinase was specifically ‘pulled-down’ from lysat
of UV-irradiated (80 J/m2) COS-1 cells using a GST-c-Jun (residue
1-191) fusion protein. Pyst2 and Pyst1 proteins were expresse
bacteria, purified and refolded exactly as described previously 
CL100 (Keyse and Emslie, 1992). Assays of p42 MAP kina
p38/RK, and c-Jun kinase phosphatase activities and phosphoa
acid analysis was carried out exactly as described previously (Ke
and Emslie, 1992; Alessi et al., 1993).

Catalytic activation of Pyst2 and Pyst1 was measured usingp-
nitrophenyl phosphate (p-NPP) hydrolysis at 25°C. Phosphatas
activities were measured in 96-well plates in 200 µl of 50 mM
imidazole (pH 7.5) containing 10 mM DTT, 20 mM p-NPP and the
indicated amounts of recombinant Pyst2 or Pyst1 and various pur
recombinant MAP kinases. Reaction rates were monitored at
absorbance of 405 nm in a microplate reader (Bio-Rad) exactly
described (Camps et al., 1998).

Kinase assays
The activities of recombinant p42 MAP kinase or myc-tagged p
MAP kinase and p38/RK immunoprecipitated from COS-1 cells us
the 9E10 monoclonal antibody were assayed using myelin b
protein as substrate as described by Groom et al. (1996). Jun kin
‘pulled down’ from COS-1 cell lysates using GST-c-Jun fusio
protein or HA-tagged JNK-1 immunoprecipitated from COS-1 ce
using the anti-12CA5 monoclonal antibody was assayed exactly
described by Hibi et al. (1993).

RESULTS

Isolation and characterisation of the human genes
which encode Pyst1 and Pyst2
High stringency screening of the human genomic library w
the full length Pyst1 cDNA and our partial Pyst2 cDNA yielde
a number of positive signals. Upon further characterisation
these clones, the positive plaques were identified 
overlapping or sister clones containing the Pyst1 and Py
genes. These were then analysed in detail. The Pyst1 g
consists of three exons interrupted by two relatively sh
introns of about 700 bp (Fig. 1A). The size of the third ex
of Pyst1 has not been determined since the polyadenyla
signal for this gene has not yet been found. The Pyst2 g
spanned some 7 kb and, like the Pyst1 gene, contained t
exons interrupted by two somewhat longer (about 2 kb) intro
(Fig. 1B). The size of the first exon of the Pyst2 gene has 
been determined as the transcriptional start site is unkno
This exon contains the DNA sequences encoding residue
46 of the Pyst2 protein which were absent in our origin
cDNA.

The organisation of the two genes is highly conserved, w
exon 1 encoding the amino termini of the two proteins a
ending within the second of two short regions of homolo
between all mammalian dual-specificity MAP kinas
phosphatases and the cdc25 proteins (Keyse and Ginsb
1993). The PTPase active site is found within exon 3 in b
Pyst1 and Pyst2. Sequence comparison of the two ge
reveals that all splice junctions conform to the donor a
acceptor sequence consensus (Breathnach and Cham
1981) and that the intron/exon boundaries of the two genes
identical (Table 1). FISH analysis using our genomic clon
ith
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maps the Pyst1 gene to human chromosome 12q21 and
Pyst2 gene to human chromosome 3p21 (data not shown).

To date, the structures of three human genes which enc
dual specificity MAP kinase phosphatases have been analys
These are CL100/MKP-1 (Emslie et al., 1994; Kwak et a
1994) PAC-1 (Yi et al., 1995) and HB5/hVH-5 (Nesbit et al
1997). In all of these genes both the positions and phase of
two introns which interrupt the second cdc25-like sequen
and define the start of the exon containing the PTPase ac
site are conserved when compared with those found in Py
and Pyst2. However, in contrast to Pyst1 and Pyst2, t
intervening coding sequence (corresponding to exon 2) 
interrupted by an additional intron. Furthermore, ou
preliminary analysis of the mouse gene encoding Pyst3 (MK
4) has revealed an identical structure to the human Pyst1 
2 genes (our unpublished data) indicating that the lack of th
conserved intron is a hallmark of the Pyst subfamily of MA
kinase phosphatases.

Determination of the complete coding sequence of Pys
allows us to align the Pyst1, 2 and 3 amino acid sequences 
shows that these proteins are highly homologous, particula
over the region containing the PTPase active site (Fig. 
When compared with Pyst2 and Pyst3, Pyst1 appears 
possess an amino-terminal extension of about 13 residu
However, western blotting of COS-1 cell lysates expressing
cDNA which encodes the Pyst1 protein fused with a sing
copy of the myc-epitope tag at the C terminus detects tw
distinct polypeptides and reveals that the smaller of these t
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Table 1. Exon-intron boundary sequences of the human Pyst1 and Pyst2 genes

Boundary sequences*
                                       Exon size                                                                                                     Intron size                        

                                                              5′ boundary                                                           3′ boundary            

 1. 750                TAC CTG GAA G gtacgcgcc...ttctggcag GT GGC TTC
T L E       G G F

~710

 2. 437       TCT TTC ATA G gtgagact....tgttcacag AT GAA GCC
S   F I                   D E A

~710

 3. >900

 1. >450       TAC CTC CAA G gtgagggcg....tggacacag GT GGT TTC

T L Q          G G  F

~2,100

 2. 435       AGC TTC ATT G gtagttg......gtgtttcag AC GAA GCC

S F I                  D E A

~2,100

 3. 2,179

Pyst2

Pyst1

*Exon sequences are shown in upper case letters and intron sequences in lower case letters. Splice donor and acceptor sequences are underlined  
and amino acid sequences are shown in upper case bold.

(bp)No. (bp)
proteins is more efficiently translated (Fig. 3B). Thes
correspond in size to translation products initiating at the fi
ATG and an internal ATG (Met 14) (Fig. 3A). Examination o
the nucleotide sequences flanking these start codons rev
that the second ATG is in a more favourable context f
initiation of translation (Kozak, 1991). Site directe
mutagenesis of these putative start codons confirms that
major translation product of the Pyst1 cDNA corresponds
initiation at this internal ATG (Fig. 3B), indicating that this i
most likely to represent the predominant form of Pys
expressed in vivo.
Pyst1
Pyst2
Pyst3/MKP-4

Pyst1
Pyst2
Pyst3/MKP-4

Pyst1
Pyst2
Pyst3/MKP-4

Pyst1
Pyst2
Pyst3/MKP-4

Pyst1
Pyst2
Pyst3/MKP-4

Pyst1
Pyst2
Pyst3/MKP-4

Pyst1
Pyst2
Pyst3/MKP-4

   
MID
   
   

   
PGI
PGL
PAL

   
G E
APA
A E

***
GLG
GLG
GLG

 **
TNL
TNL
ANL

   
RGK
RSK
LSQ

***
FER
FER
FER

Fig. 2.Sequence alignments of the Pyst1,
Pyst2 and Pyst3 (MKP-4) proteins. Identical
residues are marked with an asterisk and
spaces represent gaps introduced to maximise
matches. The highly conserved PTPase active
site sequence of these enzymes is underlined
and the two regions of homology between all
of these proteins and the cdc25 phosphatase
are boxed. The positions of two leucine-rich
sequences are shaded.
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Pyst2 and Pyst1 are differentially expressed in
human cells lines and Pyst2 mRNA is inducible by
growth factors, but not stress, in human skin
fibroblasts
We had previously detected the Pyst2 mRNA in a number
human tissues including muscle, brain heart and liv
(Groom et al., 1996). However, using a probe correspondi
to the 3′ untranslated region of Pyst2, we were unable 
detect the transcript in primary human skin fibroblasts. Usin
the complete Pyst2 cDNA we have now established that t
Pyst2 mRNA is widely expressed in a variety of human ce
58
45
46

110
97
101

165
154
160

222
209
219

282
269
279

342
329
339

381
368
384

                   **   *       *** ***  ** **     *   * 
TLRPVPFASEM AISKTVAWLNEQLEL GNERLLLMDCRPQELYESSHIESAINVAI
          M P CKSAEWLQEELEARGGASLLLLDCRPHELFESSTHRDAINLAI
          MEGLGRSCLWLRRELSP PRPRLLLLDCRSRELYESARIGGALSVAL

 ****  * *  *                    * ***            
MLRRLQKGNLPVRALFTRGEDRDRFTRRCGTDTVVLYDESSSDW        NENTG
MLRRLRKGNLPIRSIIPNHADKERFATRCKAATVLLYDEATAEW        QPEPG
LLRRLRRGSLSVRALL     PGPPLQPPPPAPVLLYDQGGGRRRRGEAEAEAEEWE

* ** ** **   *  * ** ***  ** *    ***               *  *      
SLLGLLLKKLKDEGCRAFYLEGGFSKFQAEFSLHCETNLDGSCS    SSSPPLPVL
SVLGLLLQKLRDDGCQAYYLQGGFNKFQTEYSEHCETNVDSSSSP   SSSPPTSVL
SVLGTLLQKLREEGYLAYYLQGGFSRFQAECPHLCETSLAGRAGSSMAPVPGPVPVV

 *   **  ** **       *    * *   *       *** *** **** * ** 
GLRISSDSSSDIESDLDRDPNSAT DSDG  SPLSNSQPSFPVEILPFLYLGCAKDS
GLRISSDC SDGESDRELP SSAT ESDG  SPVPSSQPAFPVQILPYLYLGCAKDS
SLCLGSDC SDAESEADRDSMSCGLDSEGATPPPVGLRASFPVQILPNLYLGSARDS

  *   ** *********** **  * * *************** ****** *****
DVLEEFGIKYILNVTPNLPNLFENAGEFKYKQIPISDHWSQNLSQFFPEAISFIDEA
DVLGKYGIKYILNVTPNLPNAFEHGGEFTYKQIPISDHWSQNLSQFFPEAISFIDEA
ESLAKLGIRYILNVTPNLPNFFEKNGDFHYKQIPISDHWSQNLSRFFPEAIEFIDEA

 ********** **************  ** ***** ** *****************
NCGVLVHCLAGISRSVTVTVAYLMQKLNLSMNDAYDIVKMKKSNISPNFNFMGQLLD
KCGVLVHCLAGISRSVTVTVAYLMQKMNLSLNDAYDFVKRKKSNISPNFNFMGQLLD
NCGVLVHCLAGVSRSVTVTVAYLMQKLHLSLNDAYDLVKRKKSNISPNFNFMGQLLD

 * *         *             * **          *  *
TLGL         SSPCDNRVPAQQLYFTTPSNQNVYQVDSLQST
TLGL         SSPCDNHASSEQLYFSTPTNHNLFPLNTLEST
SLRLEERHSQEQGSGGQASAASNPPSFFTTPTSDGAFE   LAPT
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Fig. 3.The predominant form of Pyst1 expressed in COS-1 cells is
initiated from an internal ATG. (A) The nucleotide sequence
encoding the first 16 amino acids of the Pyst1 protein is shown wi
the corresponding amino acid sequence. The two putative start
codons are shown in bold and indicated by arrows. (B) Western bl
of myc-tagged wild-type (W/T) and mutant (1ATG to 1GTG and
40ATG to 40GTG) Pyst1 proteins expressed in COS-1 cells. Arrow
indicate the positions of the encoded polypeptides.
lines including human skin fibroblasts (FEK4), HeLa cell
and ovarian (1847, Green et al., 1984), bladder (EJ1
O’Toole et al., 1983) and breast cancer (MCF-7, Soule et 
1973)-derived cell lines (Fig. 4A). In certain of these, su
as FEK4 fibroblasts and three of the cancer cell lines, b
Pyst1 and Pyst2 mRNAs are coexpressed. This latter re
indicates that loss of expression of these genes is no
characteristic of cells derived from at least some comm
Fig. 4. (
mRNAs
of Pyst2
various
analysi
fibrobla
minutes
(500 µM
serum s
fragme
(Piecha
s,
38,
al.,
ch
oth
sult
t a
on

human tumours. However, Pyst1 mRNA was undetectable 
HeLa cells which are derived from a human cervica
carcinoma while CL100 mRNA, like Pyst2, was detected i
all cell lines tested. We have also analysed the levels of Pys
transcript in FEK4 cells following exposure to growth factors
and a variety of cellular stresses including heat shoc
oxidative stress and UV-radiation. In contrast to Pyst1, Pys
mRNA is moderately inducible with rapid kinetics in FEK4
cells following serum stimulation (Fig. 4B). However, we can
detect no significant increase in the levels of the Pys
transcript in these cells following exposure to a variety o
stress conditions (Fig. 4C).

Pyst2 protein is localised in the cytosol of
transfected COS-1 cells
Several of the CL100-like MAP kinase phosphatases are ve
tightly localised to the cell nucleus (Keyse, 1998). Howeve
Pyst1 (MKP-3) is clearly localised predominantly within the
cytosol of transfected COS-1 cells and sympathetic neuro
(Groom et al., 1996; Muda et al., 1996a) and cytosoli
localisation has also been reported for Pyst3/MKP-4 (Muda 
al., 1997). Two leucine-rich sequences, reminiscent of th
nuclear export sequences (NES) found in several proteins, w
reported as being present in the amino terminus of rVH6, th
rat homologue of Pyst1 (Mourey et al., 1996) and a comparis
of the Pyst1, 2 and 3 sequences shows that these sequence
conserved in all three members of the Pyst subfamily o
proteins (Fig. 2). Consistent with a functional role for thes
sequences we find that the Pyst2 protein shows predominan
cytosolic localisation in transfected COS-1 cells (Fig. 5) an
we have obtained identical results in both HeLa cells and NI
3T3 fibroblasts (data not shown).

th

ot

s

A) Northern blot analysis of Pyst2, Pyst1 and CL100
 in a variety of human cell lines. (B) Northern blot analysis
, Pyst1 and CL100 mRNAs in human skin fibroblasts at

 times following serum stimulation. (C) Northern blot
s of Pyst2, Pyst1 and CL100 mRNAs in human skin
sts 1 hour after exposure to heat shock (45°C for 15
), hydrogen peroxide (200 µM for 30 minutes), menadione
 for 30 minutes), UVC (fluence of 40 J/m2) or following
timulation. In all cases blots were reprobed with the PstI

nt of the rat glyceraldehyde phosphate dehydrogenase gene
czyk et al., 1984) as a loading control.
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Fig. 5.The human Pyst2
protein is localised
predominantly in the
cytosol when expressed
in COS-1 cells. COS-1
cells were transfected
with the mammalian
expression vector pSG5
containing either myc-
tagged Pyst2 (A-C),
Pyst1 (D-F) or CL100
(G-I), and analysed
either by
immunofluorescence
using the anti-myc 9E10
monoclonal antibody
(A,D,G), by DAPI
fluorescence (B,E,H) or
phase-contrast
microscopy (C,F,I). Bar,
10 µm.
Pyst2 preferentially dephosphorylates and
inactivates p42 MAP kinase in vitro and in vivo
In order to study the activity and specificity of the Pys
enzyme we have expressed a His-tagged fusion protein inE.
coli and obtained highly purified recombinant enzyme (F
6A). Surprisingly, this protein is specifically recognised by
polyclonal antiserum raised against a peptide spanning the
terminal 20 residues of the Pyst1 protein, despite only 5
amino acid identity between the two enzymes over this reg
(Fig. 6A). The Pyst2 protein is catalytically active, as it read
hydrolyses p-nitrophenyl phosphate (p-NPP) and this activity
is abolished by sodium orthovanadate, a specific inhibitor
the protein tyrosine phosphatases (Fig. 6B).

We have examined the ability of recombinant Pyst2 
dephosphorylate a range of model substrates including M
and SAP kinase isoforms in vitro. We find that Pyst2 efficien
dephosphorylates recombinant p42 MAP kinase (ERK
MAPK2). Furthermore, its specific activity towards thi
substrate is approximately twofold greater than its activ
towards recombinant RK/p38 (SAPK2a) (Table 2). Th
Table 2. Phosphatase activity of purified Pyst2 protein
Specific activity

32P-labelled substrate Modified residue (mU/mg)*

GST-ERK2 Y,T 104
MalE-RK/p38 Y,T 47
Phosphorylase a S 0

*One milliunit of activity is defined as the amount of phosphatase requir
to hydrolyse 1 nmol of phosphate from the substrate in 1 minute. Each as
was performed in triplicate and mean values are shown.
t2
 

ig.
 a

contrasts with results previously obtained for Pyst1 in whi
the specific activity of this enzyme towards p38/RK wa
approximately 100-fold less than its activity against p42 MA
kinase (Groom et al., 1996). In the case of Pyst2, this larg
reflects the higher activity of the enzyme towards p38/RK 
the specific activity towards p42 MAP kinase is actually grea
ed
say

Fig. 6. (A) Expression of the Pyst2 protein in E. coli. SDS-PAGE of
purified His-tagged Pyst1 fusion protein (lane 1) and immunoblot of
this protein obtained using a polyclonal antiserum raised against a
peptide spanning the C-terminal 20 residues of the Pyst1 protein
(lane 2). Molecular mass markers are indicated on the left (kDa).
(B) The Pyst2 protein possesses intrinsic phosphatase activity. The
purified protein was assayed at the indicated concentrations for its
ability to hydrolyse p-NPP either in the absence (d) or presence (s)
of 1 mM sodium vanadate.
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Fig 7. (A) Dephosphorylation of 32P-labelled MAP kinase by Pyst2 in vitro. Activated MAP kinase was incubated with 0.05 µg/ml Pyst2 for
the times indicated and assayed for phosphoamino acid content (lanes 1-5). (B) Dephosphorylation of 32P-labelled p38/RK by Pyst2 in vitro.
Activated MalE-p38/RK was incubated with 1 µg/ml Pyst2 for the times indicated and assayed for phosphoamino acid content (lanes 1-5). In A
and B the positions of phosphotyrosine (pY), phosphothreonine (pT), phosphoserine (pS) and inorganic phosphate (Pi) are indicated.
(C) Inactivation of Jun-associated kinases isolated from UVC-irradiated COS-1 cells by Pyst2. Autoradiogram showing SDS-PAGE analysis of
32P-labelled GST-c-Jun fusion protein following incubation with Jun-associated kinases from non-irradiated (lane1) or irradiated (lanes 2-6)
cells in the presence of increasing concentrations of Pyst2 (lanes 3-6).
than that measured for Pyst1. In common with CL100 a
Pyst1, Pyst2 shows no activity towards non MAP kina
substrates such as phosphorylase a (Table 2). Phosphoa
acid analysis of these 32P-labelled substrates demonstrates th
Pyst2 acts as a dual-specificity (Thr/Tyr) phosphatase towa
p42 MAP kinase (Fig. 7A). In contrast, even at 20-fold high
levels, Pyst2 only dephosphorylates RK/p38 (SAPK2a) on 
tyrosine residue of the T-G-Y signature sequence (Fig. 7B)
addition to p38/RK (SAPK2a), we have also determined t
activity of recombinant Pyst2 towards the stress-activated J
kinase isoforms in vitro (Fig. 7C). We find that Pyst
demonstrates measurable levels of activity towards th
kinases in vitro.

We have extended these studies to look at the activity
Pyst2 towards MAP and SAP kinase isoforms under mo
physiological conditions. In these experiments we have c
Fig. 8.Pyst2 inhibits the activity of p42 MAPK and p38/RK in vivo. 
(B) p38/RK-myc or (C) JNK-1-HA (2.0 µg of plasmid) together with t
concentrations were maintained constant using pSG5 DNA. After 
anisomycin (p38/RK) or UVC (JNK-1) before lysis and immunopre
Immune complex kinase assays were then performed using MBP 
of [γ-32P]ATP before visualisation of phosphorylated substrates by
expression of epitope-tagged MAP kinases are shown in the lowe
nd
se
mino
at
rds
er
the
. In
he
un-
2
ese

 of
re
o-

transfected COS-1 cells with epitope-tagged MAP kinase
isoforms and increasing amounts of plasmid encoding th
Pyst2 phosphatase. Following stimulation with the
appropriate agonist to activate the transfected MAP kinase
cells were lysed, the kinases were immunoprecipitated usin
the appropriate monoclonal antibody and assayed fo
activity against either myelin basic protein (p42 MAP kinase
and p38/RK) or a GST-c-Jun fusion protein (JNK-
1/SAPK1c). Consistent with our in vitro results, Pyst2 was
extremely effective in preventing the activation of p42 MAP
kinase with activities reduced to background levels by as
little as 0.5 µg of DNA encoding Pyst2 (Fig. 8A). In contrast,
Pyst2 was much less potent towards both p38/RK and JNK
1 with measurable levels of kinase activity detected even i
the presence of 1-2 µg of Pyst2 expression plasmid (Fig.
8B,C).
COS-1 cells were transfected with either (A) p42 MAPK-myc,
he indicated amount of pSG5 vector encoding Pyst2. Plasmid
48 hours in culture cells were stimulated with serum (p42 MAPK),
cipitation of MAP kinases using the appropriate monoclonal antibody.
(p42 MAPK and p38/RK) or GST-c-Jun (JNK-1) as substrates in the presence
 SDS-PAGE and autoradiography (upper panels). Western blots showing
r panels.
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Fig. 9.Pyst2 is able to form a physical complex with endogenous
p42 MAP kinase in COS-1 cells. Cells were transfected with either
plasmid vector (lanes 1 and 2), expression vectors containing either
myc-tagged wild-type CL100 (lanes 3 and 4), Pyst1 (lanes 5 and 6)
or Pyst2 (lanes 7 and 8). Cells were either left unstimulated (minus
sign) or serum stimulated for 10 minutes (plus sign) before
immunoprecipitation using anti-myc 9E10 monoclonal antibody
(lanes 1-10). MAP kinase was then detected in these
immunoprecipitates using an anti-MAP kinase monoclonal antibody.
Lysates from unstimulated (lane 9) and stimulated (lane 10) cells
were also analysed directly for MAP kinase by immunoblotting with
this antibody. The position of immunoglobulin heavy chain (IgGH)
and the phosphorylated and nonphosphorylated forms of MAP
kinase are indicated on the right.

Fig. 10. (A) Activation of Pyst2 by p42 MAP kinase in vitro.
Phosphatase activity of 5 µg Pyst2 was assayed by time dependent
hydrolysis of p-NPP at 25°C monitored at an absorbance of 405nm
(A405) in the absence (s) or presence of 1 µg (d, 2 µg (h), 5 µg
(j), 10 µg (n) or 20 µg (m) purified recombinant p42 MAPK.
(B) Activation of Pyst2 by recombinant MAP and SAP kinases
expressed as an n-fold increase in specific activity of Pyst2 towards
p-NPP assayed in the presence of 10 µg of the indicated kinase.
(C) Activation of Pyst1 by recombinant MAP and SAP kinases
expressed as an n-fold increase in the specific activity of Pyst1
towardsp-NPP assayed in the presence of 10 µg of the indicated
kinase. The nomenclature used for the recombinant MAP kinases in
B and C is that proposed by Cohen (1997). 

A

Pyst2 is able to bind to p42 MAP kinase in vivo and
demonstrates preferential catalytic activation by
recombinant p42 MAP kinase in vitro
We have previously demonstrated that the Pyst1 MAP kin
phosphatase is able to bind to p42 MAP kinase in viv
Furthermore this binding does not require activation of t
MAP kinase (Groom et al., 1996). More recent in vitro studi
have shown that MAP kinase binding is mediated by the am
terminus of the Pyst1 protein and results in catalytic activat
of the enzyme as measured by p-NPP hydrolysis in vitro
(Camps et al., 1998). Here we demonstrate that Pyst2, 
Pyst1, is also able to bind to p42 MAP kinase in vivo (Fig. 
Furthermore, incubation of Pyst2 with increasin
concentrations of recombinant p42 MAP kinase stimulates 
phosphatase activity of recombinant Pyst2 towards p-
nitrophenyl phosphate in vitro (Fig 10A). Activation of Pyst
by p42 MAP kinase was dose dependent and saturable. 
kinetic parameters obtained for Pyst2 in the presence 
absence of 10 µg of p42 MAP kinase are given in Table 3
From these it is clear that both the affinity of Pyst2 for p-NPP
and the catalytic rate of the enzyme are greatly increased
addition of p42 MAP kinase. 

In order to relate the catalytic activation of Pyst2 b
recombinant MAP kinases with its activity towards the
enzymes in vitro and in vivo we have assayed a range of M
and SAP kinase isoforms for the ability to catalytically activa
both Pyst1 and Pyst2. In agreement with Camps et al. (19
we find that Pyst1 is primarily activated by p42 MAP kina
with no significant activation by p38/RK (SAPK2a), p38β
(SAPK2b), ERK6/p38γ (SAPK3) and SAPK4 and only a very
small but significant (1.9-fold) activation by JNK-1 (SAPK1c
Pyst2, like Pyst1, is principally activated by p42 MAP kinas
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Table 3. Kinetic parameters for hydrolysis of p-NPP by
Pyst2 in the absence and presence of p42 MAP kinase

Vmax
(pmoles of Kcat

Enzyme Km (mM) phosphate/minute) (minutes−1)

Pyst2 6.82 8.74 0.35
Pyst2+p42 MAPK 0.76 55.96 2.27
However, we also detect significant (2- to 3-fold) catalyt
activation of the enzyme following incubation with JNK-1
(SAPK1c), p38/RK (SAPK2a) and p38β (SAPK2b).

DISCUSSION

The determination of the genomic structures of the hum
Pyst1 and Pyst2 genes has allowed a detailed compariso
five mammalian genes which encode dual specificity MA
kinase phosphatases. The absolute conservation of cer
intron/exon boundaries amongst all of these suggests
common ancestral origin. In particular, the positions of th
intron which interrupts the second of the cdc25-like sequen
in the amino termini of all of these proteins and the intro
which defines the start of the exon containing the PTPase ac
site sequence are likely to be conserved throughout this g
family.

The members of the Pyst subfamily are thus far unique
lacking an intron which interrupts the coding sequen
corresponding to exon 2 in CL100 and PAC-1 (exon 3 
HB5/hVH-5). Furthermore, the sequences around this intron
CL100, PAC-1 and HB5/hVH-5 are more variable and it h
been suggested that its position may reflect the evolution
development of these genes (Nesbit et al., 1997). In this res
it is interesting that both Pyst1 and Pyst2, in which the intr
is absent, and HB5/hVH-5, in which the position of this intro
is shifted, exhibit different substrate specificities an
subcellular localisation compared to the CL100 and PAC
proteins (Groom et al., 1996; Muda et al., 1996a,b). This m
be particularly relevant, as recent work has shown that 
amino-terminal domain of the Pyst1 (MKP-3) protein, whic
includes these sequences, is critical for substrate binding 
catalytic activation (Camps et al., 1998).

Our analysis of the expression pattern of the Pyst2 transc
in mammalian cells indicates that the gene is expressed 
variety of human cell lines. The majority of these also expre
Pyst1 mRNA. However HeLa cells express only Pys
indicating that these two genes may be differentially regulat
in certain cell types. We also find that, like Pyst1, th
expression of the Pyst2 gene in human skin fibroblasts is 
inducible by a wide variety of stress conditions. However, t
Pyst2 transcript does accumulate rapidly in these ce
following serum stimulation. This contrasts sharply with leve
of Pyst1 mRNA, which rise only very modestly and wit
delayed kinetics (Groom et al., 1996). Such examples 
differential expression and response to growth factors m
indicate that the Pyst1 and Pyst2 genes may not be comple
redundant in these cells.

The isolation of the Pyst2 gene has allowed us to compl
our partial Pyst2 cDNA and undertake an analysis of t
subcellular localisation and activity of the Pyst2 protei
ic
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During the course of this work a cDNA sequence designat
B59 was published which corresponds exactly to the seque
encoded by the Pyst2 gene (Shin et al., 1997). Ectop
expression of B59 was shown to inhibit morphologica
transformation by H-ras and V-raf oncogenes and it was
concluded that these effects were mediated by p42/p44 M
kinase inactivation. However, the substrate specificity, in viv
activity, and subcellular localisation of the phosphatase we
not addressed. We find that the Pyst2 protein is predominan
cytoplasmic in transfected COS-1 cells. This pattern 
localisation is distinct from the CL100 protein, which is tightly
localised to the cell nucleus, and is confirmed as a gene
property of the Pyst subfamily of proteins. Studies of MA
kinase localisation reveal that up to 50% of the enzyme rema
in the cytoplasm where it is primarily associated with th
microtubule cytoskeleton (Reszka et al., 1995) serving 
reinforce the conclusion that the function of the MAP kinas
phosphatases is not restricted to the cell nucleus.

We have expressed and purified the Pyst2 protein and fi
that it exhibits both similarities and potentially importan
differences when compared with Pyst1. Firstly, Pyst
preferentially dephosphorylates p42 MAP kinase whe
assayed in vitro. However, the degree of this selectivity is mu
reduced when compared to Pyst1. This is largely because Py
exhibits a much higher specific activity towards p38/RK
(SAPK2a) when compared to Pyst1. However, like Pyst
Pyst2 is only able to dephosphorylate the p38/RK SAP kina
on the tyrosine residue of the T-G-Y activation sequence. Th
may be due to the inability of the catalytic domain of the Pys
and 2 proteins to efficiently recognise this SAP kinase as
substrate. Alternatively, it could reflect the inability of this
MAP kinase isoform to cause full catalytic activation of thes
protein phosphatases (see below). Pyst2 also demonstra
measurable activity towards Jun-associated kinases (SAP
isoforms) in vitro. At similar concentrations Pyst1 protein i
virtually inactive towards these kinases (Groom et al., 1996

These results were broadly in agreement with our COS
cell cotransfection experiments in which Pyst2 demonstrat
much higher activity in preventing activation of p42 MAP
kinase when compared with its activity towards p38/R
(SAPK2a). Surprisingly, given our in vitro results, Pyst2
showed almost undetectable levels of activity towards the JN
1 kinase expressed in these cells. However, the amounts
recombinant Pyst2 used in our in vitro assays are far grea
than can be achieved by expression in vivo. In addition, the
vitro study was performed using a GST-c-Jun ‘pull-down
assay from cell lysates following UV-radiation, and the Ju
kinase activity measured could reflect the activities of multip
JNK (SAPK1) isoforms, certain of which may be more
susceptible to inactivation by Pyst2.

We have previously demonstrated that wild-type Pyst
unlike CL100, is able to bind to p42 MAP kinase in vivo
(Groom et al., 1996). The ability of a dual specificity MAP
kinase phosphatase to bind its substrate MAP kinase with
mutation of the essential cysteine within the active site of t
enzyme has also been demonstrated for the pmp1 phospha
in the fission yeast Schizosaccharomyces pombe(Sugiura et al.,
1998). These results indicate that such binding may be a m
robust indicator of an in vivo substrate than binding observ
using substrate trapping mutants. In agreement with this, rec
work on Pyst1 (MKP-3) has now shown that specific bindin
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to p42 MAP kinase is mediated by the non-catalytic amin
terminal domain of the protein and results in cataly
activation of the phosphatase in vitro (Camps et al., 1998)

We have shown here that Pyst2 is also able to bind p42 M
kinase in vivo. Furthermore, we have demonstrated that 
MAP kinase is able to cause catalytic activation of the Py
phosphatase in vitro. We have extended these studies
determining the ability of a range of MAP and SAP kina
isoforms to cause catalytic activation of both Pyst1 and 2 a
our results indicate that, unlike Pyst1, Pyst2 can also 
activated to a significant extent by certain SAP kinase isofor
These include p38/RK (SAPK2a) and p38β (SAPK2b). The
ability of these SAP kinase isoforms to cause cataly
activation of Pyst2 may reflect the somewhat relax
specificity of this enzyme towards these substrates wh
compared to Pyst1.

In conclusion, our data support the idea that the P
subfamily of proteins constitutes a distinct and structura
homologous subfamily of dual-specificity (Thr/Tyr) MAP
kinase phosphatases. All of these proteins show a patter
cytoplasmic localisation distinct from the nuclear phosphata
such as CL100, PAC-1, hVH2 and hVH3, indicating that th
may act to regulate the activity of classical MAP kina
isoforms in the cytosol rather than in the nucleus. Althou
Pyst1, Pyst2 and Pyst3 show varying degrees of subst
selectivity, they are all most active towards the ‘classical’ p
and p44 isoforms of MAP kinase and this is reflected by 
ability of this MAP kinase isoform to bind to thes
phosphatases and cause catalytic activation in vitro. 
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