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Pti4 Is Induced by Ethylene and Salicylic Acid, and Its Product
Is Phosphorylated by the Pto Kinase
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The tomato Pti4 gene encodes a transcription factor that was identified on the basis of its specific interaction with the
product of the Pto disease resistance gene in a yeast two-hybrid system. We show here that the Pti4 protein specifi-
cally binds the GCC-box cis element, which is present in the promoter region of many pathogenesis-related (PR) genes.
Expression of the Pti4 gene in tomato leaves was rapidly induced by ethylene and by infection with Pseudomonas syrin-
gae pv tomato, and this induction preceded expression of GCC-box-containing PR genes. Although salicylic acid also
induced Pti4 gene expression, it did not induce GCC-box PR genes. Rather, salicylic acid antagonized ethylene-medi-
ated expression of GCC-box PR genes. We demonstrate that the Pti4 protein is specifically phosphorylated by the Pto
kinase and that this phosphorylation enhances binding of Pti4 to the GCC box. In addition, induced overexpression of
Pto and Pti4 in tomato leaves resulted in a concomitant increase in GCC-box PR genes. Our results support a model in
which phosphorylation of the Pti4 protein by the Pto kinase enhances the ability of Pti4 to activate expression of GCC-

box PR genes in tomato.

INTRODUCTION

A well-characterized plant defense response associated
with pathogen attack is the expression of pathogenesis-related
(PR) genes. PR genes are activated in both resistant and sus-
ceptible plants in response to pathogen attack. However, they
often are expressed more rapidly and to a greater extent in
incompatible interactions in which a resistant plant is chal-
lenged with an avirulent pathogen (Voisey and Slusarenko,
1989; van Kan et al., 1992; Jia and Martin, 1999). This implies
that enhanced PR gene expression is mediated by a recog-
nition event involving a disease resistance (R) gene and its
cognate avirulence (avr) gene. The roles of PR genes in plant
defense responses against pathogens have been widely in-
vestigated (Cutt and Klessig, 1992). The best-characterized
plant defense genes include those that encode glucanases
and chitinases. These enzymes appear to be antimicrobial,
based on their ability to degrade cell wall components of
pathogens (Mauch et al., 1988; Sela-Buurlage et al., 1993)
and have been shown to enhance disease resistance when
overexpressed in plants (Broglie et al., 1991; Zhu et al., 1994).
Despite the established biological function in plant defense
responses for some PR genes, the molecular mechanisms
responsible for their expression in R-avr recognition remain
largely unclear.

The expression of many defense-related genes is regu-
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lated by signaling molecules such as salicylic acid (SA) and
ethylene. Increases in SA and its conjugates have been as-
sociated with the activation of defense genes in many plant
species (reviewed in Dempsey et al., 1999). Compelling evi-
dence for a key role of SA in defense gene regulation comes
from analysis of tobacco and Arabidopsis NahG transfor-
mants in which SA is converted to an inactive form. The
NahG plants fail to induce several PR genes such as PR-1,
PR-2, and PR-5 and show increased susceptibility to patho-
gens (Delaney et al., 1994). Additional evidence for a role of
SA in defense comes from certain Arabidopsis mutants in
which the SA signaling pathway is blocked (Cao et al., 1994;
Delaney et al., 1995; Shah et al., 1997). These plants are un-
able to accumulate several PR gene transcripts when in-
fected by pathogens and show increased susceptibility to
disease. Most of the PR genes induced by SA encode
acidic, extracellular forms of PR proteins (Friedrich et al.,
1995). Another large class of PR genes encodes basic pro-
teins, and many of these genes do not appear to be regu-
lated by SA (Vidal et al., 1997).

Many PR genes that are induced by plant-pathogen
interactions also are upregulated by exposure to ethylene
(Deikman, 1997). Ethylene-regulated PR genes often encode
basic proteins that are localized primarily in vacuoles (Eyal
et al., 1993). Recent evidence indicates that expression of
some of these PR genes is independent of SA but requires
an ethylene-dependent signaling pathway. For example,
the PDF1.2 gene, which encodes an antifungal peptide, is
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activated when Arabidopsis is infected by Alternaria bras-
sicicola or exposed to ethylene; however, SA does not acti-
vate PDF1.2 (Penninckx et al., 1996). Activation of PDF1.2
was abolished in ethylene-insensitive mutants of Arabidop-
sis, whereas its induction by pathogens or ethylene was not
affected in either NahG plants or a nonexpresser of PR
genes (nprl) mutant (Penninckx et al., 1998).

An important approach to understanding PR gene regula-
tion is to identify defense-responsive promoter regions and
isolate their cognate DNA binding proteins. Several defense-
related transcription factors have been identified by using
this method, including the WRKY transcription factors
(Rushton et al., 1996), a basic leucine zipper transcription
factor G/HBF-1 (Droge-Laser et al., 1998), and the ethylene-
responsive element binding proteins (EREBPs; Ohme-
Takagi and Shinshi, 1995). Isolation of these factors has
provided new insights into PR gene regulation but also has
raised the additional question of how these transcription
factors themselves are regulated. In particular, because
many PR genes are expressed rapidly during gene-for-gene
incompatible interactions, it is important to understand the
role of R genes in the regulation of defense-related tran-
scription factors.

In tomato, the R gene Pto confers resistance to
Pseudomonas syringae pv tomato strains expressing the
avrPto gene. The molecular cloning of the Pto gene and the
corresponding avirulence gene, avrPto, permits extensive
investigation of the mechanism of R gene-mediated defense
responses. Pto encodes an active serine/threonine protein
kinase (Martin et al.,, 1993; Loh and Martin, 1995), and
avrPto encodes a small hydrophilic protein that probably is
delivered into the plant cell by way of a bacterial type Il se-
cretion system (Ronald et al., 1992; Alfano and Collmer,
1996). We and others have demonstrated that the Pto ki-
nase interacts with AvrPto protein, and mutations in Pto or
AvrPto that disrupt this interaction also abolish disease re-
sistance (Scofield et al., 1996; Tang et al., 1996; Frederick et
al., 1998). Therefore, a direct interaction between Pto and
AvrPto determines gene-for-gene specificity in this plant-
pathogen interaction. This recognition event appears to ini-
tiate multiple signal transduction pathways that lead to the
hypersensitive response, oxidative burst, and enhanced ex-
pression of PR genes (Gu and Martin, 1998).

Several proteins with putative roles in Pto-mediated sig-
naling pathways have been identified from a yeast two-
hybrid screen by using the Pto kinase as bait (Zhou et al.,
1995, 1997). Among them, Ptil (for Pto-interacting 1), which
encodes a serine/threonine kinase, appears to be a direct
downstream component because Pto phosphorylates Ptil
but not vice versa. Overexpression of Ptil in tobacco indi-
cates that the protein is involved in the development of the
hypersensitive response (Zhou et al., 1995). Three other
genes encoding Pto-interacting proteins, Pti4, Pti5, and
Pti6, encode related putative transcription factors; each has
a DNA binding domain, a nuclear localization sequence, and
a possible transactivation domain rich in acidic amino acids

(Zhou et al., 1997). The proteins encoded by Pti4, Pti5, and
Pti6 share extensive similarity with the amino acid se-
quences of EREBPs (Ohme-Takagi and Shinshi, 1995).
Along with the EREBPs, Pti5 and Pti6 have been shown to
bind the GCC-box cis element present in the promoter re-
gion of many ethylene-regulated PR genes (Ohme-Takagi
and Shinshi, 1995; Zhou et al., 1995). Thus, the discovery of
Pti4, Pti5, and Pti6 represents a definitive link between an R
gene and the specific induction of genes involved in plant
defense. In this article, we have further characterized the
regulation of Pti4 gene expression and the relationship be-
tween the Pto kinase and the Pti4 protein.

RESULTS

Pti4 Protein Specifically Binds the GCC-Box cis Element

To examine whether Pti4 binds the same cis element as Pti5
and Pti6 (Zhou et al., 1997), we overexpressed Pti4 as a
tagged protein with a region of six histidine residues in Esch-
erichia coli and purified to near homogeneity by using a
nickel-agarose affinity column (see Methods). The purified
His-Pti4 protein was used in a mobility shift gel assay. As
shown in Figure 1, in which glutathione S-transferase (GST)—
Pti5 was used as a positive control, the His-Pti4 fusion pro-
tein was able to bind the GCC box. To test the specificity of
this binding, we performed a competition experiment by
adding the unlabeled GCC-box DNA to the mobility shift as-
say. The addition of unlabeled GCC-box to the binding as-
say decreased the binding of His-Pti4 to the labeled GCC-
box, and 100-fold excess of unlabeled GCC-box DNA re-
sulted in the complete loss of binding of the labeled GCC-
box to the His-Pti4 protein. Furthermore, as was seen with
GST-Pti5, the His-Pti4 protein did not bind a mutated GCC
(mGCC) box containing two G-to-T substitutions in the GCC-
GCC core sequence (Ohme-Takagi and Shinshi, 1995; Zhou
et al., 1997). From these results, we conclude that Pti4 spe-
cifically binds the GCC-box cis element.

Ethylene Rapidly Increases Abundance of Pti4 but Not of
Pti5 or Pti6 Transcripts

Pti4, Pti5, and Pti6 are similar to the tobacco EREBPs in
both amino acid sequence and DNA binding properties
(Ohme-Takagi and Shinshi, 1995; Zhou et al., 1997). We
were interested, therefore, in whether ethylene is involved in
the transcriptional regulation of the Pti4, Pti5, and Pti6
genes the way it is for some of the genes encoding EREBPs
(Ohme-Takagi and Shinshi, 1995). For these experiments,
we used two lines of the tomato cultivar Rio Grande that are
isogenic except for the Pto locus: Rio Grande-PtoR (RG-
PtoR) and Rio Grande-PtoS (RG-PtoS). RNA gel blot experi-
ments (Figure 2A) revealed that in plants from both lines,
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Figure 1. Pti4 Specifically Binds the GCC-Box Sequence.

A mobility shift assay was performed as described previously (Zhou
et al., 1995), using 50 ng of purified His-Pti4 or GST-Pti5 fusion pro-
tein mixed with 5 fmol of 32P-labeled wild-type GCC-box or mGCC-
box oligonucleotides (see Methods). The competitor consisted of
the unlabeled wild-type GCC oligonucleotide. The notations X20,
x40, and X100 indicate that the amount of unlabeled wild-type
GCC-box oligonucleotide added to these reactions was 20-, 40-, or
100-fold that of the labeled GCC-box oligonucleotide. The (—) signs
indicate that no competitor, or no protein, was added to these reac-
tions. The position of the unbound (Free) probe is shown.

Pti4 transcript abundance increased as early as 15 min after
exposure to 10 ppm ethylene gas and continued to increase
over the next 2 to 4 hr before gradually decreasing. Thus,
Pto had no effect on the expression of the Pti4 gene in re-
sponse to ethylene. In contrast to the rapid induction of Pti4
by ethylene, Pti5 and Pti6 were not responsive to ethylene
treatment. The transcript levels of Pti5 and Pti6 remained
low throughout the 8-hr ethylene treatment.

A key role for the GCC box in mediating ethylene-respon-
sive gene expression has been demonstrated in tobacco
(Eyal et al., 1993; Ohme-Takagi and Shinshi, 1995). Re-
cently, we identified a GCC box in the promoter regions of
several tomato PR genes, including glucanase B (GluB),
chitinase B (ChiB), and osmotin (Osm), and showed that ex-
pression of these genes was enhanced in an incompatible
interaction involving Pto and avrPto (Jia and Martin, 1999).
To determine whether these GCC-box-containing PR genes
also were induced by ethylene, we hybridized the RNA gel
blots with GluB and Osm probes (Figure 2A). The accumula-
tion of GluB and Osm transcripts first was detected 2 hr af-
ter ethylene treatment and increased to a maximum by 4 to
6 hr. In a control experiment in which plants were similarly
manipulated but not exposed to ethylene, neither Pti4 nor
GluB transcripts were induced (data not shown). The first
appearance of GluB and Osm transcripts thus was ~1.5 hr
after that of Pti4 transcripts. This result is consistent with
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Pti4 playing a role in the expression of these tomato GCC-
box-containing PR genes. No difference in ethylene induc-
tion of GluB and Osm was observed between the RG-PtoR
and RG-PtoS plants; therefore, the Pto gene does not ap-
pear to be involved in ethylene-regulated expression of
these PR genes.

Effect of Cycloheximide on Ethylene Regulation of the
Pti4 and GluB Genes

The rapid induction of Pti4 transcripts by ethylene suggests
that de novo protein synthesis is not required for this
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Figure 2. Effect of Ethylene and Cycloheximide on Expression of
Pti4, Pti5, Pti6, and GCC-Box-Containing PR Genes.

Fully expanded leaves from 4-week-old tomato plants were used for
analysis of gene expression. Equal loading of lanes in all gels was
verified by visualizing the rRNA in the RNA gels stained with ethid-
ium bromide.

(A) RG-PtoR or RG-PtoS tomato plants were treated with 10 pL/L
ethylene gas for the times indicated. Total RNAs were isolated from
leaves and analyzed as duplicate RNA gel blots by hybridization with
radiolabeled Pti4, Pti5, Pti6, GluB, or Osm probes.

(B) RG-PtoR plants were treated with ethylene (10 wL/L), cyclohex-
imide (5 wg/mL), or a combination of both for the times indicated.
Total RNAs were isolated from leaves and analyzed as duplicate
RNA gel blots by hybridization with radiolabeled Pti4 or GluB probes.
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process. This is typical for the induction of many immediate-
early transcription factors, including those that appear to be
involved in regulation of plant defense genes (Yang and
Klessig, 1996). To examine whether de novo protein synthe-
sis is involved in ethylene-induced Pti4 function, we blocked
protein synthesis by pretreatment of tomato plants with 5
wg/mL cycloheximide for 30 min before applying ethylene.
Cycloheximide commonly is observed to induce transcrip-
tion factor genes (Suzuki et al., 1998; Yang and Klessig,
1996; Horvath et al., 1998), and as shown in Figure 2C, it in-
creased Pti4 expression with timing and transcript levels
similar to those induced by ethylene. Treatment with a com-
bination of ethylene and cycloheximide further increased the
abundance of Pti4 transcripts, possibly as a result of the ad-
ditive effect of ethylene and cycloheximide. These findings
suggest that transcriptional activation of Pti4 by ethylene
occurs by way of preformed transactivator molecules in the
plant cell. Alternatively, cycloheximide may inhibit the de
novo protein synthesis of an unstable protein that negatively
regulates the Pti4 transcripts, or cycloheximide might simply
stabilize Pti4 transcripts (Li et al., 1994). Despite the in-
crease in Pti4 transcripts in these experiments, GIluB ex-
pression was not induced. In fact, cycloheximide treatment
blocked the induction of GluB by ethylene, as observed after
the combination treatment of cycloheximide and ethylene
(Figure 2C). Therefore, induction of GluB by ethylene appar-
ently requires de novo synthesis of the protein or proteins
that activate its expression.

Effect of SA on Expression of Pti4, Pti5, Pti6, and
GCC-Box PR Genes

SA induces the expression of a wide array of plant genes
that can be classified on the basis of how quickly they are
induced (Dempsey et al., 1999). Several transcription factor
genes, including tobacco EREBP-1, are immediate-early
SA-responsive genes, being activated within 10 min of SA
treatment (Horvath et al., 1998). We examined possible ef-
fects of SA on Pti4, Pti5, and Pti6 transcript abundance and
found, as shown in Figure 3A, that Pti4 transcripts accumu-
lated as early as 30 min after treatment, whereas Pti5 and
Pti6 transcript levels were not responsive to SA. In a control
experiment in which plants were treated with either water or
3-hydroxybenzoic acid (an inactive SA analog), induction of
Pti4 transcripts was not detected (data not shown). To test
whether SA-induced accumulation of Pti4 correlated with
GCC-box PR gene accumulation, we hybridized an RNA gel
blot with the GluB and Osm probes (Figure 3B). An increase
in transcript abundance of these genes was not detected
until 8 hr after treatment, and even then, the increase was
negligible. To ensure that the SA-signaling pathway was ac-
tivated by our SA treatment, we used a known SA-inducible
gene, Le-eli3 (R.L. Thilmony and G.B. Martin, unpublished
data), as a marker. Transcripts of Le-eli3 were detected 2 hr
after treatment.

Several recent reports indicate that both SA-dependent
and SA-independent pathways are responsible for activa-
tion of distinct sets of defense-related genes (Penninckx et
al., 1996; Vidal et al., 1997; Thomma et al., 1998). In addi-
tion, certain components might be shared by both path-
ways. SA also has been reported to sensitize ethylene-
inducible PR gene expression, and ethylene may enhance
SA-induced expression of some PR genes (Lawton et al.,
1994; Xu et al., 1994). To examine a possible interaction be-
tween SA and ethylene in the activation of Pti4, Pti5, and
Pti6 and in the expression of PR genes containing GCC
boxes, we treated tomato plants simultaneously with SA
and ethylene. As shown in Figure 3B, this simultaneous
treatment increased Pti4 transcripts by approximately twice
that seen with either treatment alone and might reflect an
additive effect. Ethylene did not activate Le-eli3 and did not
affect Le-eli3 expression induced by SA in comparison with
that induced by SA treatment alone. Interestingly, however,
we found that SA substantially suppressed ethylene induc-
tion of GluB and Osm expression (Figure 3B). Together with
our results shown in Figure 3A, we conclude that SA does
not cause early induction of these PR genes and, in fact, has
a negative effect on their activation by ethylene.

Induction of Pti4, Pti5, and Pti6 by the Wound
Response Pathway

In tomato, ethylene is required for activation of proteinase
inhibitor genes by the wound response pathway, although
ethylene itself is not sufficient to induce wound-responsive
gene expression (O’Donnell et al., 1996). Wounding of to-
mato leaves results in increased ethylene production
(O’Donnell et al., 1996), and some PR genes are induced by
mechanical wounding (Pastuglia et al., 1997). Furthermore,
a GCC-box cis element is present in the promoter of at least
some members of the 1-aminocyclopropane-1-carboxylate
oxidase gene family, which is involved in ethylene biosyn-
thesis (Jia and Martin, 1999). These observations suggest
that Pti4, Pti5, and Pti6, singly or in combination, might be
involved in the regulation of ethylene production in the plant
and in turn play a role in wound-responsive gene expres-
sion. As shown in Figure 4A, wounding tomato leaves rap-
idly induced Pti4 transcripts but not Pti5 or Pti6 transcripts.
Pti4 transcript abundance was very low, however, and
quickly decreased to near background values just 6 hr after
wounding. This corresponded to very low induction of GluB
transcripts beginning 6 hr after wounding. By contrast, tran-
scripts of proteinase inhibitor 2 gene (Pin2), a molecular
marker for the wound response, increased markedly 4 hr af-
ter wounding and continued to accumulate to high amounts
8 hr after wounding. To further examine the possible in-
volvement of Pti4 in the wound response pathway, we
treated tomato plants with systemin, a well-characterized,
potent signaling molecule involved in the wound response
through the octodecanoid pathway (Schaller and Ryan,
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Figure 3. Effect of SA and Ethylene on Expression of Pti4, Pti5, Pti6,
Le-eli3, and the GCC-Box-Containing PR Genes GluB and Osm.

Fully expanded leaves from 4-week-old tomato plants were used for
analysis of gene expression. Equal loading was verified by visualiz-
ing the rRNA in the RNA gels stained with ethidium bromide.

(A) RG-PtoR tomato plants were treated with 1 mM SA for the times
indicated. Total RNAs were isolated from leaves and analyzed as
duplicate RNA gel blots by hybridization with radiolabeled Pti4, Pti5,
Pti6, or Le-eli3 probes. Note that lane C for Pti5 contains total RNA
isolated from leaves of 8-week-old tomato plants in which the Pti5
transcript is detectable.

(B) RG-PtoR tomato plants were treated with ethylene (10 pL/L), SA
(1 mM), or a combination of both for the times indicated. Total RNAs
were isolated from leaves and analyzed as duplicate RNA gel blots by
hybridization with radiolabeled Pti4, Le-eli3, GluB, or Osm probes.

1995). As shown in Figure 4B, systemin strongly increased
Pin2 transcripts but it did not increase Pti4 transcripts. In re-
lated experiments, jasmonic acid also was shown not to in-
duce Pti4 accumulation (Thara et al., 1999). Thus, the
induction of Pti4 by wounding might not result from activa-
tion of the octadecanoid pathway. Rather, similar to tobacco
EREBP genes, induction of Pti4 by wounding might result
from a separate mechanism of wound-responsive transcrip-
tional activation (Suzuki et al., 1998).
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Developmental and Organ-Specific Expression of Pti4,
Pti5, and Pti6

Expression of PR genes varies in different plant tissues and
during different developmental stages (Cutt and Klessig,
1992). To investigate the possible roles of Pti4, Pti5, and
Pti6 in regulation of PR gene expression in different tissues
and organs at different developmental stages, we isolated
tomato RNAs and analyzed them by RNA gel blot hybridiza-
tion. As shown in Figure 5, Pti4 transcript abundance was
less in young leaves than in old leaves. Low amounts of Pti4
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Figure 4. Effect of Wounding or Systemin on Expression of Pti4,
Pti5, Pti6, Pin2, and GluB.

Fully expanded leaves from 4-week-old tomato plants were used for
analysis of gene expression. Equal loading was verified by visualiz-
ing the rRNA in the RNA gels stained with ethidium bromide. Pin II,
Pin2.

(A) Tomato RG-PtoR plants were wounded by rubbing leaves with
carborundum, after which total RNAs were isolated from leaves at
the times indicated. Duplicate RNA gel blots were hybridized with
radiolabeled Pti4, Pti5, Pti6, Pin2, or GluB probes. Note that lane C
for Pti5 contains total RNA isolated from leaves of 8-week-old to-
mato plants in which Pti5 transcript is detectable.

(B) Tomato RG-PtoR plants were treated with 1 nM systemin, after
which total RNAs were isolated from leaves at the times indicated.
Duplicated RNA gel blots were hybridized with radiolabeled Pti4 or
Pin2 probes.
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transcripts also were found in stems and green fruits,
whereas high amounts were detected in reproductive or-
gans, roots, red fruits, and undifferentiated callus cells. In
contrast, Pti5 transcripts were present only in low or unde-
tectable amounts in all tissues, except for older leaves. The
amounts of Pti6 transcripts were similar to those of Pti4 in all
cases except red fruits, in which they were less abundant.
Because Pti4 is induced by ethylene, the high amount of
Pti4 transcripts in red fruits may have resulted from the high
amounts of this hormone known to occur in ripening fruits.
Consistent with this observation, Pti4 transcripts also were
increased in senescent leaves and reproductive organs in
which ethylene biosynthesis is increased (Abeles et al.,
1992). However, because Pti5 and Pti6 are not induced by
ethylene (Figure 2), the expression of these genes in some of
the same tissues as Pti4 suggests that other developmental
cues are involved in regulation of Pti5 and Pti6 expression.

To examine the correlation of Pti4, Pti5, and Pti6 tran-
script levels with PR gene expression during development,
we probed the same RNA gel blots with GluB and GIuA. Ex-
pression of the GCC-box-containing gene GIluB correlated
well with Pti4 expression, whereas the GIuA transcripts did
not. The promoter region of GIuA has not been character-
ized, but on the basis of these results, we speculate that it
does not contain a GCC box.

Figure 5. Expression of Pti4, Pti5, Pti6, GluB, and GIuA in Various
Tissues at Different Developmental Stages.

The third and fourth leaves of 3- to 4-week-old or 11- to 12-week-
old tomato plants were harvested as young and old leaves, respec-
tively. Unopened and fully opened flowers are referred to as flower
buds and mature flowers, respectively. Root and stem tissues were
harvested from 3- to 4-week-old plants. Green fruits were immature
fruits, and red fruits were red ripe fruits. Total RNAs were isolated
from these tissues, and duplicate RNA gel blots were hybridized
with the Pti4, Pti5, Pti6, GluB, or GIuA probes. Equal loading was
verified by visualizing the rRNA in the RNA gel stained with ethidium
bromide.

Expression of Pti4 and Pti6 in Compatible or
Pto-Mediated Incompatible Interactions

We observed previously that expression of GCC-box-con-
taining PR genes is enhanced in an incompatible interaction
involving Pto-containing tomato and the bacterial pathogen
P. s. tomato expressing avrPto (Jia and Martin, 1999). Be-
cause the Pti4, Pti5, and Pti6 proteins all interact with Pto ki-
nase in a yeast two-hybrid system and specifically bind the
GCC box, we wanted to examine the possible mechanisms
by which interaction of Pto kinase with these transcription
factors regulates PR gene expression. We began by deter-
mining whether induction of Pti4, Pti5, or Pti6 transcripts
correlated with an increase in PR gene expression during an
incompatible interaction. Leaves of tomato cultivars RG-
PtoR and RG-PtoS were vacuum-infiltrated with P. s. to-
mato DC3000 expressing the avrPto gene, and RNA was
isolated over the time course shown in Figure 6A. Pti4 tran-
scripts accumulated 30 min after inoculation with P. s. to-
mato, regardless of the expression of the Pto gene in the
tomato leaves.

Experiments with virulent P. s. tomato T1 produced simi-
lar observations and further showed that this induction of
Pti4 does not require SA or ethylene (Thara et al., 1999). In
addition, Pti5 transcripts also are induced in both compati-
ble and incompatible interactions with only slightly en-
hanced expression in the latter interaction (Thara et al.,
1999). Pti6 transcripts were not induced by pathogen inocu-
lation in either RG-PtoR or RG-PtoS plants (Figure 6A). As
observed previously (Jia and Martin, 1999), expression of
the GluB and Osm genes was enhanced substantially in the
incompatible interaction (RG-PtoR) compared with their ex-
pression in the compatible interaction (RG-PtoS) (Figure 6A).
These results indicate that enhanced expression of these
GCC-box-containing PR genes during interactions with P. s.
tomato is not directly correlated with the transcript amounts
of Pti4, Pti5, and Pti6.

Because Pti4 transcripts were moderately induced by
wounding (Figure 4A), a mock inoculation was included as a
control for comparing the difference of Pti4 transcripts in-
duced by wounding and by vacuum infiltration of P. s. to-
mato. As shown in Figure 6B, Pti4 transcripts did increase
during the early sampling points, but the transcript amounts
declined markedly 4 hr after mock infiltration. This corre-
sponded to a slight increase of GluB transcripts at the 4-, 6-,
and 8-hr times. Plants inoculated with bacteria, in contrast,
showed substantially greater and more prolonged expres-
sion of Pti4 transcripts (Figure 6A).

Pto Kinase Phosphorylates Pti4 Protein

In mammalian systems, the activity of transcription factors
often is regulated by phosphorylation or dephosphorylation
events (Hunter and Karin, 1992). Because the product of the
Pto resistance gene is an active serine/threonine kinase (Loh
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Figure 6. Expression of Pti4, Pti6, GluB, and Osm in an Incompati-
ble or Compatible Interaction Involving P. s. tomato.

(A) RG-PtoR or RG-PtoS tomato plants were vacuum-infiltrated with
2.2 X 107 colony-forming units per milliliter of P. s. tomato DC3000
expressing the avrPto gene in 10 mM MgCl, and 0.005% Silwet.

(B) RG-PtoR tomato plants were vacuum-infiltrated with 10 mM
MgClI, and 0.005% Silwet as a control.

Leaf tissues were harvested at the indicated times after vacuum infil-
tration. Total RNAs were isolated, and duplicate RNA gel blots were
hybridized with radiolabeled Pti4, Pti6, GluB, or Osm probes. Equal
loading was verified by visualizing the rRNA in the RNA gels stained
with ethidium bromide.

and Martin 1995), it is possible that this kinase phosphory-
lates Pti4, Pti5, or Pti6 and thereby increases their activities.
To examine this possibility, we conducted in vitro phosphor-
ylation assays by using Pto kinase with Pti4, Pti5, and Pti6
as substrates. However, although expression and purifica-
tion of GST-Pti5 and GST-Pti6 as described previously
yielded proteins that were suitable for DNA binding assays
(Zhou et al., 1997), they were neither sufficiently abundant
nor pure enough for kinase assays (data not shown). Ex-
pression of Pti5 or Pti6 as a His-tagged fusion at the N ter-
minus in E. coli also gave low yields. We finally succeeded in
expressing and purifying Pti5 (but not Pti6) as a fusion pro-
tein with a His tag at its C terminus (see Methods). To test
whether the Pti5-His fusion protein was functional, we per-
formed a mobility shift assay. As shown in Figure 7B, the
Pti5-His fusion protein specifically binds to a DNA fragment
containing a wild-type GCC box but not to a mGCC box
(Figure 7B).
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For kinase assays, Pto was overexpressed as a myelin
basic protein (MBP)-Pto fusion in E. coli and purified as de-
scribed previously (Loh and Martin, 1995). Figure 7A shows
that MBP-Pto strongly phosphorylated the His-Pti4 fusion
protein but did not phosphorylate the Pti5-His protein. To
determine the specificity of Pto phosphorylation of Pti4, we
included the serine/threonine kinases Fen and Ptil as con-
trols. Fen has 80% amino acid identity to Pto kinase; Ptil is
phosphorylated by Pto and plays a role in the hypersensitive
response (Martin et al., 1994; Zhou et al., 1995). Substrates
for Ptil and Fen have not been identified. In our experi-
ments, neither Fen nor Ptil phosphorylated Pti4, indicating
that phosphorylation of Pti4 by Pto is specific (Figure 7A).
Moreover, the Pti5-His protein was not phosphorylated by
Fen or Ptil. Coomassie blue staining indicated that similar
amounts of each kinase and His-Pti4 or Pti5-His protein
were used in each reaction (Figure 7A, bottom gel).

Pto Phosphorylates Pti4 on at Least Four
Threonine Residues

Pto autophosphorylates serine/threonine residues by way of
an intramolecular mechanism (Loh and Martin, 1995; Sessa
et al., 1998). To determine which amino acids of Pti4 are
phosphorylated by Pto, we subjected the Pto-phosphor-
ylated Pti4 protein to phosphoamino acid analysis (Figure
7C). Pti4 was exclusively phosphorylated on threonine resi-
dues. To determine how many threonine residues on Pti4
were phosphorylated by Pto, we digested the phosphory-
lated Pti4 with trypsin and separated the resulting peptides
by two-dimensional electrophoresis/chromatography. Fig-
ure 7D shows that four radioactive peptides were detected,
indicating that at least four threonine residues in Pti4 are
phosphorylated by Pto.

Phosphorylation of Pti4 by Pto Influences Its DNA
Binding Activity in Vitro

As shown in Figure 1, His-Pti4 specifically binds to the GCC
box. To investigate whether phosphorylation of Pti4 affects
its DNA binding activity in this assay, we first phosphor-
ylated Pti4 by using the Pto kinase and then examined its
binding to the GCC box by using a mobility shift assay. In
preliminary experiments, we found that the presence of ki-
nase buffer in the mobility shift assay reduced the binding of
Pti4 to the GCC box; therefore, we increased the amount of
this protein (to 0.25 wg) used in our experiments. As shown
in Figure 8, phosphorylation of Pti4 with either of two differ-
ent Pto fusion proteins, MBP-Pto or GST-Pto (Sessa et al.,
1998), increased the binding of Pti4 to the GCC box. Control
experiments conducted without the Pto kinase (lanel), with
an inactive Pto protein (MBP-Pto [K69Q)]; lane 4), or with the
active kinase MBP-Fen, which does not phosphorylate Pti4
(lane 7), showed no effect on Pti4 binding of the GCC box. A
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Figure 7. Phosphorylation of the Pti4 Protein by Pto Kinase.

(A) His-Pti4, Pti5-His, MBP-Pto, MBP-Fen, and GST-Ptil proteins
were purified as described in Methods. Two micrograms of His-Pti4
or Pti5-His protein was incubated with 2 pg of MBP-Pto, MBP-Fen,
or GST-Ptil protein in an in vitro kinase assay. Total proteins from
each reaction were separated by SDS-PAGE and analyzed by auto-
radiography. The autoradiograph (top) shows the phosphorylated
proteins, and the Coomassie blue-stained gel (bottom) shows the
protein profile. The (+) signs denote that the indicated protein was
present in the reaction. Protein masses are shown in kilodaltons.

(B) A mobility shift assay was performed as described previously
(Zhou et al., 1995), using 50 ng of purified Pti5-His fusion protein
mixed with 5 fmol of 32P-labeled wild-type GCC-box or mGCC-box
oligonucleotides (see Methods).

(C) Radiolabeled His-Pti4 protein that had been phosphorylated by
Pto was transferred to a polyvinyl difluorine membrane, eluted, and
hydrolyzed to its compositional amino acids as described in the
Methods. The amino acids were separated by two-dimensional thin-
layer chromatography. The (+) and (—) signs indicate the positions
of the positive and negative electrodes. The locations of standards
of serine (S), threonine (T), and tyrosine (Y) residues as determined
by addition of ninhydrin are indicated. Radiolabeled, phosphorylated
residues were detected by autoradiography.

(D) Radiolabeled His-Pti4 protein that had been phosphorylated by
Pto was digested with trypsin, as described by Sessa et al. (1998).
Peptides were separated horizontally by thin-layer electrophoresis
at pH 4.7 and then vertically by ascending chromatography. The (+)
and (—) signs indicate the positions of the positive and negative
electrodes. Peptides were detected by autoradiography. The origin
is indicated by an asterisk.

kinase reaction of Pti4 with MBP-Pto in the absence of ATP
also had no effect on Pti4 binding of the GCC box (lane 6).
When the kinase buffer was used in the mobility shift assay,
we observed unbound (free) probe only in the lane contain-
ing Pto (lane 2). We believe that the lack of free probe in the
lanes containing Pti4 results from the excess amount of this
protein used in the reactions; the protein may have bound
loosely to the GCC box and dissociated during electro-
phoresis. This explanation is consistent with the slightly
higher background observed in the lanes with Pti4 than in
the lane with Pto alone (lane 2).

Overexpression of Pto Overcomes SA Inhibition of
Expression of PR Genes Having a GCC Box

The phosphorylation of Pti4 by Pto raises the possibility that
this post-translational modification affects the activity of Pti4
in the induction of PR genes with GCC boxes. One way to
test this hypothesis is to increase the expression of Pto and
Pti4 concomitantly and to determine whether there is a di-
rect correlation between this increase and the expression of
PR genes having a GCC box. To perform these experiments,
we used a pair of tomato lines, R11-12 and R11-13, derived
from a tomato line carrying a 35S::Pto transgene. R11-12 is
homozygous for the transgene, and R11-13 is a sibling line
that by segregation has lost the transgene (Tang et al.,
1999). We took advantage of three observations in these ex-
periments: (1) Pti4 is inducible by SA (Figure 3A); (2) SA does
not induce expression of PR genes having the GCC box and,
in fact, suppresses ethylene induction of GluB and Osm ex-
pression (Figure 3B); and finally, (3) SA is known to increase
expression from the cauliflower mosaic virus 35S promoter
that controls expression of Pto in R11-12 (Qin et al., 1994).

Tomato lines R11-12 and R11-13 plants were treated with
SA, and their RNA was isolated over a 4-hr period. Figure 9
shows that transcript abundance of Pti4 increased within 30
min and reached similar amounts in both lines. As expected,
SA also induced expression of the 35S::Pto transgene in line
R11-12, and Pto transcripts reached their maximum at 2 hr
after SA treatment. Importantly, increases in the transcripts
for GluB and Osm occurred only in the Pto-overexpressing
line, and the timing of this increase correlated with the ap-
pearance of the Pti4 and Pto transcripts. As described pre-
viously (Tang et al., 1999), some PR genes are constitutively
expressed in R11-12 and other Pto-overexpressing lines
when the plants are older (>6 weeks) or grown under high
light conditions. We purposely used younger plants (4
weeks old) grown under lower light conditions to avoid this
constitutive expression (see Methods). Thus, although Pto
and PR gene transcripts were low at time 0, treatment with
SA greatly increased the amounts of their transcripts (Figure
9). In summary, the ability of Pto overexpression to over-
come the SA inhibition of PR gene expression (Figure 3) and
the phosphorylation of Pti4 by Pto support a role for Pti4 in
the activation of PR genes having a GCC box.
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Figure 8. Phosphorylation of Pti4 by Pto Affects Its DNA Binding
Activity.

Components as indicated in each lane were preincubated at 25°C
for 30 min in 10 pL of kinase buffer. For each kinase reaction, 0.25
wg of His-Pti4 and kinase was used. The final concentration of unla-
beled ATP was 1 mM. After incubation, the volume in each tube was
adjusted to 30 pL, with the mobility shift assay buffer containing the
radiolabeled probe, and assayed as described in Methods. The (+)
signs indicate that the corresponding protein, or ATP, was present in
the reaction. The position of the unbound (Free) probe is shown.

DISCUSSION

To identify components involved in Pto-mediated signal
transduction pathways leading to disease resistance, we
previously had used the product of the Pto disease resis-
tance as a bait in the yeast two-hybrid system to search for
Pti proteins. Among them, we found that Pti4, Pti5, and Pti6
encode putative transcription factors strikingly similar to
those of the EREBPs both in structure and GCC-box binding
properties (Figure 1; Zhou et al., 1997). These observations
prompted us to investigate the responsiveness of one of
these genes, Pti4, to ethylene and other possible inducers
and to investigate the relationship between the Pto kinase
and the Pti4 protein. As depicted in Figure 10, our results in-
dicate that Pti4 is a component of an ethylene signaling
pathway leading to expression of several ethylene-regulated
genes. Although SA rapidly induced transcription of Pti4, it
antagonized ethylene-regulated expression of GCC-box-
containing PR genes. Overexpression of Pto and concomi-
tant induction of Pti4 after SA application correlated with in-
creased expression of GCC-box-containing PR genes.
Moreover, the Pto kinase specifically phosphorylated Pti4
on a few of the threonine residues, phosphorylation that
enhanced Pti4 binding of the GCC box. Given these ob-
servations, we postulate that phosphorylation of Pti4 by
Pto modulates Pti4 activity, which then increases expres-
sion of PR genes during resistance to bacterial speck
disease (i.e., more than that observed in a compatible inter-
action; Figure 10).
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Pti4 Is Associated with Ethylene Regulation of
GCC-Box-Containing PR Genes

Pti4 transcripts rapidly accumulated in response to ethyl-
ene, an increase that preceded expression of the GCC-box-
containing GluB and Osm genes. Furthermore, transcrip-
tional activation of GluB by ethylene required de novo syn-
thesis of protein factors, which might be required for
interacting with GCC-box cis elements. However, no syn-
thesis of new proteins was required for the rapid accumula-
tion of Pti4 transcripts induced by ethylene. This suggests
that Pti4 is an immediate-early response gene, the product of
which is required for GCC-box cis element binding to acti-
vate PR genes in the ethylene signaling pathway (Figure 10).

The correlation of the expression of Pti4 and PR genes
having a GCC box in plant tissues known to produce in-
creased amounts of ethylene provides further support for a
role of Pti4 in ethylene-regulated PR gene expression. In ad-
dition, in preliminary experiments with transgenic plants
overexpressing the Pti4 transgene, we have found that sev-
eral ethylene-regulated PR genes are constitutively ex-
pressed (Y.-Q. Gu and G.B. Martin, unpublished data). In
tobacco, induction of EREBP genes by wounding is insuf-
ficient for activation of GCC-box-containing PR genes
(Suzuki et al., 1998), and an Arabidopsis EREBP, AtEBP, has
been shown to cross-couple with a basic leucine zipper
transcription factor (Bittner and Singh, 1997). It is possible
therefore that the activity of Pti4 is modulated by interaction

R11-12 R11-13
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Figure 9. Expression of Pti4, the GCC-Box-Containing PR Genes,
and Pto Induced by SA in Tomato Plants with or without a 35::Pto
Transgene.

A tomato line that is homozygous for a 35S::Pto transgene (R11-12)
and a sibling line lacking the transgene (R11-13) were treated with 1
mM SA, and leaves were harvested at the times indicated. Total
RNAs were isolated, and duplicate RNA gel blots were hybridized
with radiolabeled Pti4, GluB, Osm, or Pto probes. Equal loading was
verified by visualizing the rRNA in the RNA gel stained with ethidium
bromide.
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Figure 10. Proposed Model for Activation of GCC-Box-Containing PR Genes by Transcription Factor Pti4 in Pto-Mediated and Other Defense

Response Signaling Pathways.

?, mechanistic steps that are still conjectural; P, phosphorylation.

with other transcription factors in the activation of GCC-box
promoters.

Pti4, Pti5, and Pti6 proteins belong to a large family of
APETALA2/EREBP-type transcription factors in plants. This
family of transcription factors has been proposed to play
various roles in plant growth, development, and responses
to different environmental stimuli (Okamuro et al., 1997). The
differential expression of Pti4, Pti5, and Pti6 in various plant
tissues implies that they respond to different endogenous
signals and have distinct roles in plants. Thus, it is not sur-
prising that Pti4, but not Pti5 or Pti6, responds to ethylene
treatment. Recently, several genes were isolated from an Ar-
abidopsis cDNA library by using tobacco EREBP-1 as a
probe; only one, ethylene-responsive factor 1 (ERF1), was
induced rapidly by ethylene, and its role in regulating ethyl-
ene-inducible genes was demonstrated (Solano et al.,
1998). Perhaps Pti4 is a tomato functional homolog of ERF1
in mediating ethylene-regulated expression of PR genes
containing a GCC box.

SA Induces Pti4 but Antagonizes Ethylene-Induced PR
Gene Expression

SA plays an important signaling role in activation of PR
genes in plant defense responses during pathogen attack.
Genes activated by SA can be categorized into immediate-

early and late genes, based on their response time to SA
treatment (Dempsey et al., 1999). Some immediate-early
SA-responsive genes encode transcription factors that when
activated, may be responsible for the expression of late SA-
responsive genes. For example, transcripts of the tobacco
mybl transcription factor gene rapidly accumulate when
plants are treated with SA; then Myb1l proteins specifically
bind the H-box cis element in the promoter of PR-1a, a late
SA-responsive gene (Yang and Klessig, 1996). SA also
might regulate PR gene expression by modulating the activ-
ity of transcription factors. For example, SA treatment has
been shown to increase the ASF-1 element binding activity
present in tobacco nuclear extracts (Stange et al., 1997).
This enhanced binding activity is likely mediated by protein
phosphorylation events because treatment of SA-induced
tobacco nuclear extracts with alkaline phosphatase de-
creases ASF-1 binding activity. Currently, the mechanism by
which SA modulates the activity of these transcription fac-
tors remains unclear.

In this study, we found that although SA rapidly increased
Pti4 transcripts, it did not induce expression of GCC-box-
containing PR genes. This suggests that SA might have a
negative effect on the expression of GCC-box-containing
PR genes. In support of this hypothesis, we found that SA
treatment suppressed the ethylene induction of these PR
genes. One possible mechanism for this suppression is a
blockage of ethylene biosynthesis, given that SA antago-



nizes the activity of 1-aminocyclopropane-1-carboxylate ox-
idase, an enzyme that catalyzes the production of ethylene
(Fan et al., 1995). That mechanism, however, is unlikely to
be operative here because ethylene was provided con-
stantly during the simultaneous treatment with SA. Alterna-
tively, SA might negatively modulate components involved
in the ethylene signaling pathway, thereby suppressing the
expression of GCC-box-containing PR genes. Given the ob-
servation that simultaneous treatment with ethylene and SA
further increased the amount of Pti4 RNA, perhaps SA ex-
erts a negative effect on the activity of the Pti4 protein (Fig-
ure 10). The mechanism responsible for such negative
regulation, if one exists, remains to be determined.
Investigators using kinase and phosphatase inhibitors
have demonstrated that protein phosphorylation/dephos-
phorylation plays a vital role in the SA-signaling pathways
that lead to the activation of PR genes (Conrath et al., 1997).
Recently, a tobacco 48-kD mitogen-activated protein ki-
nase, the activity of which is induced by SA, was found to
be involved in plant defense response pathways (Zhang et
al., 1998). These results suggest that a phosphorylation/de-
phosphorylation cascade involved in SA signaling might
change the activity of transcription factors in mediating PR
gene expression. In addition, the negative regulatory role of
SA on DNA binding proteins has been reported (Buchel et
al., 1996). The binding activity of GT-1-like protein, which
binds several fragments of tobacco PR-1a promoter, was
severely decreased in nuclear extracts from SA-treated
leaves (Buchel et al., 1996). Therefore, Pti4 could be a target
for SA-activated protein kinases/phosphatases, and modula-
tion of Pti4 by those enzymes may downregulate its activity.

Possible Role of Pti4 Phosphorylation by Pto in
Regulation of PR Genes

R gene-dependent transcript accumulation of defense-
related genes has been observed in several plant-pathogen
interaction systems (e.g., Kiedrowski et al., 1992; Reuber
and Ausubel, 1996). We found previously that expression of
GCC-box-containing PR genes was enhanced by Pto-
avrPto recognition (Figure 6A; Jia and Martin, 1999). Be-
cause Pti4, Pti5, and Pti6 bind specifically to the GCC-box
element, Pto—avrPto recognition possibly could cause rapid
transcriptional activation of these genes, the products of
which then might mediate expression of GCC-box-contain-
ing PR genes. However, our results indicate that although
Pti4 transcripts rapidly accumulate after pathogen attack,
this induction of Pti4 is not specific for Pto—avrPto recogni-
tion but occurs in both compatible and incompatible inter-
actions. In addition, although the abundance of Pti5
transcripts is slightly enhanced in an incompatible interac-
tion (Thara et al., 1999), constitutive expression of Pti5 in
transgenic tomato plants does not result in increased ex-
pression of GCC-box PR genes (Y.-Q. Gu and G.B. Martin,
unpublished data). Moreover, Pti6 was not transcriptionally
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activated by pathogen attack. Thus, the enhanced expres-
sion of GCC-box-containing PR genes in the avrPto-Pto
incompatible interaction is not correlated simply with in-
creased Pti4, Pti5, and Pti6 transcripts. An alternative possi-
bility is that recognition of avrPto by Pto plays a role in
modulating the activity of Pti4, Pti5, and Pti6 proteins. This
finding is consistent with the observation that the Pto kinase
physically interacts with Pti4, Pti5, and Pti6 proteins (Zhou
et al., 1997) and with our present results demonstrating that
Pto phosphorylates Pti4.

Phosphorylation of transcription factors is a common
mechanism for regulation of gene expression in eukaryotes
(Hunter and Karin, 1992). However, regulation of plant tran-
scription factors by phosphorylation has been reported in
only a few cases (Yu et al., 1993; Després et al., 1995;
Subramaniam et al., 1997; Droge-Laser et al., 1998). In all of
these cases, the identity of the kinases involved is not
known. Several lines of evidence suggest that phosphoryla-
tion of Pti4 by the Pto kinase plays an important role in Pto-
mediated regulation of expression of GCC-box-containing
PR genes during plant resistance to the bacterial speck
pathogen. First, a kinase-deficient Pto that does not confer
disease resistance fails to interact with Pti4 in a yeast two-
hybrid system (Jia et al., 1997; Zhou et al., 1997). Second,
the phosphorylation of Pti4 by Pto is highly specific; two other
kinases, although closely related, do not phosphorylate the
Pti4 protein. Third, Pti4 transcripts accumulate in both com-
patible and incompatible Pseudomonas spp-tomato inter-
actions, but enhanced expression of GCC-box-containing
PR genes is seen only in the incompatible interaction involv-
ing Pto and AvrPto. Fourth, phosphorylation of Pti4 by Pto
enhances its binding to the GCC box. Finally, the negative
effect of SA on the expression of GCC-box-containing PR
genes is overcome by overexpression of Pto and concomi-
tant expression of Pti4. Our experiments did not exclude a
role for Pti5 and Pti6 (or other transcription factors) in Pto-
mediated regulation of PR genes. However, because Pti5 is
not phosphorylated by Pto in vitro, and because we were
not successful in isolating sufficient Pti6 for phosphorylation
analysis, we were unable to investigate further any possible
mechanisms whereby Pto might regulate the activity of
these proteins.

The increased binding of phosphorylated Pti4 to the GCC
box provides one explanation for the enhanced expression
of PR genes during disease resistance. How AvrPto might be
involved in this event, however, remains unclear. Pto—avrPto
recognition occurs by a physical interaction of the two pro-
teins (Scofield et al., 1996; Tang et al., 1996), an interaction
that might stimulate Pto kinase activity and in turn allow
phosphorylation of Pti4. Alternatively, a small amount of the
Pto kinase might exist in a complex with a negative regulator
such that interaction with AvrPto would release active Pto
for Pti4 phosphorylation. Our results with Pto overexpres-
sion (in the absence of AvrPto) favor the latter explanation
(Figure 9). Further support for this model can be derived
from the observation that Pto kinase autophosphorylates by
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means of an intramolecular mechanism and phosphorylates
the Ptil and Pti4 substrates in the absence of AvrPto (Figure
7; Zhou et al., 1995; Sessa et al., 1998).

Pto phosphorylates at least four threonine residues in Pti4
(and no serine residues). The Pti4 protein contains 10 threo-
nine residues (Zhou et al., 1997); two of these are located in
the putative DNA binding domain, two in a possible trans-
activation domain, and one near a nuclear localization
sequence. Phosphorylation is known to affect cellular local-
ization, binding activity to cognate cis elements, transactiva-
tion potential, and turnover of transcription factors (Hunter
and Karin, 1992; Papavassiliou et al., 1992). An alteration in
any of these processes potentially could affect Pti4 regula-
tion of PR gene expression. We have shown that Pto phos-
phorylation of Pti4 enhances the binding of the transcription
factor to the GCC box. However, we cannot exclude the
possibility that other mechanisms (e.g., localization or trans-
activation) also play an important role in modulating Pti4 ac-
tivity. By mapping the Pti4 phosphorylation sites and
examining their functional relevance, we should gain further
insights into the role of Pto kinase in activating defense
genes during the incompatible interaction.

METHODS

Plant Materials, Growth Conditions, and Treatment

Tomato (Lycopersicon esculentum) cultivars Rio Grande-PtoR (RG-
PtoR) and Rio Grande-PtoS (RG-PtoS), which are near-isogenic to-
mato lines for the Pto locus, were grown in the greenhouse with 16 hr
of light and temperatures of 26 to 28°C. Three- to 4-week-old tomato
plants of similar sizes were used for the experiments. For the exper-
iments with Pto-transgenic line R11-12 and its sibling line R11-13,
plants were grown in the greenhouse with low light intensity, and
seedlings of 3-week-old plants were used for treatment. Under this
growth condition, the R11-12 plants did not show the spontaneous
cell death caused by a combination of overexpression of Pto and
high light intensity (Tang et al., 1999).

The bacterial pathogen expressing the avrPto gene, Pseudomonas
syringae pv tomato DC3000, was grown at 30°C with shaking in
King’s medium B (Martin et al., 1993) containing 100 p.g/mL rifampi-
cin. Bacteria were pelleted by centrifugation, washed once with 10
mM MgCl,, and resuspended at a concentration of 2.2 X 107 colony-
forming units per milliliter in 10 mM MgCl, and 0.005% Silwet (Union
Carbide, Southbury, CT). Leaves of RG-PtoR plants that were infil-
trated at this inoculum level displayed a hypersensitive response
~12 hr after inoculation. RG-PtoS leaves infiltrated with this same in-
oculum showed disease symptoms beginning at 12 hr after inocula-
tion. The infiltration of plants was performed according to Jia et al.
(1997). Plants were submerged in the bacterial suspension in a bell
jar, and a vacuum was applied for 2 min and then released rapidly to
ensure uniform infiltration of leaves.

Ethylene treatment of plants was performed in a plexiglass cham-
ber. A volume of ethylene was injected into the chamber to give a fi-
nal concentration of 10 pL/L. For chemical compound treatments,
solutions were prepared as follows: salicylic acid (SA) and cyclohex-
imide were directly dissolved in water at concentrations of 1 mM and

5 wng/mL, respectively; a systemin stock solution was prepared by
dissolving synthetic mature systemin peptide (a gift from C.A. Ryan,
Washington State University, Pullman) in water at 1 mg/mL; a work-
ing solution was made by diluting the stock solution 5000-fold to give
a final concentration of 200 ng/mL. The compounds were applied to
tomato leaves by stem feeding with the method of O’Donnell et al.
(1996). Wounding was performed by rubbing tomato leaves with car-
borundum according to the method described by Zhang and Klessig
(1998). For all the experiments, leaf tissues were harvested at the
specified times, frozen in the liquid nitrogen, and stored at —80°C
before isolation of RNA.

Overexpression and Purification of Recombinant His-Pti4 and
Pti5-His Proteins

For expression and purification of Pti4 protein, the coding sequence
was amplified by polymerase chain reaction (PCR), introducing a
BamHl site in front of the ATG codon and immediately after the stop
codon. The PCR product was gel purified, digested with BamHI, and
ligated in frame into the His-tagged pEQ9 expression vector (Qiagen,
Chatsworth, CA). The resulting plasmid, pEQ9Pti4, was sequenced
to ensure that no PCR-induced errors were introduced into the Pti4
sequence. DH12S Escherichia coli cells were transformed with
PEQ9Pti4 and grown to an ODgq, of 0.6. Bacteria were induced with
1 mM isopropyl B-D-thiogalactopyranoside for 5 hr at 37°C. Most of
the His-Pti4 fusion protein was insoluble, being localized in inclusion
bodies (data not shown). Therefore, the bacterial pellet was resus-
pended in buffer A (50 mM Tris-HCI, pH 7.5, and 200 mM NacCl) con-
taining 8 M urea. The supernatant was loaded onto a nickel-agarose
column and washed with 20 column volumes of 8 M urea in buffer A.
Protein (His-Pti4) was renatured on the column by further washing
with a urea gradient from 8 to 0 M in buffer A. Protein (His-Pti4) was
eluted from the column with 300 mM imidazole in buffer A and then
dialyzed against buffer A overnight at 4°C.

For overexpression and purification of Pti5 protein, the coding se-
guence was amplified by PCR, introducing an Ncol site in front of the
ATG and immediately before the stop codon. This PCR product was
cloned in-frame into the Ncol site of pET-15b expression vector
(Novagen, Madison, WI). The resulting plasmid, pETPti5, from which
Pti5 was expressed with 6 histidines at its C terminus, was trans-
formed into E. coli BL21. The procedure for induction and purification
of Pti5-His fusion protein was the same as that for His-Pti4. Purifica-
tion of GST-Pti5 and the gel mobility shift assays were performed as
described previously (Zhou et al., 1997). The sequence of the GCC
oligonucleotide was 5'-CATAAGAGCCGCCACTAAAATAAGACC-
GATCAAATAAGAGCCGCCAT-3’ and that of the mutated mGCC oli-
gonucleotide was 5'-CATAAGATCCTCCACTAAAATAAGACCGAT-
CAAATAAGATCCTCCAT-3' (the boldface type indicates the nucle-
otides that differ between the two oligonucleotides).

RNA Isolation and RNA Gel Blot Hybridization

RNA isolation was performed according to Perry and Francki (1992)
with some modifications. Approximately 1 g of frozen tissue was
ground in liquid nitrogen with a mortar and pestle to a fine powder.
The leaf powder was extracted by vigorous vortex mixing for 30 sec
in a mixture of 2 mL of water-saturated phenol and an equal volume
of extraction buffer (100 mM Tris-HCI, pH 8.0, 100 mM LiCl, 10 mM
EDTA, and 1% SDS) preheated at 75°C. Two milliliters of 24:1 (v/v)



chloroform-isoamyl alcohol was added to the sample and vortex
mixed again for 30 sec. The mixture was centrifuged at 12,0009 for
10 min at 4°C, and 2 mL of supernatant was transferred to a new 15-
mL tube. RNA was precipitated by adding an equal volume of 4 M
LiCl and incubating in a —70°C freezer for 30 min. RNA was pelleted
by centrifugation at 12,000g for 20 min at 4°C, washed once with
70% ethanol, and resuspended in nuclease-free water. Ten micro-
grams of total RNA from each sample was separated by electro-
phoresis on a 1.2% formaldehyde-agarose gel, transferred to
Hybond C membrane, and immobilized by UV light cross-linking.

RNA gel blot hybridizations were performed according to the man-
ufacturer’s instructions (Amersham). Briefly, the Hybond C mem-
brane was prehybridized for at least 4 hr in hybridization solution
containing 50% formamide, 2 X SSPE (1 X SSPE is 0.15 M NacCl,
10 mM sodium phosphate, and 1 mM EDTA, pH 7.4), and 5 X
Denhardt’s solution (1 X Denhardt’s solution is 0.02% Ficoll, 0.02%
PVP, and 0.02% BSA) (Ausubel et al., 1987). Hybridization was initi-
ated by adding denatured DNA probes labeled with 32P-dATP by us-
ing a random hexamer labeling kit (Ambion, Austin, TX). After a
minimum 16-hr incubation, the membrane was washed three times
(20 min each time) at 55°C in 2 X SSC (1 X SSCis 0.15 M NaCl and
0.015 M sodium citrate) (Ausubel et al., 1987) plus 0.1% SDS. Radio-
activity was detected by autoradiography.

In Vitro Kinase Assay, Phosphoamino Acid Analysis, and
Peptide Mapping

For the phosphorylation assays, His-Pti4 and Pti5-His were purified
as described above, and the myelin basic protein (MBP)-Pto, glu-
tathione S-transferase (GST)-Ptil, MBP-Fen, and GST-Pto kinases
were expressed and purified from E. coli as previously described
(Loh and Martin, 1995; Zhou et al., 1995; Sessa et al., 1998). The
phosphorylation assay was performed in solution at room tempera-
ture for 20 min. Each reaction contained 2 pg of kinase and 4 pg of
His-Pti4 in a 50-pL volume with final concentrations of 50 mM Tris-
HCI, pH 7.0, 1 mM DTT, 10 mM MnCl,, 20 .M unlabeled ATP, and 4
nCi of y-32P-ATP (6000 Ci/mmol; Amersham Pharmacia Biotech).
The reaction was stopped by adding 15 p.L of 4 X SDS sample buffer
(1 X SDS sample buffer is 62.5 mM Tris-HCI, 5% glycerol, and 2.5%
B-mercaptoethanol) and boiling for 10 min before loading onto an
SDS-polyacrylamide gel. After electrophoresis, the gel was stained
with Coomassie Brilliant Blue G 250, dried, and subjected to autora-
diography. Phosphoamino acid analysis and peptide mapping of
phosphorylated Pti4 by Pto were performed by the procedure de-
scribed by Sessa et al. (1998, 2000).
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