
Proc. Natl. Acad. Sci. USA
Vol. 85, pp. 8012-8016, November 1988
Botany

Ethylene-regulated expression of a tomato fruit ripening gene
encoding a proteinase inhibitor I with a glutamic residue
at the reactive site

(DNA sequence/gene expression/Lycopersicon esculentum/Staphylococcus aureus V8 proteinase)

LINDA J. MARGOSSIAN, ALEX D. FEDERMAN, JAMES J. GIOVANNONI, AND ROBERT L. FISCHER*
Division of Molecular Plant Biology, University of California, Berkeley, CA 94720

Communicated by Clarence A. Ryan, July 28, 1988 (received for review May 12, 1988)

ABSTRACT We report the isolation from tomato (Lyco-
persicon esculentum) of an ethylene-responsive member of the
proteinase inhibitor gene family. DNA sequence analysis of a
full-length cDNA clone indicates that the ethylene-responsive
gene is distantly related to the tomato proteinase inhibitor I
gene, having 53% sequence identity. The predicted amino acid
sequence reveals 47% and 45% sequence identity with the
tomato and potato proteinase inhibitor I polypeptides, respec-
tively. Additionally, the ethylene-responsive inhibitor has
evolved a completely different pattern of gene expression and
inhibitory specificity than other members of the inhibitor I
family. Gel blot hybridization experiments show that, unlike
the tomato proteinase inhibitor I gene, it is not induced in
wounded leaves. In contrast, it is activated by the plant
hormone ethylene in'leaves and during fruit ripening. Further-
more, the ethylene-responsive inhibitor exhibits a novel reac-
tive site, having glutamic acid as the PI residue. This suggests
that the ethylene-responsive proteinase inhibitor does not react
with chymotrypsin, as does proteinase inhibitor I, but that it
reacts with proteolytic enzymes that cleave at glutamic resi-
dues, such as the Staphylococcus aureus V8 proteinase, for
which no inhibitors are known. Finally, isolation and analysis
of a genomic clone reveals that the ethylene-responsive pro-
teinase inhibitor' gene is tightly linked to another, yet uniden-
tified, coordinately expressed gene. We discuss these results
with regard to the function and evolution of proteinase inhib-
itor genes in tomato.

The serine proteinase inhibitors are a family of proteins
whose function is to prevent unwanted proteolysis in the
tissues of both animals and plants (see refs. 1 and 2 for
reviews). In plants, proteinase inhibitors reduce the nutri-
tional quality of plant organs, and their presence is thought to
represent a defense against herbivorous insects (3-5). To-
mato proteinase inhibitors I and II accumulate in tomato
leaves that have been wounded either mechanically or by
chewing insects (6, 7). They are also developmentally regu-
lated in potato tubers and in fruit of wild tomato species, but
not in modern tomato fruit (8, 9). Although the proteinase
inhibitor I and II genes are nonhomologous, some are tightly
linked in the tomato genome (10).
The inhibitory specificities of serine proteinase inhibitors

are, to a great extent, determined by the amino acid at the
reactive site (designated P1), and replacements of the P1
residue have been shown to alter the specificities of protein-
ase inhibitors (1, 2, 11-14). It is thought that the ability to
tolerate mutational replacements at the P1 residue is respon-
sible, at least in part, for the hypervariability of the reactive
site that has occurred during the evolution of proteinase
inhibitors (13, 14).

We now report the isolation and characterization of a gene
that is related to the tomato proteinase inhibitor I gene.
Although we have not yet analyzed the protein encoded by
this gene, DNA sequence analysis indicates that it is a
member of the proteinase inhibitor I gene family, and for this
reason we refer to it as a proteinase inhibitor gene.t How-
ever, we find that it has evolved a completely different
pattern of gene expression than other members of the
inhibitor I family and it exhibits a novel P1 reactive site. We
discuss these results with regard to proteinase inhibitor gene
evolution and function.

MATERIALS AND METHODS
Plant Material. Tomato (L. esculentum cv. VFNT Cherry)

plants were grown under standard greenhouse conditions.
Fruit maturity stage was determined as follows. Immature
fruits were 50% full-size. Mature green stage 1 (MG1) fruit
were green, full-size, and evolved low levels of ethylene (0.6
+ 0.2 nl g-1.hr-1). Mature green stage 4 (MG4) fruit were
10% red, full-size, and evolved elevated levels of ethylene
(3.5 ± 1.0 nlg- '-hr '). To treat plant material with specific
gases, 1 kg of mature green fruit or a 25-cm-tall potted plant
was placed in a 25-liter chamber and exposed to 4.5 liters of
humidified ethylene (10 p.l per liter) per minute or to air alone
for 8 hr.

Isolation of Plant Nucleic Adds. Polysomal poly(A) + RNA
was isolated as described (15), except that poly(A) + RNA
from wounded leaves was isolated as described by Grahamnet
al. (6) and was a generous gift from C. Ryan. Toniato leaf
genomic DNA was isolated by procedures described preyi-
ously (16).

Isolation of Clones. An incomplete ethylene-responsive
proteinase inhibitor cDNA clone (designated pE17) was
selected from a cDNA library of tomato (L. esculentum cv.
VFNT Cherry) ripe-fruit mRNAs as described (15). A cDNA
library enriched for full-length cDNA clones of tomato (ref.
17; L. esculentum cv. Castlemart) ripe-fruit mRNAs was
provided by A. Bennett. 32P-labeled pE17 DNA was used to
screen this library for a full-length cDNA clone -(designated
pERI, for ethylene responsive inhibitor). A proteinase inhib-
itor I cDNA clone (ref. 6; designated pTI-24) was a gift from
C. Ryan. The pJ49 cDNA clone encodes an mRNA that
accumulates during tomato fruit ripening and when plant
tissues are exposed to ethylene (15). A library of tomato (L.
esculentum cv. T6) genomic DNA cloned in the Charon 4
vector was a gift from R. Breidenbach (University of Cali-
fornia at Davis). Plaque hybridization was used to screen this

Abbreviation: MGn, mature green stage n.
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library for a genomic clone (designated AERI) encoding the
ethylene-responsive proteinase inhibitor gene.

Gel Blot Hybridization Experiments. RNA was denatured
with glyoxal, fractionated by electrophoresis in agarose gels,
blotted to o-diazophenyl thioether (DPT)-paper, and hybrid-
ized with 32P-labeled DNAs as described by Alwine et al.
(18). DNA was digested with restriction endonucleases, sub-
jected to agarose gel electrophoresis, blotted to nitrocellulose
paper, and hybridized with 32P-labeled DNAs as described (16).

Nucleotide and Amino Acid Sequence Analysis. The com-
plete sense and antisense DNA sequence of the full-length
cDNA clone, pERI, was determined as follows. pERI was
subcloned into pUC118 and pUC119 to enable sense and
anti-sense single-strand DNA template preparation. Dele-
tions were generated by the procedures of Henikoff (19) to
serve as start points for systematic, directional DNA se-
quencing. Nucleotide sequences were determined by the
dideoxy chain-termination method (20). Computer analysis
of DNA and amino acid sequences was performed with the
GEL, GENED, PEP, and SEQ programs of the BIONET
National Computer Resource for Molecular Biology.

RESULTS
DNA Sequence Analysis. Previous analysis of cloned

mRNAs from tomato fruit identified an ethylene-responsive
proteinase inhibitor gene related to proteinase inhibitor 1 (15).
Specifically, the 3' portion of an incomplete cDNA clone,
pE17, was shown to exhibit -70% nucleotide sequence
identity with a proteinase inhibitor I cDNA clone, pTI-24. In
order to analyze further the ethylene-responsive proteinase
inhibitor gene and polypeptide, it was necessary to determine
the DNA sequence of a full-length cDNA clone. To this end,
a library enriched for full-length cDNA clones was screened
with 32P-labeled pE17 DNA. The insert size of each clone was
determined by digestion with the appropriate restriction
endonuclease followed by agarose gel electrophoresis (data
not shown), and the DNA sequence of the clone with the
largest insert size, pERI (for ethylene-responsive inhibitor),
was determined. As shown in Fig. 1, the pERI nucleotide
sequence is 524 base pairs long and exhibits 53% sequence
identity with the DNA sequence of the tomato proteinase
inhibitor I cDNA clone pTI-24. This result suggests that the
proteinase inhibitor I and ethylene-responsive proteinase
inhibitor genes are distantly related members of a gene
family. It should be noted that the preliminary report of the
partial pE17 DNA sequence (15) was incorrect in several
details, and that further analysis indicates that the pE17
sequence is identical to pERI.

Predicted Amino Acid Sequence. As shown in Fig. 2, the
predicted amino acid sequence (119 residues) of the ethylene-
responsive proteinase inhibitor polypeptide has 47% and 45%
sequence identity with proteinase inhibitor I polypeptides
from tomato and potato, respectively. Moreover, 17 of 20
amino acids that are relatively conserved during the evolution
of inhibitor I polypeptides are present in the ethylene-
responsive proteinase inhibitor. The remaining three that are
not conserved represent conservative substitutions (i.e.,
isoleucine to leucine, isoleucine to valine, and isoleucine to
phenylalanine at residues 63, 84, and 93, respectively). These
results suggest that the ethylene-responsive proteinase in-
hibitor is part of the divergent family of proteinase inhibitor
I polypeptides.

After they are translated, the potato and tomato inhibitors
are processed by the removal of signal sequences and pro
sequences (21). As shown in Fig. 2, the 27 amino acid
sequence at the amino terminus of the ethylene-responsive
inhibitor is typical of many eukaryotic signal sequences (22,
23). It consists of a positively charged lysine residue (position
5) adjacent to a highly hydrophobic core region that termi-

ERI GAACACACAAATATAAACTTTAGATTCTTAAAAACAAAGCTGAA 44
TIl GG.lTCCG-i:.-ACTCTTTACGCTAA ':2

ERI TTATATGGAGGCAAATAAGTCTATGGTGAAGTTGGTTGCTTTCT 88
TIl CA TCA,I.CTCACTTC--T TC

ERI TGATAATTCTTGTATCATCATGCTTTCAATCTCTCACTGCTCAA 132
TIl ?. MC I A '....;A
ERI GATTTGGAAATCGAAGTTAGCGATGGCTTAAATGTATTGCAAGT 176
TIl CGAAAA -.P CCA GACITC.A
ERI ACATGATGTGTCTCAATCTTTTTGTCCAGGTGTGACAAAGGAAA 220
TIl A~TC*~~A GT C - Cw A gC GCA *-*-G-....MGAC
ERI GTTGGCCAGAACTTCTTGGAACACCAGCTAAGTTTGCAAAGCAA 264
TIl T W '# TGT*W - C g

ERI ATAATTCAAAAGGAAAATCCAAAATTAACAAATGTTGAAACTCT 308
TIl CC~k- hlmA CCGTAT-.g
ERI ACTGAATGGTTCAGCTTTTACAGAAGATTTGAGATGCAATAGAG 352
TIl AG ~f~ ACTW G.. C...
ERI TTCGTCTTTTTGTAAATTTATTGGACATTGTTGTACAAACTCCC 396
TIl T.CAC.G
ERI AAAGTTGGTTGAACAA--*A-ATTA- ATTGATGTTATATCATA 434
TIl GTG"GAC TT T GGGCC T-.AfGC
ERI TGTATCTA-GCCTCCACAAA-AATAA--ATTGG-AGATGTATG- 472
TIl AIGCA AA. Go .AT GTCA :

ERI .-GTTA-AA .. A-T-TTCCACTA-TATT ..T-GGTGAT-A 500
TI1 TCAI GCPTCICP CIC" A GG

ERI AATAAAT-GTGCGCTTTTAATATTA
TIl G AAGGCCSGAO"

524

FIG. 1. DNA sequence of the tomato ethylene-responsive pro-
teinase inhibitor and the proteinase inhibitor I cDNA clones. The
tomato ethylene-responsive inhibitor sequence (ERI) was deter-
mined as described in Materials and Methods. The tomato inhibitor
I cDNA sequence (TI1) is from Graham et al. (6). Optimal alignment
of cDNA sequences was achieved with the GENALIGN program.
Inhibitor I nucleotides that are identical to those in ethylene-re-
sponsive inhibitor are indicated by stippled boxes, and gaps are
represented by dots. The open reading frame for both sequences is
indicated by a horizontal line.

nates in alanine (position 27). From these results we predict
that the ethylene-responsive inhibitor has a peptidase signal
cleavage site at alanine-glutamine (position 27-28). The pro
sequences in the tomato and potato inhibitor I polypeptides
are highly charged sequences that terminate in asparagine
and glutamine, respectively (21). Similarly, the ethylene-
responsive inhibitor has an analogous highly charged domain
(residues 28-48) terminating in glutamine (position 48). From
these results we predict that the ethylene-responsive inhib-
itor has a propeptide processing site at glutamine-serine
(position 48-49). Taken together, these results suggest that
the ethylene-responsive proteinase inhibitor has sites for
posttranslational modifications that are analogous to those
found in the tomato and potato inhibitor I polypeptides.

Expression of Proteinase Inhibitor Genes. A previous report
(15) showed that the ethylene-responsive proteinase inhibitor
mRNA accumulates in unripe fruit exposed to exogenous
ethylene and in ripening fruit producing elevated levels of
endogenous ethylene. In addition, Graham et al. (6) demon-
strated that the tomato inhibitor I mRNA accumulates in
response to oligosaccharides released during wounding. Be-
cause ethylene hormone is produced by wounded plant
tissues (24) and numerous oligosaccharides are released by
the action of cell wall-degrading enzymes associated with
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FIG. 2. Comparison of predicted amino acid sequences of the

ethylene-responsive inhibitor, tomato inhibitor I, and potato inhib-

itor I. The GENALIGN program was used to obtain the optimal

alignment of amino acid sequences, which are shown in single-letter

code. Amino acids identical to those in the ethylene-responsive

proteinase inhibitor are indicated by stippled boxes, and gaps are

represented by dots. Amino acids conserved during the evolution of

inhibitor I proteins (6) are underlined. Amino acids at the putative P1

reactive center (6) are designated P1. Processing sites for the potato

and tomato inhibitor I polypeptides are from Cleveland et al. (21).

Processing sites for the ethylene-responsive inhibitor are by analogy

to the potato and tomato inhibitor I sites (see text). ERI, tomato

ethylene-responsive inhibitor; TIl, tomato inhibitor I sequence from

Graham et al. (6);PI1, potato inhibitor I sequence from Cleveland et

al. (21). Signal, cleavage site for removal of signal peptide; Pro,

cleavage site for removal of propeptide.

fruit ripening (25, 26), it was of interest to compare the

expression of these two tomato inhibitor genes. To this end,

mRNA was isolated from wounded leaves, from ethylene-

treated leaf and unripe fruit, and from fruit at different stages

of ripening and was hybridized with 32P-labeled inhibitor I

(pTI-24) and ethylene-responsive inhibitor (pERT) cDNA

clones. As shown in Fig. 3, the 0.6-kilobase (kb) inhibitor I

mRNA accumulates in wounded leaf but is not detected in

ethylene-treated leaf or fruit, nor during fruit development. In

contrast, the 0.6-kb ethylene-responsive inhibitor mRNA is
not detected in wounded leaf but accumulates in ethylene-
treated leaf and fruit, and also at the onset of fruit ripening.

These results indicate that these divergent members of the

proteinase inhibitor gene family have evolved different pat-
terns of gene expression.

Organization of the Ethylene-Responsive Proteinase Inhib-

itor Gene. Lee et al. (10) have shown that the tomato inhibitor

I gene was tightly linked, within 13.1 kb, to a nonhomologous
wound-inducible inhibitor II gene. To investigate further the

organization of inhibitor genes in the tomato genome, a

genomic clone encoding an ethylene-responsive proteinase
inhibitor gene was isolated (designated AERI). Fig. 4 A and

FIG. 3. Accumulation of cloned mRNAs in response to ethylene,
in response to wounding, and during fruit development. mRNA was
isolated from the following organs: wounded leaf (lane 1), untreated
leaf (lane 2), leaf exposed to ethylene (lane 3), leaf exposed to air
(lane 4), MG1 fruit exposed to ethylene (lane 5), MG1 fruit exposed
to air (lane 6), untreated immature fruit (lane 7), untreated MG1 fruit
(lane 8), and untreated MG4 fruit (lane 9). One microgram of each
mRNA was denatured with glyoxal, fractionated by electrophoresis
in an agarose gel, blotted, and hybridized with the indicated 32p_
labeled DNA probes.

B shows the position of relevant restriction endonuclease
sites and subcloned restriction fragments. The ethylene-
responsive inhibitor gene was localized to the 2-kb HindIll
restriction fragment represented in subclone pHH2.0. That
is, this restriction fragment hybridized with the ethylene-
responsive inhibitor cDNA clone pERI (Fig. 4C, lane 2) and
with a 0.6-kb mRNA that accumulates during fruit ripening
and when unripe fruit are exposed to ethylene (Fig. 4A). AERI
DNA adjacent to the ethylene-responsive inhibitor gene, 3.7
and 7.9 kb offlanking sequences (Fig. 4B), does not hybridize
with the proteinase inhibitor I cDNA clone pTI-24 (data not
shown). Thus, the inhibitor I gene must be separated from the
ethylene-responsive inhibitor by at least 3.7 kb. However,
restriction fragments represented by the subclones pHK1.1,
pKLO.8, and pLR4.9 hybridize with a 1.0-kb mRNA that
accumulates during fruit ripening and when unripe fruit are
exposed to ethylene (Fig. 4A). Furthermore, these restriction
fragments hybridize (Fig. 4C, lane 1) with a cDNA clone,
pJ49, that was shown previously to encode a 1.0-kb mRNA
(15). Expression of the gene represented by the pJ49 cDNA
clone is ethylene-responsive and developmentally regulated
during fruit ripening (Fig. 3). Thus, the ethylene-responsive
inhibitor gene is tightly linked to a coordinately expressed
gene.
To determine whether the recombinant phage, AERI,

described in Fig. 4 contained DNA segments representative
of those in the genome, we hybridized 32P-labeled pERI and
pJ49 plasmid probes with the same leaf DNA used to
construct the library and with single-copy equivalents of
AERI DNA. As shown in Fig. 4D, a 13.6-kb EcoRI restriction
fragment from the tomato genome hybridizes with both the
pERI and pJ49 probes (lanes 1 and 3). The 13.6-kb restriction
fragment is identical in size and hybridization intensity with
that produced with EcoRI-digested AERI DNA (Fig. 4D,
lanes 2 and 4). These results indicate that AERI clone is an
accurate copy of this region of the tomato genome and
confirm that the genes represented by the pERI and pJ49
cDNA clones are tightly linked. That additional 6.5- and
4.9-kb genomic restriction fragments hybridize with the pERI
(Fig. 4D, lane 3) and pJ49 (Fig. 4D, lane 1) cDNA clones
suggests that other members of the ethylene-responsive
inhibitor gene family may be tightly linked to other members
of the J49 gene family.

8014 Botany: Margossian et al.
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FIG. 4. Organization of the ethylene-responsive proteinase inhibitor gene region. (A) Molecular size of mRNAs encoded in the
ethylene-responsive proteinase inhibitor gene region. Fruits used for mRNA isolation were untreated MG1 (lanes 1), MG1 treated with ethylene
(lanes 2), and untreated MG4 (lanes 3). One microgram ofeach mRNA was denatured with glyoxal, fractionated by electrophoresis in an agarose
gel, blotted, and hybridized with the indicated 32P-labeled DNA probes. (B) Map of restriction endonuclease sites within the ethylene-responsive
proteinase inhibitor gene region. Sites were deduced from the results of single and double digestions. Restriction fragments that hybridize with
ethylene-responsive proteinase inhibitor (pERI) and J49 cDNA clones as described below are indicated by the solid box and the hatched boxes,
respectively. The lines above the restriction map represent subcloned probes used in the RNA gel blot studies. The name of each subclone
indicates its flanking restriction sites and its molecular size (in kb). B, BamHI; H, HindI11; K, Kpn I; L, Bgl II; R, EcoRI. (C) Localization of
the ethylene-responsive proteinase inhibitor and J49 genes. AERI DNA digested with EcoRI, HindIll, and Bgl II was fractionated by
electrophoresis in an agarose gel, blotted, and hybridized with 32P-labeled pJ49 (lane 1) or pERI (lane 2) DNA. P, restriction fragment resulting
from partial digestion of the DNA. (D) Organization of the ethylene-responsive gene region in the tomato genome. Five micrograms of tomato
genomic DNA (lanes 1 and 3) or 112 pg of AERI DNA (lanes 2 and 4) was digested with EcoRI, fractionated by electrophoresis in an agarose
gel, blotted, and hybridized with 32P-labeled pJ49 (lanes 1 and 2) or pERI (lanes 3 and 4). Since the tomato genome and recombinant phage genome
sizes are -2 x 106 and 45 kb, respectively, lanes 2 and 4 contain a single-copy equivalent of phage DNA.

DISCUSSION

The Ethylene-Responsive Gene Is Related to a Family of
Proteinase Inhibitors. We have isolated a gene that displays
significantDNA sequence identity with the tomato proteinase
inhibitor I gene (Fig. 1). Comparison of amino acid sequences
that span the putative mature portion ofthe ethylene-responsive
inhibitor (i.e., serine at position 47 to glycine at position 119)
to inhibitor polypeptides from tomato, potato, barley, broad
bean, and the leech reveals 57%, 58%, 33%, 27%, and 36%
sequence identity, respectively (6, 21). Statistically, this level
of sequence identity is highly significant (27). Thus, the
ethylene-responsive proteinase inhibitor is part of a family of
homologous proteinase inhibitors that has members in both
the animal and the plant kingdom.

Multiple Duplications of the Ethylene-Responsive Gene Re-
gion Have Probably Occurred. The potato and tomato inhib-
itor I cDNA clones (21) exhibit more sequence identity
(>90%) than the tomato inhibitor I and tomato ethylene-
responsive inhibitor (53%; Fig. 1), suggesting that the dupli-
cation event that generated the inhibitor I and ethylene-
responsive inhibitor genes occurred before tomato and potato
divergence. We find that the ethylene-responsive inhibitor
gene is tightly linked to a coordinately expressed gene of
unknown function represented by the pJ49 cDNA clone (Fig.
4B). DNA blot hybridization experiments (Fig. 4D) suggest
tjhat there are multiple ethylene-responsive inhibitor and J49
genes per haploid tomato genome and that some may also be
tightly linked. These results suggest that the region spanning
the ethylene-responsive inhibitor and J49 genes has under-
gone further duplications within the tomato genome.

Differential Expression of Related Tomato Inhibitor Genes.
Although many sequences of the tomato inhibitor I and
ethylene-responsive inhibitor genes have been conserved,
important aspects about the regulation of their expression
have undergone significant changes. Tomato inhibitor I
mRNA accumulates when leaves are wounded but not in
response to ethylene (Fig. 3). In contrast, we do not detect
the accumulation of ethylene-responsive inhibitor mRNA in
wounded leaf (Fig. 3) or wounded fruit (data not shown).
However, ethylene-responsive inhibitor mRNA accumulates
when L. esculentum fruit ripen, and this activation of gene
expression most likely occurs in response to increases in
ethylene levels and sensitivity associated with fruit ripening
(15). Taken together, these results indicate that the two
homologous tomato inhibitor genes have evolved completely
different patterns of gene expression.

Predicted Inhibitory Specificity of the Ethylene-Responsive
Inhibitor. Within its family of homologous proteinase inhib-
itors, the ethylene-responsive polypeptide appears to have
evolved a unique inhibitory specificity. As shown in Fig. 2,
the P1 amino acids for potato (28) and tomato (6) inhibitor I
are methionine and leucine, respectively. These P1 amino
acids are consistent with the fact that the potato and tomato
inhibitor I polypeptides are chymotrypsin inhibitors (29).
Similarly, the homologous inhibitors from barley (methio-
nine, leucine), broad bean (alanine), and leech (leucine) have
uncharged, hydrophobic P1 amino acids (6). In contrast, the
amino acid at the same relative position in the ethylene-
responsive proteinase inhibitor, and therefore the putative P1
reactive site, is a negatively charged amino acid, glutamic
acid. This result makes it unlikely that the ethylene-responsive

Botany: Margossian et al.
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inhibitor reacts with chymotrypsin (1). Rather, it suggests
that it might interact with a proteinase that specifically
cleaves at glutamic residues, such as the extracellular V8
proteinase from Staphylococcus aureus (30).
Among other families of proteinase inhibitors are examples

of polypeptides with glutamate at the P1 reactive site. For
example, P1 glutamate is often found in the first domain of
ovomucoid proteinase inhibitors that are prevalent polypep-
tides in avian egg whites (31). However, it has been shown
these ovomucoids do not inhibit the action of V8 proteinase.
Rather, the P1 glutamate peptide bonds of these ovompcoids
are hydrolyzed preferentially by the V8 proteinase (14).
These results suggest that the P1 glutamate is in the optimal
configuration for hydrolysis by the V8 proteinase but that'the
ovomucoid inhibitor-V8 proteinase complex is not stable.
This information underscores the importance of isolating the
ethylene-responsive proteinase inhibitor 'polypeptide and
determining its inhibitory specificity directly.

Possible Functions for Proteinase Inhibitors During Fruit
Ripening. Tomato inhibitor I does not accumulate during fruit
development of the cultivated tomato species, L. esculentum
(ref. 9; Fig. 3), but it is present in unripe fruit from the wild
tomato species L. peruvianum, L. pimpinellifolium, L. hir-
sutum, and L. parvaflorum (9). The tomato inhibitor I and II
polypeptides are thought to defend the plant by inhibiting
insect gut trypsin and chymotrypsin enzyme activities, re-
sulting in pernicious hyperproduction of gut proteases. This,
in turn, leads to inhibition of insect growth due to insufficient
dietary availability of sulfur-containing amino acids (3-5). As
fruit from these wild tomato species ripen, the inhibitor' I
activity decays, making the fruit edible to small animals and
birds, which facilitates seed dispersal.

In contrast, ethylene-responsive inhibitor gene expression
is activated by the 'increased lfvels of ethylene that are
present in ripening L. esculentum fruit (ref. 15; Fig. 3).
However, because ofthe its P1 glutamic acid reactive site, the
ethylene-responsive inhibitor probably does not interact with
trypsin or chymotrypsin and may not lead to the chronic
stress on the digestive-enzyme-producing system that proves
detrimental to insect growth. Thus, if the ethylene-responsive
inhibitor does not interact with the digestive physiology of
animals or birds, its presence in ripening fruit would not
inhibit this important mechanism for seed dispersal. Rather,
we speculate that'its unusual inhibitor specificity and pattern
of gene expression may have evolved either to regulate an
endogenous tomato proteinase activity or to protect the
ripening fruit and seeds from a secreted proteinase produced
by bacteria or fungi upon infection. Recent results may
support the latter hypothesis. That is, it has been shown that
the amino acid residues of proteinase inhibitors that make
contact with the proteinase, including the P1 amino acid,
evolve at a significantly higher rate than other amino acids.
From this result, others (13, 14) have speculated that the
nucleotide substitutions that generate proteinase inhibitors
with diverse reactive centers, and therefore different speci-
ficities, provide the host organism with a defense against
rapidly evolving proteinases brought in by bacteria or para-
sites.

We express our gratitude to Prof. Clarence Ryan for the tomato
inhibitor I cDNA clone and for wounded-leaf mRNA, Alan Bennett
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