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Abstract

In a previous report [Mol. Gen. Genet. 228 (1991) 281], carboxypeptidase inhibitor protein (CPI) mRNA was found to accu-
mulate in leaves of wounded tomato plants, but CPI protein could not be detected. In contrast, we found that CPI protein does
accumulate in tomato leaves in response to wounding, and also in response to treatment with either systemin, methyl jasmonate
(MeJ), oligogalacturonic acid, or chitosan. Identification of CPI protein was confirmed by its inhibition of metallo-carboxypeptidase
A (CPAase), which was used as an assay during purification of the inhibitor from leaves of Mel-treated tomato plants. Amino acid
sequence analysis and mass spectroscopic analyses of the pure protein confirmed its identity as CPI. The pure protein inhibited
CPAase in a 1:1 stoichimetric interaction. Time course analyses of the induction of CPI mRNA in tomato leaves in response to
wounding indicated that the gene is a member of the group of “late genes” that code for defensive proteins synthesized in leaves in

response to herbivore attack.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Wounding the leaves of tomato and potato plants
causes the systemic induction of proteinase inhibitors
that have specificities toward digestive enzymes of ani-
mals and insects (Ryan, 2000). Several families of pro-
teinase inhibitors are found in plants, many at high
levels, usually in storage organs such as seeds and tubers
(Ryan, 1971, 1981; Garcia-Olmeda et al., 1987; Pearce
et al., 1988; Pouvreau et al., 2003), where they are
present as storage proteins that can help protect against
predators and pests. The inhibitor proteins are also
found in fruit (Pearce et al., 1988) and are wound-
inducible in leaves (Green and Ryan, 1973). Several
families of proteinase inhibitors are found in potato
tubers with individual specificities against all four
known classes of animal digestive enzymes (Ryan, 1981;
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Garcia-Olmeda et al., 1987). Among the inhibitors is a
small, 4 kDa protein (carboxypeptidase inhibitor (CPI))
that inhibits metallo-carboxypeptidases A and B (Ryan,
1971; Ryan et al., 1974), and is the only example in
plants of a proteinaceous inhibitor with this specificity.
CPI has been studied extensively for its multiple bio-
logical effects. It is a T-knot protein (Blanco-Aparicio et
al., 1998) that has been shown to possess potent anti-
tumor and anti-carcinogenic activities induced by tumor
promoters, including X-ray and UV-B irradiation
(Billings et al., 1989). The primary structure of the po-
tato tuber and tomato fruit CPIs have been determined
(Hass et al., 1975; Hass and Hermodson, 1981) and the
three-dimensional structure of the potato tuber CPI has
been resolved by X-ray crystallography (Rees and
Lipscomb, 1980).

CPI protein is wound inducible in potato leaves
(Graham and Ryan, 1981; Villanueva et al., 1998) and,
together with other wound-inducible proteinase inhibi-
tors, it is considered a component of the antinutrient
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proteins that help defend against attacking herbivores
(Ryan, 1981). In leaves of tomato plants, a wound-in-
ducible CPI mRNA was detected in tomato leaves but
was not accompanied by the accumulation of CPI pro-
tein (Martineau et al., 1991). However, CPI protein is
found in tomato fruit (Hass and Ryan, 1980), and only a
single CPI gene is present in the tomato genome that
accounts for the mRNA found in both leaves and fruit
(Martineau et al., 1991). The reasons for the absence of
wound-inducible CPI protein in tomato leaves was not
determined, but it was hypothesized that either the CPI
mRNA was untranslated, or that it was translated and
the protein rapidly degraded following CPI synthesis.
We have reinvestigated the reported absence of CPI
protein in wounded tomato leaves and have found that
the protein is synthesized in response to wounding. The
inhibitor protein is also induced in response to other
inducers of defensive proteinase inhibitor genes in to-
mato leaves, including systemin, methyl jasmonate
(MeJ), oligogalacturonic acid (OGA), and chitosan. We
have confirmed the presence of CPI protein in tomato
leaves by assaying its inhibitory activity toward bovine
metallo-carboxypeptidase and by purifying the protein
and analyzing its molecular mass and its amino acid
sequence. CPI mRNA was synthesized in tomato leaves
in response to wounding with the same temporal in-
duction as other wound inducible proteinase inhibitors
that defend the plants against attacking herbivores.

2. Results and discussion

To initiate our study of the wound-inducibility of CPI
protein in leaves of wounded tomato leaves, the presence
of CPI in the soluble proteins from leaves of unwounded
and wounded tomato plants was analyzed by SDS
electrophoresis and immunoblotting. Also analyzed
were leaves of plants exposed to MeJ vapor for 24 h,
leaves of excised tomato plants supplied with systemin,
OGA and chitosan, and leaves of plants overexpressing
the prosystemin gene. Wounding and all other treat-
ments induced an accumulation of a low molecular
weight protein that was visualized using a CPI-specific
antiserum (Fig. 1). Mel, which is known to be a potent
inducer of defense genes (Farmer and Ryan, 1992),
caused the highest accumulation of the protein.

To confirm that the inducible CPI inhibitor protein
was biologically active in inhibiting CPAase, soluble
extracts of leaves of tomato plants that had been cither
wounded or exposed to MelJ vapors, as in Fig. 1, were
assayed for their inhibition of carboxypeptidase A
(CPAase) enzyme activity. Fig. 2 shows that wounding
of lower leaves of the plants caused the induction of a
CPAase inhibiting activity in both lower (wounded) and
upper (unwounded) leaves. Exposure of the plants to
MelJ strongly induced CPAase inhibitory activity. The
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Fig. 1. Metallocarboxypeptidase inhibitor (CPI) protein accumulation
in tomato leaves. Total soluble protein extracts were prepared from
leaves of; wild-type unwounded plants (WT); upper unwounded leaves
from plants wounded on a lower leaf (W); leaves of excised plants
supplied with systemin (SYS), MelJ vapors, OGA (OGA), or chitosan
(CHI), and leaves of transgenic plants overexpressing the prosystemin
gene in sense orientation (T). Equal amounts of total protein extracts
(100 puL) were subjected to SDS/urea-PAGE, transferred to PVDF
membrane and probed using the antibody raised against potato CPI as
described in Section 3.
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Fig. 2. Inhibition of bovine carboxypepidase A (CPAase) activity by
components in soluble protein extracts from tomato leaves. CPAase
activity was assayed after adding 100 uL of water (E); 100 pL of sol-
uble extracts prepared from leaves of unwounded tomato plants (C);
from lower, wounded leaves plants wounded 24 h earlier (WL); from
upper, unwounded leaves from the same plants (UWL); and from
leaves of plants exposed to MelJ for 24 h (MelJ). Each bar represents the
average and SD of three assays.

data from Figs. 1 and 2, taken together, indicated that
an active CPI protein was present in tomato leaves in
response to wounding and elicitors.

CPI protein was isolated from leaves exposed to Mel
and its structural and inhibitory characteristics were
characterized. The purity of the protein was confirmed
using HPLC (Fig. 3), and its molecular mass of 4096 Da
was established using mass spectrometry. This value was
identical to the known mass of tomato fruit CPI protein,
based on its cDNA sequence (Martineau et al., 1991).
The inhibitory activity of the pure protein toward bo-
vine CPAase is shown in Fig. 4, in which the titration of
CPAase was nearly linear over a range of 0-90% inhi-
bition. At 50% inhibition (in the linear region of the
plot), one molecule of CPI (M, = 4 kDa) was estimated
to inhibit one molecule of CPAase (35 kDa).
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Fig. 3. HPLC analysis of purified CPI. HPLC chromatography and
mass spectrometry was performed as described in Section 3. The major
protein peak corresponding to tomato fruit CPI had a major ion of
4095.6 when this peak was analyzed by mass spectrometry as described
in Section 3. Potato CPI (M, = 4.2 kDa) was used as a molecular
weight marker.
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Fig. 4. Titration of bovine carboxypeptidase A (CPAase) activity by
purified CPI from tomato. Increasing quantities of inhibitor were ad-
ded to a constant amount of enzyme activity (1 png CPAase) and the
remaining activities were measured spectrophotometrically. Each point
is the average of three independent assays.
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Amino acid sequencing of the pure tomato leaf CPI
by Edman degradation failed. The C-terminus was
blocked, as previously found with both potato CPI and
tomato fruit CPI. In these latter two proteins, the N-
terminal glutamate is cyclized to form a pyroglutamate
residue that lacks a primary amine and cannot undergo
Edman degradation. However, an Asp-Pro couple is
predicted in tomato leaf CPI at positions #4 and #5,
based on the sequences of both potato and tomato fruit
CPIs (Hass and Ryan, 1981). This bond is labile at acid
pH, causing an Asp-Pro cleavage of both potato CPI
and tomato fruit CPI to produced a new N-terminus at
residue #5 (Hass and Ryan, 1981). Incubation of the
pure tomato leaf CPI in 0.1% trifluoroacetic acid (TFA)
at a pH of 2.5 for several days caused an Asp-Pro
cleavage, and an N-terminal sequence of 11 amino acids
could be obtained, which was the limit of the sequencer
with the small sample available after cleavage. Every
residue of the tomato leaf CPI protein, from residue #5
through residue #16, was identical to those of tomato
fruit CPI protein (Hass and Hermodson, 1981). These
data, together with the mass spectral analyses in which
the masses of the fruit and leaf CPI proteins are iden-
tical, confirm that the peptide was the product of the
single tomato CPI gene.

The previous report of the wound-inducibility of the
CPI mRNA (Martineau et al., 1991) did not examine its
temporal synthesis in response to wounding. To estab-
lish whether the wound induction of CPI correlates with
“early” or “late” genes (Ryan, 2000), a time course of
the localized and systemic synthesis of CPI mRNA in
leaves in response to wounding was performed. Figs. SA
and B shows the time course of the wound-inducibility
of CPI mRNA in leaves of young wounded tomato
plants. Leaves of unwounded plants exhibited very low
levels of CPI mRNA in leaves, whereas in leaves of the
wounded plants, CPI mRNA could be detected at 2 h
and continued to increase through 10 h. This time
course is consistant with its identity as a “late gene”, a
class which includes the two defensive proteinase in-
hibitors I and II, in contrast to early genes whose
mRNAs maximally accumulate at about 4 h and are
associated with early signaling events during the wound
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Fig. 5. Time course analysis of CPI mRNA accumulation in leaves of 14 days old tomato plants in response to wounding, assayed using CPI cDNA
as a probe. (a) mRNA from leaves of control, unwounded plants, (b) mRNA from leaves of wounded plants. (c) mRNA from leaves of plants excised
at the base of the main stem and supplied with 1 mM SA for 1 h before wounding. Leaves were collected for RNA extracted at the times indicated
and the RNA extacted as described in Section 3. Fifteen pg of total RNA from each extraction were subjected to mRNA blot analysis. Tomato CPI
cDNA was used as a probe; /8S ribosomal RNA was used as a loading control.



1922 M. Diez-Diaz et al. | Phytochemistry 65 (2004) 19191924

(@) Control (®)

0 2 4 & 8 10

B wPRe Swewmen —Emeeww

Systemin
0 2 4 6 8 10

© Methyl Jasmonate

0 2 4 6 8 10 Time (h)
W s ®® CPImRNA
185 rRNA

Fig. 6. Time course analysis of CPI mRNA accumulation in leaves of tomato plants in response to systemin and MeJ. (a) Control plants supplied
with 10 mM phosphate buffer (pH 6.5). (b) Excised plants supplied with systemin (12.5 nM, final concentration in buffer). (c) Excised plants exposed
to MeJ vapors as described in Section 3. CPI mRNA was assayed as in Fig. 5.

response (Ryan, 2000). Also, like the inhibitor I and 11
genes, the CPI gene is induced by systemin and Mel
(Fig. 6) and OGA and chitosan (data not shown), with
Mel producing the highest levels of CPI mRNA.

Salicylic acid (SA) is a potent inhibitor of the wound-
induction of inhibitors I and II in tomato leaves (Doares
et al., 1995) was assayed for its ability to inhibit the
accumulation of CPI mRNA in response to wounding.
In Fig. 5C, SA can be seen to be a powerful inhibitor of
the wound-inducible synthesis of CPI mRNA. This in-
dicates that the cross-talk between SA and the systemin
signaling pathway that regulates proteinase inhibitor |
and II synthesis (Doares et al., 1995) is similarily regu-
lating CPI synthesis.

The reason or reasons for the lack of detection of the
tomato CPI protein in leaves (Martineau et al.) is not
clear, but it was not likely due to the assays, since an-
tibodies used in the previous studies could detect the
CPI protein at very low levels. Green and Ryan (1973)
have shown that growing tomato plants under low light
or low temperatures can suppress the wound response,
which may have contributed to the lack of wound in-
ducibility in the previous studies, in which conditions of
plant growth were not reported. The data presented
here, however, establish through physical, enzymatic,
and immunological data that the CPI protein is syn-
thesized in tomato leaves in response to wounding in a
manner consistent with its role as a defensive protein.

3. Experimental
3.1. Plant material

Tomato plants (Lycopersicon esculentum cv Cas-
tlemart) were grown in an environmental chamber with
17-h days of 300 pEinsteins/m/s of light at 28 °C and 7 h
nights at 18 °C.

3.2. Enzyme inhibition assays

Analysis of CPAase activity was based on the pro-
cedure described by Folk and Schirmer (1963). Bovine
CPAase (Sigma, St. Louis, MO) was dissolved in mo-
larity to a final concentration of molarity. Seventeen pL
of diluted enzyme corresponding to 1 pg CPA was ad-

ded to the substrate solution (I M hippuryl-L-phenyl-
alanine (Sigma, St. Louis, MO) in 25 mM Tris-HCI, pH
7.5 with 0.5 M NaCl) to a final volume of 500 pL. In-
hibition assays were performed incubating enzyme and
inhibitor together for 3 min at 4 °C before adding the
substrate. The mixture was immediately placed into a
500 pL quartz cuvette, with the absorbance increase at
262 nm recorded every 30 s at 25 °C using a Hewlett—
Packard 8453 UV-Vis spectrophotometer.

3.3. Protein assays

Protein was assayed using the Bradford reagent
(Sigma, St. Louis, MO) with bovine serum albumin as a
standard.

3.4. Wounding and elicitor treatments

Wounding and elicitor treatments were performed
with two-week-old tomato plants, except when other-
wise indicated. Wounding was performed by crushing
leaves with a hemostat across the main vein (Stratmann
and Ryan, 1997). MeJ was applied to intact plants by
placing 1 pL of the chemical on a cotton wick in a closed
container for 24 h as described (Bergey and Ryan, 1999).
Systemin (28 nM), oligogalacturonic acid (prepared as
in Bishop et al., 1981) (250 pg/mL), and chitosan (100
pug/mL), each dissolved in 10 mM phosphate buffer (pH
6.5), were supplied to tomato plants for 1 h through
their cut stems. The plants were excised with a razor
blade by cutting the main stem just below the cotyle-
dons. SA (1 mM) was supplied to the plants through the
cut stems for 1 h and the plants were wounded on the
lower leaves. CPI mRNA was detected by gel blot
analysis 24 h after wounding.

3.5. Purification of tomato leaf CPI

Four-week-old tomato plants were sprayed initially
with MeJ (125 pL of MeJ in 500 mL 0.05% [w/v] Triton
X-100) and again 24 h later. The entire aerial parts of
the plants were harvested 24 h after the second appli-
cation. Tissues were frozen in liquid N, and ground to a
fine powder using a mortar and pestle. Approximately
120 g of ground tissue was homogenized with 360 mL of
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extraction buffer (84 mM citric acid, 32 mM Na,HPOq,
and 15 mM mercaptoethanol, pH 2.8) in a blender, fil-
tered through 2 layers of miracloth and clarified by
centrifugation at 10,000g for 30 min at 4 °C. A total
volume of 480 mL of clarified supernatant was obtained
(crude extract) containing 159 mg protein. Tomato CPI
was monitored measuring the inhibitory activity against
CPAase as described above. By titration with CPAase,
651 ug of CPI protein was estimated to be in the crude
extract.

Ammonium sulfate (35% saturation) was slowly ad-
ded to the crude extract and the extract was stirred for
10 min at 4 °C. After centrifugation at 10,000g for 10
min at 4 °C, the precipitate was recovered and redis-
solved in 70 mL water with 15 mM mercaptoethanol.
The solution was heated to 80 °C for 5 min, cooled in an
ice bath, and centrifuged at 10,000g for 10 min at 4 °C.
The supernatant was dialyzed against water (below 6000
molecular weight retention), and lyophilized. The dry
powder was resupended in distilled water (4 mL), ad-
justed to 80% ethanol by adding absolute ethanol, stir-
red gently for 15 min at room temperature, and then
centrifuged at 10,000g for 10 min at 4 °C to remove
debris. Ethanol was removed from the clear supernatant
by dialysis for 8 h against distilled water, and the solu-
tion was lyophilized.

The lyophilized powder was dissolved in 50 mM so-
dium acetate and passed through a column (2 x 10 cm)
of Sulfopropyl-Sephadex (Amersham Biosciences, Pis-
cataway, NJ) equilibrated by washing with 50 mM so-
dium acetate, pH 5. Fractions containing the inhibitory
activity eluted at the void volume (10 mL) and were
desalted by dialysis. The dialyzed solution was applied
to a 2 x 10 cm column of QAE-Sepharose (Pharmacia,
Piscataway, NJ) and eluted as above. Again, all of the
inhibitory activity was recovered in the fractions at void
volume, yielding 35 pg CPI protein, based on titration
with pure CPAase).

HPLC separation was performed in an analytical
reversed-phase C18 column (218TP54, 5 um, 4.6 x 250
mm, Vydac, Hesperia, CA). Seven pg of crude tomato
CPI was loaded onto the column that had been equili-
brated in 0.1% TFA/water. After 2 min, a gradient of 0—
100% TFA/acetonitrile was performed over a 60 min
time period at a flow rate of 1 mL/min with absorbance
was monitored at 280 nm. Fractions (I mL) were col-
lected with the major absorbance peak at 27.6 min an-
alyzed by MALDI-MS.

3.6. Mass spectroscopic analyses

MALDI spectra were obtained using a PerSeptive
Biosystems Voyager time-of-flight mass spectrometer
equipped with a nitrogen laser (337 nm) (Framington,
MA). a-Cyano-4-hydroxycinnamic acid was used as the
matrix.

3.7. Amino acid sequence analyses

Amino acid sequencing from the N-terminus was
performed on an Applied Biosystems (Foster City, CA)
Procise Model 492 protein sequencer using Edman
chemistry.

3.8. Isolation and sequencing of cDNA clones

Tomato CPI cDNA was amplified from a tomato
35S:PROSYS cDNA library using RT-PCR (Heitz et al.,
1997). A specific primer 5-GGTTATTGCTGCTCAA-
GATG-3' was designed from the known tomato CPL
GenBank sequence (Accession No. X59282) in combi-
nation with the vector-based primer T7 (5-GTAATA-
CGACTCACTATAGGGC-3; UniZap XR; Stratagene,
La Jolla, CA).

The amplified cDNA fragment was identical to the
tomato CPI oligonucleotide sequence deposited in the
GenBank and was used to screen the library (Heitz
et al., 1997) for other isoforms. Probes were radiolabeled
using the DNA random priming method according to
the manufacturer’s instructions (Ambion, Austin, TX).

3.9. RNA blot analyses

Tomato leaves were collected at 0, 2, 4, 6, 8, 10 h after
treatment, immediately frozen in liquid nitrogen, and
stored at —80 °C. Total RNA was extracted using the
TRIzol reagent according to manufacturer’s instructions
(Invitrogen, Carlsbad, CA). Fifteen pg of total RNA
was separated in agarose gels, and RNA blot analysis
was performed as previously described (Moura and
Ryan, 2001). Images were obtained using the Phospho-
imager and the Molecular Analyst Software (Bio-Rad,
Hercules, CA). Gel blots were hybridized with 78S
rRNA cDNA probe as loading control. All experiments
were repeated at least three times.

3.10. Immuno-blot analyses

Tomato leaves were harvested 24 h after treatments
and ground using a mortar and pestle. The leaf juice was
collected, heated to 80 °C and maintained at that tem-
perature for 5 min, centrifuged at 14,000g for 5 min and
the clear supernatant was stored at —80 °C. Proteins
present in the supernatant were subjected to SDS/urea—
PAGE. Following electrophoresis, the proteins were
electrotransferred to polyvinylidenedifluoride (PVDF)
membranes. Filters were blocked for 30 min at room
temperature with 5% dry milk in TTBS (20 mM Tris—
HCI pH 7.5, 500 mM NacCl, 0.05% Tween 20) and were
incubated overnight with potato CPI antibody (1:1000
dilution in 2% dry milk TTBS). Protein blots were
developed using an alkaline phosphatase conjugate
substrate kit following the manufacturer’s instructions
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(Bio-RAD, Hercules, CA). Purified tomato fruit CPI
(M; =4 kDa, Hass and Ryan, 1981) was used as a
standard.

Rabbit anti-potato CPI was prepared as previously
described (Ryan et al., 1974).

Acknowledgements

This research was supported in part by the Wash-
ington State University College of Agriculture and
Home Economics Project 1791 and NSF Grant IBN
0090766. At Washington State University we thank Dr.
G. Munske of the LBB1 facility for amino acid sequence
analyses, and Dr. W. Siems and the LBB2 Mass Spec-
troscopy facilities for their assistance with MALDI. We
are also grateful to Sue Vogtman for growing tomato
plants.

References

Bergey, D.R., Ryan, C.A., 1999. Functional correlation between the
expression of a calmodulin gene, systemin, and wound-inducible
defensive genes in tomato leaves. Plant Mol. Biol. 40, 815-823.

Billings, P.C., Morrow, A.R., Ryan, C.A., Kennedy, A.R., 1989.
Inhibition of radiation-induced transformation of C3;H/10T/2 cells
by carboxypeptidase inhibitor and inhibitor II from potatoes.
Carcinogenesis 10, 687-691.

Bishop, P., Makus, D.J., Pearce, G., Ryan, C.A., 1981. Proteinase
inhibitor inducing factor activity in tomato leaves resides in
oligosaccharides enzymically released from cell walls. Proc. Natl.
Acad. Sci. 78, 3536-3640.

Blanco-Aparicio, C., Molina, M.A., Fernandez-Salas, E., Frazier,
M.L., Mas, J.M., Querol, E., Aviles, F.X., de Llorens, R., 1998.
Potato carboxypeptidase inhibitor, a T-knot protein, is an epider-
mal growth factor antagonist that inhibits tumor cell growth. J.
Biol. Chem. 273, 12370-12377.

Doares, S., Narvaez-Vasquez, J., Conconi, A., Ryan, C.A., 1995.
Salicylic acid inhibits synthesis of proteinase inhibitors in tomato
leaves induced by systemin and jasmonic acid. Plant Physiol. 108,
1741-1746.

Farmer, E.E., Ryan, C.A., 1992. Octadecanoid jasmonate precursors
activate the synthesis of wound-inducible proteinase inhibitors.
Plant Cell 4, 129-134.

Folk, J.E., Schirmer, E.:W., 1963. The porcine pancreatic carboxpep-
tidase A system. I. Three forms of the active enzyme. J. Biol. Chem.
238, 3884-3894.

Garcia-Olmeda, F., Sakedo, G., Sanchez-Mong, R., Gomez, L., Royo,
J., Carbonero, P., 1987. Plant proteinaceous inhibitors of protein-
ases. Oxf. Surv., Plant Cell. Mol. Biol. 4, 275-334.

Green, T.R., Ryan, C.A., 1973. Wound-induced proteinase inhibitor in
tomato leaves: some effects of light and temperature on the wound
response. Plant Physiol. 51, 19-21.

Graham, J.S., Ryan, C.A., 1981. Accumulation of a metallo-carboxy-
peptidase inhibitor in leaves of wounded potato plants. Biochem.
Biophys. Res. Commun. 101, 1164-1170.

Hass, G.M., Hermodson, M.H., 1981. Amino acid sequence of a
carboxypeptidase inhibitor from tomato fruit. Biochemistry 20,
2256-2260.

Hass, G.M., Nau, H., Biemann, K., Grahn, D.T., Ericsson, L.H.,
Neurath, H., 1975. Amino acid sequence of a carboxypeptidase
inhibitor from potato. Biochemistry 14, 1334-1342.

Hass, G.M., Ryan, C.A., 1980. Carboxypeptidase inhibitor from
ripened tomatoes: purification and properties. Phytochemistry 19,
1329-1333.

Hass, G.M., Ryan, C.A., 1981. Carboxypeptidase inhibitor from
potatoes. In: Lorand, L. (Ed.), Methods in Enzymology. In:
Proteolytic Enzymes Part C, vol. 80, pp. 778-791.

Heitz, T., Bergey, D., Ryan, C.A., 1997. A gene encoding a
chloroplast lipoxygenase is transiently induced by wounding,
systemin, and methyl jasmonate in tomato leaves. Plant Physiol.
114, 1805-1903.

Martineau, B., McBride, K.E., Houck, C.M., 1991. Regulation of
metallocarboxypeptidase inhibitor gene expression in tomato. Mol.
Gen. Genet. 228, 281-286.

Moura, D.S., Ryan, C.A., 2001. Wound-inducible proteinase inhibi-
tors in pepper. Differential regulation upon wounding, systemin,
and methyl jasmonate. Plant Physiol. 126, 289-298.

Pearce, G., Liljegren, D., Ryan, C.A., 1988. Proteinase inhibitors in
fruit of the wild tomato species L. peruvianum. A possible
mechanism for plant protection and seed dispersal. Planta 175,
527-531.

Pouvreau, L., Gruppen, H., van Koningsveld, G.A., Broek, L.A.M.,
Voragen, A.G.J., 2003. The most abundant protease inhibitor in
potato tuber (Cv. Elkana) is a seine protease inhibitor from the
Kunitz family. J. Agric. Food Chem. 51, 5001-5005.

Rees, D.C., Lipscomb, W.N., 1980. Structure of the potato inhibitor
complex of carboxypeptidase A at 2.5-A resolution. Proc. Natl.
Acad. Sci. (USA) 77, 4633-4637.

Ryan, C.A., 1971. Inhibition of carboxypeptidase A by a naturally
occurring polypeptide from potatoes. Biochem. Biophys. Res.
Commun. 44, 1265-1270.

Ryan, C.A., 1981. Proteinase inhibitors. In: Conn, E., Stumpf, P.
(Eds.), Comprehensive Plant Biochemistry, vol. 6. Academic Press,
pp- 351-370.

Ryan, C.A., 2000. The systemin signaling pathway: differential
activation of plant defensive genes. Biochem. Biophys. Acta 1477,
112-121.

Ryan, C.A., Hass, G.M., Jun, R.W., 1974. Purification and properties
of a carboxypeptidase inhibitor from potatoes. J. Biol. Chem. 249,
5495-5499.

Stratmann, J.W., Ryan, C.A., 1997. Myelin basic protein kinase
activity in tomato leaves is induced systemically by wounding and
increases in response to systemin and oligosaccharide elicitors.
Proc. Natl. Acad. Sci. (USA) 94, 11085-11089.

Villanueva, J., Canals, F., Prat, S., Ludevid, D., Querol, E.,
Aviles, F.X., 1998. Characterization of the wound-induced
metallocarboxypeptidase inhibitor from potato—cDNA sequence,
induction of gene expression, subcellar immunolocalization and
potential roles for the C-terminal propeptide. FEBS Lett. 440,
175-182.



	Isolation and characterization of wound-inducible carboxypeptidase inhibitor from tomato leaves
	Introduction
	Results and discussion
	Experimental
	Plant material
	Enzyme inhibition assays
	Protein assays
	Wounding and elicitor treatments
	Purification of tomato leaf CPI
	Mass spectroscopic analyses
	Amino acid sequence analyses
	Isolation and sequencing of cDNA clones
	RNA blot analyses
	Immuno-blot analyses

	Acknowledgements
	References


