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Abstract

Sequences encoding proteins with homology to protein tyrosine phosphatases have been identified inArabidopsis,
soybean and pea. Each contains a predicted catalytic domain containing sequence motifs characteristic of tyrosine-
specific protein phosphatases (PTPs) which play an important role in signal transduction in other eukaryotes and
are distinct from dual-specificity, cdc25 or low-molecular-weight protein tyrosine phosphatases. Their identity as
PTPs was confirmed by characterising the soybean PTP expressed as a recombinant His-tagged fusion protein. The
enzyme had phosphatase activity towardsp-nitrophenolphosphate (pNPP) and phosphotyrosine, but did not hydrol-
yse phosphoserine or phosphothreonine at a measureable rate. Phosphotyrosine containing peptides also served as
substrates, withKm values in the micromolar range. Activity was abolished by inhibitors specific for tyrosine
phosphatases (vanadate, dephostatin) but was unaffected by inhibitors of serine/threonine protein phosphatases
(fluoride, cantharidin, metal-chelating agents). Gel filtration chromatography showed that the recombinant enzyme
was a monomer. TheArabidopsisPTP sequence was isolated both as a genomic clone and as a partial EST, whereas
the pea and soybean sequences were isolated as cDNAs. Southern analysis suggested a single gene inArabidopsis
and a small gene family in pea and soybean. In pea, PTP transcripts were present in embryos, and decreased in level
with development; transcripts were also detectable in other tissues. The plant PTPs all contain a similar N-terminal
domain which shows no similarity to any known protein sequence. This domain may be involved in PTP functions
unique to plants.

Introduction

Whilst much progress has been made in understanding
the role of serine / threonine protein phosphoryla-
tion in plant signalling pathways [28, 30], the role of
tyrosine phosphorylation has received less attention.
In animals and lower eukaryotes, such as yeasts and
slime moulds, the reversible phosphorylation of pro-
tein tyrosine residues is involved in the transduction
of signals from a wide range of stimuli, including
growth factors, cytokines, hormones, extracellular ma-

The nucleotide sequence data reported will appear in the
EMBL, GenBank and DDBJ Nucleotide Sequence Databases un-
der the accession numbers AJ006309 (PTP1−ARATH), AJ005589
(PTP1−PEA) and AJ006308 (PTP1−1SOYBN).

trix components and cell adhesion molecules. Key
regulatory elements of such pathways are tyrosine
phosphatases which form a large superfamily that has
been classified into a series of families based on func-
tional properties and sequence homology [4, 8, 23].
All members of this superfamily contain a catalytically
active cysteine residue within a Cx5R motif at the ac-
tive site of the enzyme. Within this superfamily are
tyrosine-specific protein phosphatases (PTPs) which
are distinct from VH1-like dual-specificity, cdc25 or
low-molecular-weight (LMW) tyrosine phosphatases
in sharing a conserved catalytic domain of ca. 240
amino acids (aa) which contains diagnostic sequence
motifs [8]. PTPs also contain domains either at the
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N- or C-terminal of the protein which allows the fur-
ther subclassification of PTPs into receptor-like PTPs
which contain a trans-membrane domain and an ex-
tracellular domain(s) or non-receptor-like PTPs which
have associated targeting or regulatory domains such
as phosphotyrosine-binding SH2 domains.

Surprisingly, in view of their importance in sig-
nalling in other eukaryotes, our understanding of ty-
rosine phosphorylation / dephosphorylation in plants
is fragmentary, and progress in characterising plant
tyrosine phosphatases at the molecular level has, un-
til recently, not been forthcoming [28]. Tyrosine
phosphatase activities have been described in wheat
seedlings and in pea nuclei [6, 12]. Similarily, tyrosine
kinase activities have been described in pea seedlings,
maize seedlings andCatharanthus roseusroots trans-
formed withAgrobacterium rhizogenes[25, 33, 34].
Several dual-specificity kinases with the ability to
phosphorylate tyrosine as well as serine and threonine
residues have also been described [2, 5, 15, 21]. There
is evidence that tyrosine phosphatases may play a role
in regulating plant developmental processes. Thus, the
rolB gene product ofA. rhizogenesencodes a tyrosine
phosphatase and is required for induction of the hairy
root phenotype [10]. Similarily, bacterial pathogens of
animals produce tyrosine phosphatases which disrupt
signalling processes of their hosts [37]. Furthermore,
there is some evidence to suggest that tyrosine phos-
phorylation is involved in phytochrome responses [29,
32].

Tyrosine phosphorylation in plants also plays a role
in regulating the activity of mitogen-activated protein
(MAP) kinases, which undergo activation by phospho-
rylation of conserved tyrosine and threonine residues,
and are known to be involved in a variety of signal
transduction pathways [16]. In tobacco, treatment with
elicitors, salicylic acid or by cutting activates MAP
kinases. These are tyrosine-phosphorylated and their
activity is sensitive to treatment with tyrosine phos-
phatases [1, 31, 35, 41]. Also, in barley, phenylarsine
oxide, a tyrosine phosphatase inhibitor, prevented the
activation of a MAP kinase in response to ABA and
it appeared that the inhibitory block was upstream of
MAP kinase kinase [18]. Taken together, this data
indicates that tyrosine phosphatases are involved in
the regulation of MAP kinase pathways and other sig-
nalling processes in plants. However, the type(s) of
tyrosine phosphatase involved are unknown, and, with
two exceptions, these important signalling enzymes
have not been cloned. Recently, a cDNA (VH-PTP13)
was identified in the lower plantChlamydomonas

eugametoswhich encodes a phosphatase capable of
inactivating MAP kinases from higher plants; how-
ever, this protein is most similar to the dual-specificity
phosphatases which can hydrolyse both phosphoserine
/ threonine and phosphotyrosine residues [13]. Dur-
ing the preparation of this manuscript, anArabidopsis
cDNA (AtPTP1) encoding a PTP was reported [39].
We now report homologous PTPs from pea and soy-
bean and the genomic sequence ofArabidopsisPTP1,
which shows that the publishedAtPTP1 cDNA se-
quence contains an artefact in the 3′ untranslated
region. These PTPs represent a family of proteins in
higher plants and differ from other eukaryotic PTPs in
their N-terminal domains.

Materials and methods

Database searches and sequence analysis

BLAST searches [3] were carried out using the NCBI
server (http://www.ncbi.nlm.nih.gov/BLAST/)and the
AtDB Arabidopsis BLAST server (http://genome-
www.stanford.edu/Arabidopsis/). Intron/exon bound-
aries in genomic DNA were determined using the Net-
Plant Gene server (http://www.cbs.dtu.dk/netpgene/-
cbsnetpgene.html; [14]). Amino acid sequence align-
ments were performed using the CLUSTAL pro-
gram within the LASERGENE software package
(Oct. 1997 release, DNASTAR, WI) with a PAM250
residue weight table followed by manual manipula-
tion of the output. PTP catalytic domain sequences
(Y phosphatase) were retrieved from the Pfam pro-
tein domain database at the Sanger Centre, UK
(http://www.sanger.ac.uk/Pfam/). Prediction of signal
peptide cleavage sites was carried out with the SignalP
program (http://www.cbs.dtu.dk/services/SignalP/). Pu-
tative promoter region sequences were analysed
with a plant cis-acting regulatory element database
(http://www.dna.affrc.go.jp/htdocs/PLACE).

ArabidopsiscDNA libraries, ESTs and BAC clone

TheλPRL2 library [24], EST clone AA042465 (CD4-
16 cDNA library [17]) and BAC (bacterial artifi-
cial chromosome) F18D12 were obtained from the
ABRC (Ohio, USA). All clones were derived from
the Columbia ecotype. DNA from BAC F18D12 (par-
tial EcoRI digest in pBeloBAC Kan) was prepared
by alkaline lysis of bacterial cultures (10 ml) fol-
lowed by purification on a WIZARD miniprep column
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(Promega, Madison, WI) with the NaOH/SDS solu-
tion heated to 60◦C prior to use to ensure complete
cell lysis. A 4.5 kbpEcoRI restriction fragment which
hybridised to the cDNA PCR product of primers AT2
and AT3 (Figure 1) was subcloned into pUC18 and
sequenced by primer walking. Sequence was deter-
mined on both strands for the region 420 bp upstream
of PTP1−ARATH to the EcoRI site within the cod-
ing sequence and on one strand for the remainder of
the clone. Further information regarding the other two
predicted genes can be found in the EMBL accession
for PTP1−ARATH.

DNA manipulation, production of DNA probes and
PCR amplification

Standard techniques were used for plasmid DNA prop-
agation and manipulation [26]. DNA was labelled
with [α-32P]dCTP either by random priming [9] or
by PCR amplification withTaq polymerase [11]. All
other DNA amplifications were carried out using ei-
ther nativepfuDNA polymerase (Stratagene, La Jolla,
CA) or EXPAND DNA polymerase mix (Boehringer
Mannheim, Lewes, Sussex, UK) to minimise nu-
cleotide misincorporation. Where appropriate, PCR
products were cloned into pCR2.1 TOPO (Invitrogen,
Leek, Netherlands) and sequenced.

cDNA library screening and 5′ RACE

Pea (Pisum sativumgenotype JI813) and soybean
(Glycine maxcv. D297) cDNA libraries were con-
structed inλUNI-ZAP XR (Stratagene) using cDNA
derived from 8-day old pea embryos [7] and 14-
day old soybean seedling roots. About 8× 105 and
6× 105 pfu of the pea and soybean libraries, respec-
tively, were screened with the 284 bp pea PTP PCR
product labelled by PCR. Filters were washed to a
final stringency of 0.5× SSC / 0.1% SDS at 65◦C.
Plasmid DNAs were recovered from positively hybri-
dising clones byin vivo excision as described by the
manufacturer.

To obtain further 5′ sequence ofPTP1−PEA 5′
RACE PCR amplifications were carried out essentially
as described in the Boehringer Mannheim 5′ RACE
protocol with the following modifications. cDNA was
synthesised from 1µg of poly(A)+ RNA isolated
from 10–11-day old pea embryos using primer PS1
(Figure 1) with AMV reverse transcriptase (Promega),
the reaction was incubated at 45◦C for 60 min
and then 55◦C for 20 min and cDNA was purified
on a Boehringer spin column. A homopolymer tail

was added with terminal deoxynucleotidyl transferase
(Promega) and dATP. This template was amplified
with specific primer PS2 (Figure 1) and generic primer
1 (5′-GCGATATCTCGAGGATCC(T)17-3′), resultant
products were separated by agarose gel electrophore-
sis and a faint ‘smear’ of ca. 550 bp was isolated and
subject to further rounds of amplification using primer
PS2 and generic primer 2 (5′(T)25C 3′). PCR products
of ca. 550 bp were cloned and those containing an
internalEcoRI site (Figure 1) were sequenced.

Southern and RNA gel blot analyses

Hybridisation and washing conditions for Southern
and RNA gel blots were as described [7]. Total ge-
nomic DNA was restricted, separated by electrophore-
sis through 1% agarose gels and transferred onto ni-
trocellulose. Filters were washed to a final stringency
of 2× SSC / 0.1% SDS at 65◦C. RNA samples were
quantified by absorbance at 260 nm and staining of
gels with ethidium bromide [7]. RNA gel blots con-
taining poly(A)+ RNA samples (5µg) from different
stages of embryo development were washed to a final
stringency of 0.5× SSC / 0.1% SDS at 65◦C.

DNA sequencing

Plasmid template DNAs were sequenced using fluo-
rescently labelled dye terminators and an AmpliTaq
cycle sequencing kit (PE ABI, Warrington, Cheshire,
UK). Reaction products were analysed on a PE ABI
373 stretch or 377 DNA sequencer. The sequences of
primary cDNAs, the genomic clone and genomic PCR
products were determined on both strands.

Production and purification of soybean PTP in
Escherichia coli

The PTP coding sequence was amplified with primers
containing anNdeI site (in-frame ATG initiation
codon) and aXhoI site (fusion to C-terminal 6× His
tag of pET24a, Novagen, Madison, WI). The primer
sequences were (5′ GCCATATGGCCGGCAACCCC-
GCCACCAC-3′) and (5′-CGCTCGAGCTCCGACT-
GCTGCTGAGATAC-3′). After cloning and sequence
verification, the construct was excised, ligated
into NdeI/XhoI-restricted pET24a and transformed
into E. coli BL21 (DE3) with kanamycin selection
(50µg/ml). An overnight culture in L-broth (low-salt,
5 g/l, pH 7.5) was diluted 1:20 into fresh medium
(100 ml) and grown at 30◦C to a cell density of
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Figure 1. Nucleotide and deduced amino acid sequences of PTPs fromArabidopsis, pea and soybean. Nucleotide numbering is from the first
base of the predicted methionine initiation codon, shown on the left, and numbering of amino acid residues is shown on the right of each
sequence. Conserved residues within the predicted PTP active site are bold underlined and asterisks denote stop codons. Annealing sites for
PCR primers are overlined. ForPTP1−ARATH, predicted intron sequences are in lower case, the start of EST H10F3T7 is marked by (<)
and the end of the genomic sequence from BAC F18D12 is marked (>) at anEcoRI site. The sequence in the 3′-untranslated region which
diverges from that presented for the correspondingAtPTP1cDNA [39] is underlined. ForPTP1−PEA, (:) at nucleotide position 69 indicates
the longest cDNA clone obtained and the underlined residue at position 1238 is the site of alternate polyadenylation for one cDNA clone. For
PTP1−SOYBN, an in frame stop codon 5′ to the predicted methionine initiation codon is underlined.

OD600 = 1.0. The culture was induced with the ad-
dition of IPTG to a final concentration of 1.0 mM
and growth was continued for a further 5.5 h. Recom-
binant protein was purified essentially as described
by Shi et al. [27]. Cells were pelleted, resuspended
in 2.0 ml 20.0 mM Tris-HCl, 0.5 M NaCl, 5.0 mM
imidazole pH 7.8 and lysed by sonication followed
by centrifugation at 15 000× g for 15 min. The
supernatant was loaded onto a 1.0 ml HITRAP chelat-
ing Sepharose column (Pharmacia, St Albans, Herts,
UK) pre-washed with 0.1 M NiSO4 (according to
the manufacturers’ instructions) followed by 20.0 mM
Tris-HCl, 0.5 M NaCl, 5.0 mM imidazole, pH 7.8.
After washing with 20.0 mM Tris-HCl, 0.5 M NaCl,
20.0 mM imidazole pH 7.8, recombinant PTP was
eluted with 20.0 mM Tris-HCl, 0.5 M NaCl, 0.3 M
imidazole pH 7.8. Imidazole was removed by dialysis
against 20.0 mM Tris-HCl, 0.1 M NaCl, 0.1 mM DTT
pH 7.8 overnight at 4◦C. Protein concentrations were
determined with the BioRad assay reagent using BSA
in the same buffer as the reference standard. Protein
samples were analysed using denaturing SDS-PAGE
with 12.5% gels run under reducing conditions [19].

Phosphatase assays

Phosphatase assays with the generic phosphatase sub-
strate p-nitrophenolphosphate (pNPP) were carried
out at room temperature in microtitre plates. Stan-
dard assays (total volume 100µl) were carried out in
85.0 mM MES buffer, pH 6.25 containing 0.5 mM
DTT, 7.6 mM pNPP with 0.5 ng/µl enzyme. As-
says were initially carried out over the pH range
5–7 using MES and bis-tris propane buffers to de-
termine the pH optimum. Reactions were terminated
with the addition of an equal volume of 0.4 M
NaOH and the OD410 determined using a Dynatech
MR5000 microtitre plate reader. Release of phosphate
from tyrosine-phosphorylated peptides was measured
using a tyrosine phosphatase assay system as de-
scribed by the manufacturer (Promega). Phospho-
rylated peptides were END(pY)INASL (peptide 1)
and DADE(pY)LIPQQG (peptide 2). pH optimisa-

tion was carried out using sodium maleate and bis-tris
buffers; activity was consistently higher in the latter
buffer, which was used for standard assays. These
were carried out as above in 85.0 mM bis-tris buffer,
pH 5.8, containing 0.8 mM DTT, 100µM peptide with
0.2 ng/µl enzyme. Release of phosphate from free
phosphoamino acids was measured as described above
with a final substrate concentration of 200µM. Stock
cantharidin (Sigma) and dephostatin (Calbiochem,
Beeston, Nottingham, UK) were dissolved in DMSO
and appropriate solvent controls were used. For inhi-
bition with dephostatin, inhibitor was incubated with
the enzyme for 3 min prior to the addition of substrate.
Kinetic parameters (Km andVmax) were estimated by
varying substrate concentrations in the standard as-
says, and using Michaelis-Menten double reciprocal
plots of rate against substrate concentration at fixed
enzyme amounts.

Gel filtration chromatography

Gel filtration chromatography of purified recombinant
soybean PTP was carried out on a column of Sephacryl
S-200 (1.6 cm dia.× 60 cm) in 50 mM Tris-HCl
buffer, pH 7.8, containing 100 mM NaCl, at a flow
rate of 0.3 ml/min. Absorbance was monitored contin-
uously at 280 nm, and 3 ml fractions were collected.
Fractions were assayed for the presence of recombi-
nant protein by SDS-PAGE followed by western blot-
ting. 15µl aliquots of selected fractions were mixed
with an equal volume of 2× SDS sample buffer prior
to electrophoresis. Blots were probed with a mouse
monoclonal antibody specific for the 6×His tag on the
recombinant protein (Invitrogen) as primary antibody,
and anti-mouse IgG peroxidase-linked secondary anti-
body (BioRad), before visualising using the enhanced
chemiluminescence (ECL) method (Amersham) using
the protocol provided with the kit.
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Figure 2. Purification of recombinant soybean PTP. SDS-PAGE
analysis of PTP expressed inE. coli as a 6× His-tagged fusion
protein. Samples are soluble extracts of uninduced (U) and induced
(I) bacterial cultures and (P) is the purified fraction from a nickel
affinity column. Molecular markers are SDS 7 (BioRad).

Results

Identification of a PTP gene inArabidopsis,
PTP1−ARATH

A sequence corresponding to part of the active
site of yeast PTP1 (PIIVHCSAGVGRTGF; Genbank
131557) was used to search the GenbankArabidop-
sis DNA accessions using the ‘TBLASTN’ program.
A potential match to a translated end sequence from
BAC (bacterial artificial chromosome) F18D12 (chro-
mosome 1, Genbank B28373) was found. This se-
quence could be extended if it was assumed that
an intron interrupted the coding sequence after the
predicted active site cysteine residue (Figure 1) and
extension of the sequence showed further similarity
to tyrosine phosphatases. Primers AT2 and AT3, cor-
responding to sequences in F18D12 5′ and 3′ of the
region homologous to PTPs (Figure 1), were used
to amplify across the predicted intron using anAra-
bidopsiscDNA library (λPRL-2) as template. This
produced a PCR product (284 bp) corresponding to the
size predicted by the genomic clone after removal of
the putative intron. The PCR product had an identi-
cal sequence to the corresponding region of F18D12.
The genomic clone thus contains a transcribed gene
encoding a tyrosine phosphatase-like protein and was
designatedPTP1−ARATH (Figures 1 and 5a). Fur-
ther sequencing of a 4.5 kbEcoRI restriction fragment
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Figure 3. Characterisation of recombinant soybean PTP. a. Effects
of phosphatase inhibitors and metal-chelating agents on PTP ac-
tivity using p-nitrophenolphosphate as substrate. Enzyme activity
was monitored by absorbance at 410 nm; under the conditions
used, 1 nmole of releasedpNP would give an absorbance of 0.34.
b. pH dependence of PTP activity in sodium maleate and bis-tris
buffers using either peptides 1 or 2 as substrates. Enzyme activity
was estimated by measuring released phosphate colorimetrically;
under the conditions used, 1 nmole of released phosphate would
give an absorbance of 0.40 at 600 nm. c. Inhibition of PTP activity
by dephostatin using peptide 1 as substrate. Enzyme activity was
measured as in b. d. PTP activity using phosphotyrosine [(p)Y],
phosphoserine [(p)S] or phosphothreonine [(p)T] as substrate. En-
zyme activity was measured as in b. For a, c and d, values are
the mean of three determinations and bars indicate the mean± the
standard error.

of F18D12 confirmed that the predicted product of
this gene contained a domain with similarity to PTP
catalytic domains (Figure 5a; see below).

Although the PTP1−ARATH genomic sequence
was not full length, as it terminates at anEcoRI site
in the coding sequence 3′ to the active site, an ex-
pressed sequence tag (EST) H10F3T7 corresponded
to the predicted transcript ofPTP1−ARATH (Fig-
ure 1). The sequence of H10F3T7 contained the 3′
end of thePTP1−ARATH coding sequence and the
3′-untranslated region (UTR) (Figure 1). However,
this clone was a chimera, containing an unrelated
cDNA corresponding to part of a predicted gene
(T7N9.5; Genbank 2213585). A region corresponding
to H10F3T7, used to complete the composite sequence
of PTP1−ARATH shown in Figure 1, was ampli-
fied fromArabidopsisgenomic DNA. Sequences were
checked against each other to ensure that no errors had
arisen from PCR and that no introns had been over-
looked. There is a single base discrepancy at position
5062 between the genomic sequence obtained by PCR
and that of H10F3T7 (see corresponding accession
number). TheAtPTP1cDNA sequence recently pub-
lished by Xuet al. [39] corresponds toPTP1−ARATH
over the coding region but diverges completely in the
3′ UTR after base 2105 (Figure 1, underlined), and is
thus a chimaeric clone (see Discussion).

The sequence of the 4.5 kbpEcoRI restric-
tion fragment ofArabidopsisgenomic clone F18D12
showed that a second coding sequence was present
578 bp upstream of the putative initation codon of
PTP1−ARATH(Figure 7b). This gene, which was in
the opposite orientation toPTP1−ARATH, encodes
a polypeptide with some similarity to aNicotiana
membrane associated salt-inducible protein (Genbank
U08285). The region between the two coding se-

quences, which presumably contains the promoter
regions of both genes, was A+T-rich but no previously
characterised plantcis-acting elements were identified
when the sequence was searched against the PLACE
database (June 1998).

Isolation of cDNAs encoding PTPs from pea and
soybean

Primers AT2 and AT3, used to amplify a cDNA frag-
ment from theArabidopsislibrary, also amplified a
sequence from a pea embryo cDNA library which
was highly similar to the corresponding region of
PTP1−ARATH (not shown). The PCR product was
used to screen a cDNA library prepared from pea em-
bryos undergoing the early stages of embryogenesis
[7]. Eleven positively hybridising clones were recov-
ered and sequencing showed them to be identical in
overlapping regions, with the exception of one which
was polyadenylated at an alternate site within the 3′
UTR (PTP1−PEA; Figure 1). None of the clones were
full length, and thus the sequence was extended by
5′ RACE (rapid amplification of cDNA ends) to pro-
duce a complete composite sequence (Figure 1). In the
longest RACE products an ATG putative start codon
was present, but there were no in-frame stop codons
in the 5′ UTR to allow its unambiguous designation as
the translation initiation codon. Other evidence sug-
gested that the coding sequence derived from cDNA
and 5′ RACE cloning was full-length. Firstly, the tran-
script size is ca. 1.5 kb (Figure 6; see below) and
the sequence ofPTP1−PEA is 1.336 kb excluding
a poly(A) tail. Secondly, a PTP encoding sequence,
PTP1−SOYBN, was also isolated from a soybean root
cDNA library using the pea PCR product as a probe
(Figure 1). Upstream of the predicted ATG initiation
codon inPTP1−SOYBNwas an in-frame stop codon.
This suggested that the coding sequence deduced for
PTP1−PEAwas full-length, as the N-terminal regions
of soybean and pea PTPs are homologous (Figure 5b)
and this homology extends into the 5′ UTR with
80% similarity over a 54 bp region (not shown). As
in the case ofPTP1−ARATH, the deduced pea and
soybean proteins contain PTP-like catalytic domains
(Figure 5a; see below).

Properties of soybean PTP expressed inE. coli

In order to characterise the functional properties of
plant PTPs, the soybeanPTP1cDNA was chosen as it
was the only complete coding sequence isolated dur-
ing these studies. This was expressed in an expression
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Figure 4. Gel filtration chromatography of recombinant soybean PTP on a column of Sephacryl S-200. a. UV absorbance profile for gel
filtration column. Arrows indicate elution positions of standard proteins of indicated molecular mass (kDa). b. Western blot of fractions from
gel filtration column probed with antibody directed towards 6× His tag on recombinant protein. c. Phosphatase activity of fractions from gel
filtration column againstpNPP.

vector (pET24a) with a C-terminal histidine tag. Fol-
lowing IPTG induction of transformed bacteria, a pro-
tein of ca. 39 kDa was produced (Figure 2). The PTP
protein was found in both the soluble and insoluble
fractions from the bacterial cells; with a greater pro-
portion of PTP being soluble when the bacteria were
grown and induced at 30◦C rather than 37◦C (results
not presented). The protein was purified from lysed
bacteria using a nickel-chelate affinity column, with
a typical yield of approximately 1 mg per 100 ml of
starting culture. The identity of the soybean PTP was
confirmed by N-terminal sequencing which showed
that the initial methionine residue has been removed.
The purified PTP hydrolysed the generic phosphatase
substratep-nitrophenolphosphate (pNPP) (Figure 3a)
with a pH optimum of pH 6.2 with activity declining
to <50% of the maximum over a range of± 0.5 pH
units either side of the maximum. Enzyme activity
was dependent on the presence of reducing agents and
declined rapidly if DTT (dithiothreitol) or glutathione
were not present. All assays were thus performed in
the presence of DTT. WithpNPP as substrate, aKm
value of 8.5 mM was determined. Figure 3a also shows
the effects of various phosphatase inhibitors on PTP
activity. Vanadate, a tyrosine phosphatase inhibitor,
abolished the enzyme activity completely, whereas flu-
oride, EDTA, EGTA or cantharidin had no significant
effect, demonstrating that this enzyme is only sensi-
tive to inhibitors diagnostic for tyrosine phosphatases
and not those of serine / threonine phosphatases [20].
In addition, the enzyme could dephosphorylate free
phosphotyrosine but hydrolysis of either free phos-
phoserine or free phosphothreonine was not detected
under the assay conditions used (Figure 3d).

Table 1.Km andVmax of soybean PTP with phosphopeptide sub-
strates. Values are the mean of two independent determinations.

Substrate Km (µM) Vmax (pmol phosphate released per

minute perµg protein)

Peptide 1 36± 2 1.7× 104± 0.4× 104

Peptide 2 32± 1 1.9× 104± 0.7× 104

The purified enzyme was also used in assays mea-
suring the release of phosphate from peptides contain-
ing phosphotyrosine. The pH optimum for hydrolysis
of these substrates (pH 5.8) was slightly lower than for
pNPP (Figure 3b). TheKm values for these peptide
substrates were ca. 30–40µM (see Table 1), two or-
ders of magnitude lower than forpNPP. The effects of
the specific tyrosine phosphatase inhibitor, dephosta-
tin, on release of phosphate from the phosphopeptide
END(pY)INASL were also assayed. As shown in Fig-
ure 3c, this compound inhibited phosphate release by
>50% when present at 2.5µM, and at 30µM could
inhibit >95% of total enzyme activity.

Gel filtration chromatography was used to inves-
tigate the subunit composition of the recombinant
soybean PTP expressed inE. coli. When separated
on a calibrated column of Sephacryl S-200, the PTP
ran as a single peak, corresponding to a molecular
weight of ca. 36 000 (Figure 4a), agreeing within ex-
perimental error to the molecular weight of the PTP
polypeptide determined by SDS-PAGE. Western blot-
ting of fractions from the column showed that the
distribution of PTP subunits over the fractions corre-
sponded to the peak, with no PTP being detectable in
fractions other than those of the peak of absorbance
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Figure 5. a. Sequence alignment of plant PTP catalytic domains with representative PTPs. Swissprot accessions are from human
(PTN1−HUMAN/40-276), mouse (PTN6−MOUSE/270-514), rat (CD45−RAT/628-862), Drosophila (LAR−DROME/1497-1728),Dic-
tyostelium(PTP1−DICDI/121-377) and yeast (PYP1−SCHPO/295-538); numbering defines the catalytic domain region. The region of each
plant PTP sequence used was 86–326, soybean; 83–323, pea; and 87–325,Arabidopsis. Identical residues (5 or more) at a particular position
are shown on a black background and conservative changes are on a grey background. A full stop indicates spacing introduced to maximise the
alignment. Motifs specific for PTPs are also shown. The active site motif is overlined in black, the general acid motif containing an aspartate
residue is overlined with a dashed line [8] and the phosphotyrosine-recognition subdomain (KNRY) is also overlined with a dashed line [40].
b. Alignment of the N-terminal regions of soybean (1–85), pea (1–82) andArabidopsis(1–86) PTPs. Residues shown on a black background
are conserved in two or more of the sequences, grey shading indicates conservative changes.

(Figure 4b). Finally, the peak fractions were shown to
be the only fractions containing phosphatase activity
againstpNPP (Figure 4c). Taken together, these data
show that active PTP is a monomeric protein.

Plant PTPs contain a conserved catalytic domain and
a novel amino-terminal domain

The soybean, pea andArabidopsisPTP-like proteins
are predicted to contain 338, 332 and 340 amino acid
residues respectively. As none of the sequences ap-
peared to contain a predicted cleavable N-terminal
signal peptide the mature proteins should be similar
in size to the predicted values, ca. 38 kDa, i.e. similar
to the value determined for the recombinant soybean
PTP. The proteins contained a region of ca. 240 aa
which is homologous to the catalytic domains of PTPs
from other species (Figure 5a). The plant PTPs also
contained 2 conserved motifs (sWPDh and PIVVHC-
SAGvGRTG; Figure 5a) specific to the PTP family
of proteins rather than VH1-like, cdc25 or LMW
phosphatase families [8], and a motif (KNRY) which

permits the access of phosphotyrosine rather than
shorter phosphoserine / phosphothreonine residues to
the active site. The presence of these motifs clearly
places the plant phosphatases within the PTP family
of proteins and is consistent with the properties of the
recombinant soybean PTP. Interestingly, the first 82–
86 N-terminal residues of the plant PTPs (Figure 5b)
do not show significant similarity to either targeting,
regulatory or receptor sequences of other PTPs, nor
to any predicted proteins within the publicly available
databases.

Expression ofPTP1−PEA

Expression ofPTP1−PEA in developing pea em-
bryos was monitored by probing an RNA gel blot
of poly(A)+ RNA isolated at different developmental
stages (8–22 days after flowering; daf) with the pea
PTP1cDNA sequence. Results for two pea genotypes
[38] are shown in Figure 6. The probe hybridised to
a mRNA species of ca. 1.5 kb and more weakly to a
larger mRNA species. The 1.5 kb mRNA was most
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Figure 6. RNA gel blot analysis of PTP expression in developing
embryos of two pea genotypes (JI 813 and JI 181). Poly(A)+ RNA
samples isolated from pea embryos 8–22 d.a.f. were probed with the
longestPTP1−PEAcDNA. Filters were washed to a final stringency
of 0.5× SSC 0.1% SDS at 65◦C and exposed to X-ray film for
3 weeks; size markers were glyoxylated restriction fragments ofλ

DNA.

abundant in embryos 8 daf, and then declined, so that
by 18 daf it was almost undetectable. A similar pat-
tern of expression was observed for the larger mRNA
suggesting that it may be a precursor of the 1.5 kb
mRNA. Transcript abundance declined more rapidly
in line JI 181 than in JI 813. Hybridisations with pro-
tein phosphatase 2A catalytic and regulatory subunit
probes have previously been published [7], in both
cases, transcripts were detected from 8–22 daf, with
only slight variations, and can be considered a suit-
able ‘control’ for loading. The steady state level of the
major PTP1mRNA species appears to be low, since
signals were undetectable in RNA gel blots of total
RNA preparations from embryos, leaf and root tissues.
However, RT-PCR experiments suggest that expres-
sion of peaPTP-like genes is not restricted to embryos
as transcripts could be detected in pods, leaves, stems
and tendrils (data not shown).

Genomic analysis

Southern blotting of genomic DNA fromArabidopsis,
pea and soybean was used to estimate copy num-
bers forPTP genes. The results (Figure 7a) suggests
that only a single gene was present inArabidopsis,
even after a relatively low stringency wash (2× SSC
at 65 ◦C). The 4.5 kbpEcoRI fragment observed

Figure 7. Genomic analysis of sequences encoding PTPs. a. Ge-
nomic DNA of Arabidopsis, pea and soybean was probed with
the corresponding PTP sequence. TheArabidopsisprobe, labelled
by PCR, corresponded to the genomic sequence between primers
AT1 and AT3 and the cDNA sequence between primers AT2 and
AT3 (Figure 1). Probes for pea and soybean were made by random
priming of the corresponding cDNAs. Restriction enzymes used
were: E,EcoRI; H, HindIII; X, XbaI; S, SacI. Hybridising frag-
ments were visualised by autoradiography and size markers were
λDNA digested withBstEII. b. Schematic representation of the
4.5 kbp genomic region derived fromArabidopsisBAC F18D12.
Predicted exons are shown as boxes, arrows indicate the direction of
transcription. The gene furthest 5′ to PTP1−ARATHcorresponds
to EST 40B11XP and contains a WD40 domain. The gene im-
mediately 5′ to PTP1−ARATHbears some similarity to numerous
membrane-associated salt-inducible proteins.

on the blot corresponds to the 4.5 kbp fragment in
the genomic clone F18D12 which contained part of
PTP1−ARATH (Figure 7b, see above). In genomic
DNA from both pea and soybean, the Southern blots
suggested the presence of a small family of PTP-
encoding genes.

Discussion

The present paper reports the first molecular character-
isation of PTPs in plant species other thanArabidop-
sis, and confirms and extends the characterisation of
the ArabidopsisPTP recently reported by Xuet al.
[39]. The predicted plant PTPs are polypeptides of
Mr ca. 38 000 and contain a domain with greatest
similarity to the PTP family of tyrosine phosphatases.
When expressed as a recombinant protein, the soy-
bean PTP showed specificity towards phosphotyrosine
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containing substrates. Hydrolysis of phosphotyrosine
but not phosphoserine or phosphothreonine was con-
sistent withYersinia and rat PTPs which hydrolyse
phosphoserine or phosphothreonine several orders of
magnitude more slowly than phosphotyrosine [42].
The plant PTP was inhibited by vanadate and depho-
statin but not by cantharidin or metal-chelating agents.
The requirement for reducing agents suggests that the
active site cysteine residue was very susceptible to ox-
idation, a feature common to tyrosine phosphatases
[37]. Enzymes with the properties of PTPs, which
dephosphorylate phophotyrosine-containing peptides,
but not phosphoserine or phosphothreonine residues,
have been partially purified from pea nuclei and wheat
seedlings [6, 12]. The properties of the pea nuclei
enzyme are similar to those determined for the recom-
binant soybean PTP, in that it had a pH optimum of
ca. 5.5 (with a protein substrate) andKm values in
theµM range for peptide substrates, was insensitive to
inhibition by fluoride or okadaic acid, but was strongly
inhibited by vanadate. However, a Mr of ca. 90 000
was estimated for the pea enzyme, much larger than
the predicted molecular weight for the PTPs described
here. The wheat enzyme also had similar functional
properties and an estimatedMr of 37 000. However,
interestingly, the wheat tyrosine phosphatase was a
glycoprotein, and although the PTP1s have multi-
ple potential N-linked glycosylation sites, they have
no predicted signal peptide and thus would not be
expected to enter the endoplasmic reticulum and be
glycosylated. It is thus at present not clear that either
of the enzyme activities previously reported corre-
spond to the PTP proteins described here. The PTP
from Arabidopsiswas expressed inE. coli as a re-
combinant protein by Xuet al. [39], and showed sim-
ilar specific hydrolytic activities to phosphotyrosine-
and phosphoserine/threonine-containing protein sub-
strates, and sensitivities to inhibition by vanadate and
okadaic acid as the soybean PTP expressed in the
present paper. However, Xuet al.did not report pH op-
tima orKm/Vmax values for theArabidopsisenzyme,
and carried out all PTP assays at pH 7.0.

TheAtPTP1cDNA sequence reported by Xuet al.
[39] shows a significant discrepancy with the com-
posite sequence fromArabidopsiscDNA and genomic
clones reported in the present paper. The previously
reported cDNA diverges completely from the present
sequence after base 2105 (Figure 1), and continues
to encode a ‘complete’ cDNA 1973 bp in length.
The size determined for the mRNA corresponding to
PTP1−PEA, 1.5 kb, is thus not in agreement with

the size of theArabidopsis AtPTP1cDNA, 1973 bp
[39], but does agree with both the pea and soybean
cDNAs and the predictedArabidopsisPTP1 mRNA
size derived from the sequences described here. Un-
fortunately, no size calibration is given for the mRNA
corresponding toAtPTP1in the RNA gel blots shown
by Xu et al. [39]. When the diverged 3′-flanking se-
quence in theAtPTP1cDNA was used separately to
search the sequence databases, it was found to be iden-
tical to 6 previously identifiedArabidopsisESTs, and
to contain a reading frame (on the oppposite strand)
encoding a predicted polypeptide with homology to
lipid transfer proteins. We therefore concluded that
the previously publishedAtPTP1cDNA sequence was
chimeric. A correction to the original report has been
published elsewhere (Plant Cell, October issue 1998).
The occurrence of chimeric clones in the widely avail-
ableArabidopsiscDNA libraries has been noted, and
is emphasised by our analyses.

RNA gel blot analysis showed that peaPTP1tran-
scripts are not abundant in pea embryos, as signals
could only be obtained using poly(A)+ RNA prepara-
tions with long exposure times and were not detected
in total RNA prepared from embryos, other organs
or soybean cell cultures. The data for mRNA levels
of PTP1 in developing pea embryos suggests that ex-
pression is developmentally regulated; not only is a
decrease in PTP mRNA level seen as embryo devel-
opment passes from cell division to cell expansion
phases, but also the two lines differ in both their de-
velopmental patterns [38] and in the decrease in levels
of PTP mRNA with development, with expression in
line JI 813 continuing at higher levels for a longer pe-
riod. Line JI 813 does not show such a clear transition
from cell division to cell expansion as line JI 181 [38].
Clearly, further studies are required to understand the
significance, if any, of this difference.

Xu et al.[39] concluded that expression ofAtPTP1
was stress-responsive, on the basis of changes in
mRNA levels under salt and low temperature stress
conditions, and thus deduced that PTP had a role in
stress responses in plants. PTP genes may be both
stress-responsive and developmentally regulated in
embryos; other stress-responsive genes are known to
be expressed during embryogenesis. PTP expression
is not confined to embryos since transcripts were de-
tected in other pea tissues in the present paper, and
were detected in roots, leaves, flowers and stems in
Arabidopsis[39]. The finding that only one EST se-
quence has been registered which corresponded to the
transcript predicted from theArabidopsis PTP1gene
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is consistent with relatively low transcript levels es-
timated in the present paper, at least in the libraries
used for the EST sequencing programmes. In contrast
to our results, Xuet al. [39] could detectAtPTP1tran-
scripts in total RNA preparations from allArabidopsis
tissues examined, apparently as a relatively abundant
message. The reason for this discrepancy in the esti-
mates of the quantitative levels of expression of PTP
genes is not clear at present.

In Arabidopsisthere appears to be only onePTP1-
like gene, whilst in pea and soybean evidence sug-
gested small gene families. However, it is likely that
there are other genes encoding members of the tyro-
sine phosphatase superfamily in higher plants. These
may only be weakly similar to the PTP encoding
sequences and would not therefore be detected by hy-
bridisation analyses presented here. In support of this
assumption, the PTPs described here are divergent to
theChlamydomonas VH-PTP13dual-specificity phos-
phatase, outside of the active site region, and homo-
logues of this gene which may exist in higher plants
[13] would not be detected by the probes used here.
Furthermore, there is a predictedArabidopsisgene
(mul8.6; Genbank AB009054) which contains a mo-
tif (IAVVHCMAGKGRTG) similar to the active site
regions of tyrosine phosphatases and is most similar
to P-TEN, a mammalian dual-specificity phosphatase
which acts as a tumour suppressor [22].

Despite the molecular and functional characterisa-
tion of PTPs, their role(s) in the plant are not fully
characterised. The lack of predicted signal peptides or
transmembrane spanning regions suggests they should
be classified as non-receptor type, but their location(s)
within the cell are at present unknown. By anal-
ogy with other PTPs, a role in signal transduction
processes can be predicted. As could be anticipated
from their designation as PTPs, these proteins do
not contain additional motifs specific for either dual-
specificity or cdc25 phosphatases and thus it would
seem unlikely that they, respectively, function as MAP
kinase phosphatases, nor are they cdc25 homologues.
However, at least in yeast, PTPs can dephosphorylate
some MAP kinases (reviewed in [36]) and a similar ac-
tivity in plants cannot be ruled out. Whilst the catalytic
domains of plant PTPs contain the consensus motifs
of PTPs, and theArabidopsisand soybean PTPs have
the enzymatic characterisitics of PTPs, a novel feature
of these proteins lies within their N-terminal regions.
Previously described non-receptor-type PTPs contain
additional domains important in regulating activity by
targeting to specific substrates or cellular locations.

The N-terminal regions of plant PTPs described here
may also represent such a domain, but one which is
different to those previously described in other eu-
karyotes. Identifying the substrates of plant PTPs and
the function of their N-terminal domains should al-
low insight into the signalling pathways in which they
operate.
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