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Protein tyrosine kinases and phosphatases play a vital role in the regulation of cell growth and differentiation in animal
systems. However, none of these enzymes has been characterized from higher plants. In this study, we isolated a cDNA
encoding a putative protein tyrosine phosphatase (PTPase) from Arabidopsis (referred to as AtPTP1). The expression
level of AtPTP1 is highly sensitive to environmental stresses. High-salt conditions increased AtPTP1 mRNA levels,
whereas cold treatment rapidly eliminated the AtPTP1 transcript. The recombinant AtPTP1 protein specifically hydro-
lyzed phosphotyrosine, but not phosphoserine/threonine, in protein substrates. Site-directed mutagenesis defined two
highly conserved amino acids, cysteine-265 and aspartate-234, as being essential for the phosphatase activity of the
AtPTP1 protein, suggesting a common catalytic mechanism for PTPases from all eukaryotic systems. In summary, we
have identified AtPTP1 as a tyrosine-specific protein phosphatase that may function in stress responses of higher

plants.

INTRODUCTION

Protein phosphorylation and dephosphorylation regulate nu-
merous biological processes and are catalyzed by protein
kinases and phosphatases (Boyer and Krebs, 1986; Hunter,
1995). In eukaryotes, these enzymes are categorized based
on their substrate specificity. Protein kinases are classified
into two major groups: serine/threonine kinases and tyrosine
kinases, which phosphorylate serine/threonine and tyrosine,
respectively. Accordingly, there are two major groups of
phosphatases that remove the phosphate group from phos-
phoserine/threonine and phosphotyrosine. These are the
phosphoprotein (serine/threonine) phosphatases (PPases)
and the protein tyrosine phosphatases (PTPases). Although
all protein kinases share extensive similarities in their se-
guences and three-dimensional structures (Hardie and
Hanks, 1995; Johnson et al., 1996; Mohammadi et al., 1997;
Sicheri et al., 1997), phosphatases represent a diverse fam-
ily of enzymes (Cohen, 1989; Stone and Dixon, 1994; Neel
and Tonks, 1997).

The PPases specifically dephosphorylate phosphoserine/
threonine in protein substrates. These enzymes traditionally
are classified into four subgroups (PP1, PP2A, PP2B, and
PP2C) based on their biochemical and pharmacological
properties (Cohen, 1989). PP1 and PP2A are inhibited by
okadaic acid and calyculin A. PP2B is Ca2* and calmodulin
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dependent, and PP2C requires Mg2* for activity. Most en-
zymes from these subgroups share high sequence similari-
ties (Cohen, 1989; Walton and Dixon, 1993), but they are
very different from PTPases. All PTPases contain an active
site signature motif, (I/V)HCXAGXXR(S/T)G, which harbors
the catalytic cysteinyl residue involved in the formation of a
phosphoenzyme reaction intermediate (Guan and Dixon,
1990). The PTPases are categorized into three subgroups:
receptor-like PTPases, intracellular PTPases, and dual-spec-
ificity PTPases (Stone and Dixon, 1994). The common struc-
tural features of the receptor-like PTPases include an
extracellular domain of variable length and composition, a
single membrane-spanning region, and one or two cytoplas-
mic catalytic domains. The intracellular PTPases typically
contain a single catalytic domain and various N- and C-ter-
minal extensions. These extensions are believed to have tar-
geting or regulatory functions (Mauro and Dixon, 1993).
Dual-specificity PTPases constitute a special class of intra-
cellular PTPases that are unique in their ability to hydrolyze
both phosphoserine/threonine and phosphotyrosine residues.

PTPases play important roles in a number of signal trans-
duction pathways in animal and yeast systems (Neel and
Tonks, 1997). As a cell surface antigen, CD45 was the first
receptor-like PTPase characterized and shown to function in
both T cell and B cell signaling (Charbonneau et al., 1988;
Ledbetter et al.,, 1988). Some intracellular PTPases have
been shown to interact with activated growth factor receptors
in mammalian cells (Kazlauskas et al., 1993; Lechleider et
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al., 1993). A PTPase with a Src-homology 2 (SH2) domain is
required for normal development of anterior and posterior
structure during embryogenesis of Drosophila (Perkins et al.,
1992). Both intracellular PTPases and dual-specificity PTPases
regulate the mitogen-activated protein kinases (MAPKS) in-
volved in a variety of signaling pathways.

MAPKs are activated after mitogen stimulation or environ-
mental stress in mammalian cells (Guan, 1994; Rosette and
Karin, 1996). At the molecular level, MAPK activation is de-
pendent on phosphorylation of a pair of neighboring tyrosine
and threonine residues (Anderson et al., 1990). Dual-speci-
ficity PTPases dephosphorylate and inactivate MAPKSs in
mammalian cells (Keyse and Emslie, 1992; Sun et al., 1993).
On the other hand, tyrosine-specific PTPases play a major
role in the regulation of MAPK pathways in yeast. In
Shizosaccharomyces pombe, two tyrosine-specific PTPases,
Pyp1l and Pyp2, act on Spcl, a MAPK involved in the stress
and cell cycle coupling process (Shiozaki and Russell, 1995).
In Saccharomyces cerevisiae, tyrosine-specific PTPases
Ptp2 and Ptp3, but not Ptp1l, are major PTPases responsible
for dephosphorylation and inactivation of Hogl, a MAPK-
mediating osmosensing pathway (Wurgler-Murphy et al.,
1997).

In higher plants, serine/threonine types of protein kinases
and phosphatases have been characterized and are impli-
cated in various cellular processes (Luan et al., 1993; Stone
and Walker, 1995; Smith and Walker, 1996). However,
whether plants contain tyrosine kinases and phosphatases
remains controversial. Recent studies have identified a num-
ber of MAPKSs from higher plants (Mizoguchi et al., 1997). In
several cases, activation of plant MAPKs has been shown to
accompany tyrosine phosphorylation (Suzuki and Shinshi,
1995; Stratmann and Ryan, 1997; Zhang and Klessig, 1997),
as found with mammalian and yeast MAPKs. These studies
imply that higher plants may also contain enzymes that de-
phosphorylate tyrosine residues in protein substrates, such
as MAPKs. In fact, PTPase-like activities have been de-
tected and partially purified from plant tissue extracts
(Cheng and Tao, 1989; Guo and Roux, 1995). To date, how-
ever, a PTPase protein has not yet been purified to homoge-
neity, nor has a gene for any of these enzymes been
identified from a higher plant. We report here the molecular
characterization of a protein tyrosine phosphatase encoded
by a stress-responsive gene in Arabidopsis.

RESULTS

Isolation and Sequence Analyses of the AtPTP1 cDNA

As detailed in Methods, the AtPTP1 cDNA from Arabidopsis
was identified by a systematic polymerase chain reaction
(PCR) approach followed by library screening. The cDNA se-
quence of AtPTP1 is 1973 bp long, with an open reading
frame of 1020 bp encoding a protein of 340 amino acids

(Figure 1A). Sequence analyses showed that the AtPTP1
protein shares high homology with tyrosine-specific PTPase
in other eukaryotic systems. An expressed sequence tag
(H10F3T7) in the Arabidopsis database was found to be
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Figure 1. Sequence Analyses of the AtPTP1 cDNA.

(A) Nucleotide and deduced amino acid sequence of the AtPTP1
cDNA. The conserved catalytic core motif is underlined. Lowercase
letters indicate nucleotide sequence in the noncoding regions. The
GenBank accession number is AF055635.

(B) Sequence alignment of AtPTP1 and human PTP1B proteins. Ver-
tical lines indicate identical and colons indicate similar amino acids.
The conserved regions critical for catalysis are underlined, and the
two invariant amino acids are in boldface.



nearly identical to a region of AtPTP1 cDNA and may repre-
sent the same or a highly related gene. There is little homol-
ogy between AtPTP1 and dual-specificity PTPases, except
in the catalytic signature motif present in all PTPases (un-
derlined regions in Figure 1A). In addition, AtPTP1 does not
show sequence homology to the acid/alkali phosphatases
or serine/threonine phosphatases.

The amino acid sequence identity between AtPTP1 pro-
tein and tyrosine-specific PTPases from other organisms is
in the range of 30 to 40%. For example, it is 32% identical to
the cytoplasmic region of human CD45, a receptor-type
PTPase (Charbonneau et al., 1988). Higher homology is
found between AtPTP1 and intracellular PTPases, such as
human PTP1B (35%; Charbonneau et al., 1989) and PTP1
from Dictyostelium discoideum (34%; Howard et al., 1992).
In Figure 1B, the predicted amino acid sequence of the
AtPTP1 cDNA is aligned with human PTP1B, a typical intra-
cellular tyrosine-specific PTPase (Charbonneau et al., 1989).
Based on hydropathy analysis, the AtPTP1 protein does not
have a transmembrane domain; therefore, it may be a mem-
ber of the intracellular PTPase family.

DNA gel blot analysis confirmed that AtPTP1 is present in
the Arabidopsis genome (Figure 2). Based on this high-strin-
gency blot, it is likely that only one copy of the AtPTP1 gene
exists in the Arabidopsis genome. Low-stringency hybridiza-
tion revealed the presence of several related sequences in
the genome (data not shown), suggesting the presence of
other PTPase homologs in Arabidopsis.

Expression of the AtPTP1 Gene Is Regulated by
Stress Signals

To determine whether the AtPTP1 gene is expressed in
plant tissues, we performed RNA gel blot analyses by using
total RNA isolated from various Arabidopsis tissues, includ-
ing roots, flowers, leaves, and stems. Figure 3A shows that
the AtPTP1 gene is actively expressed in all tissues that
were examined, although leaves appeared to accumulate a
lower level of the AtPTP1 transcript than did other tissues.
To gain further insight into the possible function of
AtPTP1 in plants, we studied its expression patterns under
various stress conditions. We subjected plants to several
stress factors, including drought, heat shock, wounding,
high salt, and cold temperature. Among these factors, high-
salt conditions were most effective in increasing the expres-
sion level of AtPTP1. As shown in Figure 3B, 24 hr after
high-salt treatment, plants accumulated a significantly higher
level of AtPTP1 (lane 2 versus lane 3). The mRNA abun-
dance returned to the control level in plants treated for 2 days
(Figure 3B, lanes 4 and 5). This study suggests that AtPTP1
expression is positively regulated by high-salt exposure.
More interestingly, the AtPTP1 mRNA level rapidly de-
clined in rosette plants challenged by cold temperature (Fig-
ure 3C). Within 2 or 3 hr of treatment at 4°C, the transcript
level became undetectable (Figure 3C, lanes 3 and 4). After
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Figure 2. DNA Blot Analysis of AtPTP1.

Total genomic DNA from Arabidopsis plants (ecotype Columbia)
was digested with Bglll (lane 1), BamHI (lane 2), EcoRI (lane 3), and
Hindlll (lane 4), respectively, and analyzed by using the labeled
AtPTP1 cDNA as a probe. The lengths (in kilobases) of the DNA
markers are shown at right.

a longer period (=6 hr) of cold treatment, AtPTP1 mRNA lev-
els started to recover (Figure 3C, lanes 5 to 7). If the plants
were moved back to the control temperature (21°C) after a
2-hr cold treatment, AtPTP1 mRNA accumulated rapidly to
the control level or higher (Figure 3C, lanes 8 to 10). This
MRNA accumulation pattern indicates that the expression of
the AtPTP1 gene is downregulated by cold temperature and
that this regulation is transient and immediately reversible
upon temperature shift. Other stress factors such as heat
shock, wounding, and drought did not appear to have a sig-
nificant effect on AtPTP1 expression (data not shown).

The AtPTP1 Gene Encodes a Functional
Phosphotyrosine-Specific PTPase

The AtPTP1 gene is present in the Arabidopsis genome, and
its expression in plants is regulated by high-salt and cold
stress (Figures 2 and 3). This suggests that the AtPTP1 gene
product may be involved in plant response to environmental
stresses. To determine whether the AtPTP1 gene encodes a
functional PTPase, we produced a recombinant AtPTP1
protein and characterized its enzyme properties.

We cloned the coding region of AtPTP1 cDNA into the
pGEX-4T-3 vector and expressed the recombinant protein
in Escherichia coli. As shown in Figure 4, we induced over-
expression of a glutathione S-transferase (GST)-AtPTP1 fu-
sion protein by isopropyl B-D-thiogalactopyranoside (IPTG)
(lane 2). The fusion protein was recovered in the supernatant
of the bacterial lysate and purified by using glutathione
Sepharose beads (Figure 4, lane 3). Thrombin cleavage of
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Figure 3. Stress-Regulated Expression of the AtPTP1 Gene.

(A) RNA gel blot analysis of AtPTP1 mRNA in roots (lane 1), flowers
(lane 2), leaves (lane 3), and stems (lane 4).

(B) High-salt induction of AtPTP1 expression. Lane 1, control before
treatment; lane 2, control 24 hr later; lane 3, 24-hr salt treatment;
lane 4, control 48 hr later; and lane 5, 48-hr salt-treated sample.

(C) Cold downregulation of AtPTP1. Plants were treated at 4°C for 0, 1,
2, 3, 6, 10, and 24 hr before RNA isolation (lanes 1 to 7, respectively).
After 2 hr of cold treatment, portions of the plants were transferred back
to room temperature for 1, 2, or 3 hr (lanes 8 to 10, respectively).

Each lane was loaded with 10 pg total of RNA, which was analyzed
by an RNA gel-blotting procedure (Luan et al., 1994, 1996), using a
32p-labeled AtPTP1 cDNA as a probe. The gels at bottom in (A), (B),
and (C) are nylon membranes showing rRNA bands stained with
ethidium bromide, which indicate the amount of total RNA analyzed.

the fusion protein yielded the 38-kD AtPTP1 protein and the
26-kD GST protein (Figure 4, lane 4). Purification of the
AtPTP1 protein was performed by “on-bead” cleavage that
typically generates the AtPTP1 protein with a purity of 95%
or higher (Figure 4, lane 5), which is sufficiently pure for
most biochemical characterization.

After the recombinant AtPTP1 protein was purified, we
performed phosphatase assay by using pyronitrophenyl
phosphate (pNPP) as a substrate. Phosphatases cleave the
phosphate from pNPP and generate a yellow nitrophenol
product that can be quantitated by absorbance at 405 nm
(Asgs)- The AtPTP1 protein hydrolyzed pNPP rapidly, and the
activity was linear during the first 30 min of the reaction (Fig-
ure 5A). We also monitored the catalysis as the function of
enzyme concentration. As more AtPTP1 protein was in-
cluded in the reaction, pNPP hydrolysis increased propor-
tionally (Figure 5B). These results show that the AtPTP1
protein is a highly active phosphatase.

To determine whether the AtPTP1 gene product is a
tyrosine-specific protein phosphatase, we conducted a
PTPase assay, using substrates labeled by either tyrosine
kinase or serine/threonine kinase. We used casein and the
myelin basic protein as substrates for both kinases in the la-
beling process so that the phosphatase activity of the
AtPTP1 protein (MBP) against phosphoserine/threonine or
phosphotyrosine (in the same substrate) could be com-
pared. As shown in Figure 6, the AtPTP1 protein dephos-
phorylated phosphotyrosine in p60-Src—labeled substrates
(both casein and MBP). No phosphatase activity was de-
tected against the phosphoserine/threonine in the same
substrates labeled by the catalytic subunit of protein kinase
A. This result demonstrates that the AtPTP1 gene encodes a
functional tyrosine-specific protein phosphatase.

Consistent with the above-mentioned observations, the
phosphatase activity of the AtPTP1 protein was inhibited
completely by vanadate, a PTPase inhibitor (Table 1). Inhibi-
tors for phosphoserine/threonine phosphatases, such as
okadaic acid, did not affect AtPTP1 activity (Table 1). Diva-
lent cations (Mg?* and Ca?*) or their chelator EDTA had no
significant effect on the AtPTP1 activity.

The Catalytic Core of PTPases Is Conserved in AtPTP1

Sequence alignment of PTPases from various organisms
has revealed several invariant amino acid residues. At least
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Figure 4. Expression and Purification of the Recombinant AtPTP1
Protein in E. coli.

Total protein was isolated from bacterial cells before (lane 1) and af-
ter (lane 2) IPTG induction. The fusion protein was purified using glu-
tathione beads (lane 3) and partially cleaved by thrombin (lane 4).
The purified recombinant AtPTP1 protein is shown as a single pro-
tein species (lane 5). Proteins were analyzed by SDS-PAGE and de-
tected by Coomassie Brilliant Blue R 250 staining (Sambrook et al.,
1989). The molecular masses of proteins are shown at right.
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Figure 5. The Recombinant AtPTP1 Protein Is an Active Phos-
phatase.

(A) Time course of AtPTP1 phosphatase activity. Using pNPP as a
substrate, AtPTP1 activity was measured as absorption at 405 nm
(A40s), indicating the production of nitrophenol. The concentration of
the AtPTP1 protein was 5 ng/mL.

(B) Enzyme activity as a function of enzyme concentration.

All experiments were repeated four times, and the data from one
representative assay are shown here.

two of them have been shown to be critical for PTPase ac-
tivity (Flint et al., 1997; Neel and Tonks, 1997). As shown in
Figure 1B, these two invariant amino acids are conserved
in AtPTP1 (Cys-265 and Asp-234 in boldface letters located
in the underlined regions). To determine whether these con-
served residues are important for the catalysis of AtPTP1
enzyme, we replaced Cys-265 by Ser and Asp-234 by Ala,
respectively, using site-directed mutagenesis (Luan and
Bogorad, 1992). As shown in Table 1, neither of the two mu-
tant proteins had any detectable level of phosphatase activ-
ity. This study confirms that the two invariant amino acid
residues are essential for catalytic activity of AtPTP1 phos-
phatase and implicates a similar catalytic mechanism for
PTPases from all eukaryotes.
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DISCUSSION

This report has identified AtPTP1 as a PTPase from a higher
plant. The AtPTP1 cDNA encodes a typical PTPase that
shares high homology with the core region of all tyrosine-
specific PTPases in other systems. The most striking simi-
larity is displayed by several regions that form specific struc-
tural domains in the PTPases. These include the active site
signature motif (amino acids 263 to 271 in AtPTP1), the
WPD motif upstream of the active site, and a region en-
riched in charged residues (amino acids 90 to 104) (Figure
1B). Recent structural studies of human PTP1B and several
other PTPases have put the function of these conserved do-
mains into perspective (Barford et al., 1994; Denu et al.,
1996; Yuvaniyama et al., 1996).

The active site signature motif residues are found within a
single loop, nestled at the base of a cleft on the surface of
the protein. The essential cysteinyl residue (equivalent to
Cys-265 in AtPTP1) is in position for nucleophilic attack on
an incoming phosphate residue. For the thiophosphate in-
termediate to form efficiently, the phenolic oxygen of the ty-
rosyl leaving group must be protonated. Based on their
mutagenesis results, Dixon and colleagues (Zhang et al.,
1994) predict that an aspartyl residue (equivalent to Asp-234
in AtPTP1) would donate this proton, serving as a general
acid. Therefore, these two domains (the signature motif and

50
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0 20 40 60
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Figure 6. The Recombinant AtPTP1 Protein Is a Functional Ty-
rosine-Specific Protein Phosphatase.

The phosphotyrosine-containing casein (open circles) and myelin
basic protein (filled circles) were hydrolyzed rapidly by the AtPTP1
protein. Phosphoserine/threonine-containing proteins (open squares
for casein and open triangles for myelin basic protein) were not hy-
drolyzed. Experiments were repeated four times, and data from a
typical assay are presented.
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Table 1. Inhibitor and Mutation Analyses of AtPTP1
Enzyme Activity?

Chemicals Concentration % of Control
MgCl, 5mM 104
CacCl, 1mMm 97
EDTA 10 mM 112
Okadaic acid 1pM 101
Vanadate 100 uM 1
Mutations

C265-S 0

D234 - A 0

aUsing pNPP as a substrate, we measured AtPTP1 activity as Aygs in
the presence of various chemicals and compared it with control ac-
tivity (as 100%). The two mutant proteins were purified and sub-
jected to the same assay.

the WPD motif) are required for catalytic activity of both ty-
rosine-specific and dual-specificity PTPases.

The highly charged region is present only in tyrosine-spe-
cific PTPases and has been shown to contribute to the over-
all depth of the active site cleft that can be accessed only by
phosphotyrosine but not by phosphoserine/threonine. In ad-
dition, the charged amino acids are thought to be involved in
phosphotyrosine binding (Yuvaniyama et al., 1996). These
structural predictions are consistent with the results in this
study. For example, the AtPTP1 protein contains the highly
charged domain and specifically hydrolyzes phosphoty-
rosine in protein substrates. Mutation at either Cys-265 or
Asp-234 in the AtPTP1 protein abolishes the catalytic activ-
ity. These studies also imply that the catalytic mechanism
has been conserved for PTPases in eukaryotic systems, in-
cluding yeast, plants, and mammals.

PTPases play a central role in a variety of signal transduc-
tion pathways in animal and yeast systems (Stone and
Dixon, 1994; Neel and Tonks, 1997). In animals, PTPases
target a wide range of protein substrates that are phospho-
rylated by either tyrosine-specific protein kinases or dual-
specificity kinases. Tyrosine-specific kinases constitute a
large family of enzymes that regulate cell growth and differ-
entiation (Cantley et al., 1991; Hunter, 1995). As the counter-
acting enzymes, PTPases are critical for controlling the level
of tyrosine phosphorylation in the cell under any given con-
dition (Neel and Tonks, 1997). MAPK kinases are a major
group of dual-specificity kinases that phosphorylate MAPKs
at both threonine and tyrosine, thereby activating these en-
zymes. PTPases dephosphorylate MAPKs and inactivate
them (Guan, 1994). Distinct from animals, yeast does not
contain a tyrosine-specific protein kinase. The major phos-
photyrosine proteins are those phosphorylated by dual-
specificity kinases, such as MAPK kinases. As a result,
PTPases in yeast are most important in the regulation of
MAPK pathways (Shiozaki and Russell, 1995; Wurgler-
Murphy et al., 1997).

In higher plants, research in protein tyrosine phosphoryla-
tion has lagged behind because none of the responsible
enzymes (tyrosine kinase or phosphatase) has been charac-
terized at the molecular level. Recent studies have shown
that tyrosine phosphorylation is critical for the activation of
MAPKSs in higher plants (Suzuki and Shinshi, 1995; Zhang
and Klessig, 1997) as well as in animals and yeast, suggest-
ing the presence of protein kinases and phosphatases that
are capable of phosphorylating or dephosphorylating ty-
rosines in protein substrates. Indeed, MAPK kinases with
dual specificity for tyrosine and threonine have been identi-
fied recently from Arabidopsis (Mizoguchi et al., 1997). Stud-
ies described in this report have identified a PTPase in a
higher plant.

In conjunction with the possibility of MAPK regulation by
PTPases in plants, the finding of stress-regulated expres-
sion of the AtPTP1 gene is significant. As shown in animal
and yeast systems, a number of MAPKs are activated under
stress conditions and inactivated by PTPases (Anderson et
al., 1990; Guan, 1994; Rosette and Karin, 1996). In addition,
expression of genes encoding PTPases is often upregulated
by the MAPK pathway, forming a negative feedback loop for
MAPK regulation (Sun et al., 1993; Brondello et al., 1997,
Jacoby et al., 1997; Wurgler-Murphy et al., 1997). Because
some MAPKs in higher plants have also been found to be
activated by stress signals, including cold temperature,
wounding, drought, pathogen elicitors, salicylic acid, and sys-
temin (Bogre et al., 1997; Ligterink et al., 1997; Mizoguchi
et al., 1997; Stratmann and Ryan, 1997; Zhang and Klessig,
1997), there may be a negative feedback loop similar to that
in animal and yeast systems, that is, MAPK activation may
upregulate expression of PTPase genes in higher plants.
This hypothesis is consistent with the high-salt induction of
AtPTP1 expression. In contrast, AtPTP1 expression is nega-
tively regulated by cold temperature in Arabidopsis plants.
Downregulation of PTPase expression by stress factors has
not been reported in any other organism previously studied.
This finding implicates AtPTP1 in a unique mechanism for
plant response to environmental factors.

In summary, the molecular characterization of AtPTP1 in
this report provides a critical stepping stone for further ex-
ploration of the function of tyrosine phosphorylation in
MAPK regulation and possibly in other unique signaling
pathways yet to be identified in higher plants.

METHODS

Isolation of the AtPTP1 cDNA

A systematic polymerase chain reaction (PCR) approach was used to
isolate the AtPTP1 cDNA. The PCR template was the phagemid DNA
isolated from an Arabidopsis cDNA library (Kieber et al., 1993). PCR
primers were designed based on the conserved regions in protein ty-
rosine phosphatases (PTPases) from a number of organisms, including



mammals, flies, and yeast. The amino acid sequences for deducing
the degenerate oligonucleotides were NRNRYRD, TQGPLP, WPD-
XGVP, and (V/I)JHCSAG. Two complementary oligonucleotides run-
ning in the opposite direction were synthesized for each of the four
peptide sequences. Together with two vector primers (T3 and T7), 11
pairs of primers were used in PCR reactions with a Robocycler (Strat-
agene, La Jolla, CA). Each pair of primers was used in PCR reactions
at six annealing temperatures, with the temperature gradient ranging
from 34 to 54°C. The resulting PCR fragments were sequenced di-
rectly, and sequences were analyzed using BLAST programs provided
by the National Center for Biotechnology Information (Bethesda, MD).

Among the sequenced cDNA fragments, two were highly homolo-
gous to animal PTPase sequences and overlapped with each other.
One of the fragments was generated by a reaction using the T3
primer together with a reverse primer derived from TQGPLP (5'-
GGIAG/AIGGICCCTGIGT-3'). The other fragment resulted from a re-
action using the T3 primer with a reverse primer derived from
(V/I)HCSAG (5’'-CCIGCIG/CA/TA/GCAGTGIA-3’). In the partially de-
generate oligonucleotides, | stands for inosine, and the two possible
nucleotides are separated by a slash. The longer PCR fragment was
used to screen the Arabidopsis cDNA library (Kieber et al., 1993) at
high stringency (Sambrook et al., 1989). Eleven independent clones
were isolated from ~3 X 10° plaques. Partial sequencing results
suggested that these clones may represent different lengths of an
identical cDNA. One of the clones was fully sequenced after generat-
ing a series of deleted clones by using an Exolll-mung bean nu-
cleases deletion system (New England Biolabs, Beverly, MA). DNA
and RNA gel blotting analyses were performed based on procedures
described by Sambrook et al. (1989).

Plant Materials and RNA Analyses

Arabidopsis plants (Arabidopsis thaliana ecotype Columbia) were
grown in a greenhouse under long-day conditions (16-hr-light/8-hr-
dark cycle) to flowering before harvesting different tissues for RNA
preparation. For the high-salt treatments, Arabidopsis plants were
grown on Murashige and Skoog medium (Sigma) in Petri dishes for 2
weeks. Some plants were then treated with high salt by the addition
of 20 mL of 300 mM NacCl to each plate. For cold treatments, plants
were grown under short-day conditions for 5 weeks to induce the
production of large rosettes. Some plants were then moved to a cold
room kept at 4°C. Samples were taken at various time points, as in-
dicated in Figure 3C. Some plants were treated at 4°C for 2 hr and
then returned to room temperature for 1 to 3 hr before the samples
were collected. The heat treatment was performed by moving plants
to a warm room kept at 37°C. Wounding was conducted by punc-
turing plant leaves with a hemostat (~80% of the leaves were
punctured). Drought conditions were as described by Yamaguchi-
Shinozaki and Shinozaki (1994). Total RNA isolation was performed
as described previously (Luan et al., 1994).

Overexpression of the Recombinant AtPTP1 Protein

The coding region of the AtPTP1 cDNA was amplified with Pfu poly-
merase (Strategene) and subcloned into the pGEX-4T-3 vector
(Pharmacia, Piscataway, NJ). The resulting clones were sequenced
to ensure in-frame fusion of AtPTP1 with glutathione S-transferase
(GST) and to avoid clones that contained PCR-introduced mutations.
The recombinant plasmid was transformed into Escherichia coli
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BL21(DE3) (Novagen, Madison, WI). Overexpression of the GST-
AtPTP1 fusion protein was performed, as described previously (Luan
et al., 1994, 1996), with some modifications. After inducing expres-
sion with 0.25 mM isopropyl B-D-thiogalactopyranoside (IPTG), bac-
terial cultures were pelleted and resuspended in a buffer containing
100 mM NacCl, 50 mM Tris-HCI, pH 8.0, 2 uM phenylmethylsulfonyl
fluoride, 1 mM benzamidine, and 2 mM EDTA before lysis by sonica-
tion. The cell lysate was pelleted at 15,0009 to collect the superna-
tant containing the fusion protein that subsequently was purified by
glutathione Sepharose 4B (Pharmacia). On-bead cleavage was per-
formed using 0.5 pg/mL thrombin (Sigma).

PCR Site-Directed Mutagenesis

The mutagenesis primers contained single base changes that con-
verted Cys-265 to Ser (from TGC to TCC) and Asp-234 to Ala (from
GAT to GCT), respectively. The first round of PCR was performed us-
ing the mutagenesis primer and the 3’ pGEX sequencing primer, with
the GST-AtPTP1 fusion plasmid DNA as the template. The PCR
product was used as a primer together with the 5’ pGEX sequencing
primer to conduct the second round of PCR by using the same tem-
plate. The second-round PCR product was cloned back into the
PGEX-4T-3 vector and sequenced to confirm the specific mutation.
The mutant proteins were produced as described for the wild-type
protein.

Preparation of 32P-Labeled Protein Substrates and
Phosphatase Assays

Casein and the myelin basic protein were used as substrates for both
tyrosine- and serine/threonine-specific protein kinase in the labeling
reactions. The procedure was based on Tonks et al. (1988), with
modifications. For tyrosine labeling, 25 units of human c-Src tyrosine
kinase (Upstate Biotechnology Inc., Lake Placid, NY) was incubated
with 50 pg of substrate protein and 50 p.Ci 32P-y-ATP (Du Pont-New
England Nuclear, Boston, MA) in 100 uL of reaction buffer (25 mM
Tris-HCI, pH 7.2, 5 mM MnCl,, 0.5 mM EGTA, 0.05 mM NazVO,, and
25 mM Mg-acetate) for 1 hr at 30°C. The reaction mixture was loaded
onto a Sep-Pak-18 reverse phase column (Waters, Milford, MA),
washed extensively with 0.1% trifluoroacetic acid, and eluted with
acetonitrile. The eluted protein substrate was lyophilized and dis-
solved in the phosphatase buffer (50 mM Tris-HCI, pH 7.0, and 2 mM
DTT) and stored in aliquots at —80°C if not immediately used. For
32p-labeling of serine/threonine residues in protein substrates, 50
units of bovine heart protein kinase A (Sigma) were used in a similar
reaction, as described for the Src kinase, except for the reaction
buffer (25 mM Tris-HCI, pH 7.5, 1 mM DTT, 100 mM NaCl, and 12
mM MgCl,). Purification and storage of labeled protein were as de-
scribed above for the Src-labeled substrate.

Protein phosphatase activity was determined by measuring the re-
lease of free phosphorus-32 from labeled substrates. Assays were
performed as described previously (Tonks et al., 1988), with some
modifications. The reaction mixture contained 5 ng/mL of enzyme,
50 mM Tris-HCI, pH 7.0, and 2 mM DTT in 100 pL of total volume.
Reactions were initiated by adding 2 X 10* cpm 32P-labeled protein
substrate. After incubating the reaction mixture at 30°C for various
periods of time, we terminated the reaction by adding 2 volumes of
25% trichloroacetic acid. Proteins in the reaction mixture were pre-
cipitated, and the supernatant was subjected to scintillation counting.
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Blank incubations were performed without the AtPTP1 protein. The
relative activity of the AtPTP1 protein is given as the percentage of
total substrate that was hydrolyzed during the reaction.

When pyronitrophenyl phosphate (pNPP) was used as a substrate,
1 mM pNPP in the phosphatase buffer (50 mM Tris-HCI, pH 7.0, and
2 mM DTT) was included in all of the assays. For the time-course
analysis of AtPTP1 activity, reactions were initiated by adding 5 ng of
enzyme protein to the 1-mL reaction mixture and monitored by ab-
sorbance at 405 nm (A,gs) at various time points. To analyze the
phosphatase activity at various enzyme concentrations, 1, 2, 5, 10,
and 20 ng of AtPTP1 protein was included in the 1-mL assay buffer,
and the reaction mixture was incubated for 15 min.
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