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Structure, Expression, and Antisense Inhibition of the 
Systemin Precursor Gene 

A gene that encodes systemin, a mobile 18-amino acid polypeptide inducer of 
proteinase inhibitor synthesis in tomato and potato leaves, has been isolated hom 
tomato, Lycopersicon esculentum. Induction of proteinase inhibitors in plants is a 
response to insect or pathogen attacks. The gene has 10 introns and 11 exons, ten of 
which are organized as five homologous pairs with an unrelated sequence in the 
eleventh, encoding systemin. Systemin is proteolytically processed from a 200-amino 
acid precursor protein, prosystemin. Prosystemin messenger RNA was found in all 
organs of the plant except the roots and was systemically wound-inducible in leaves. 
Tomato plants transformed with an antisense prosystemin complementary DNA 
exhibited greatly suppressed systemic wound induction of proteinase Inhibitor I and I1 
synthesis in leaves. 

P LANTS HAVE INDUCIBLE DEFENSES 

in response to pathogen or herbivore 
attacks (1-4), including systemic 

synthesis and accumulation of serine pro- 
teinase inhibitors that inhibit the digestive 
proteinases of insects and microorganisms 
(5-8). The wound-induced synthesis of 
such inhibitors results from transcriptional 
activation of the inhibitor genes (9) and 
has been described in a variety of species 
including tomato (10, 11), potato (12), 
alfalfa (13, 14), cucurbits (15), and poplar 
trees (16). Wounding results in the rapid 
accumulation of inhibitors not only in 
wounded leaves but also in distal, un- 
wounded leaves, indicating that a signal, or 
signals, released from the wound site trav- 
els throughout the plant. Proposed signals 
include pectic fragments derived from the 
plant cell wall (17), the lipid-derived mol- 
ecule jasmonic acid (18), the plant hor- 
mone abscisic acid (19), electrical poten- 
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tials (20, 21), and an 18-amino acid 
polypeptide called systemin (22). Systemin 
was isolated from the leaves of tomato 
plants where it induces the synthesis of two 
proteinase inhibitors. Radioactively la- 
beled systemin, when applied to a wound 
site, was rapidly translocated to distal tis- 
sues. We now report the cloning and char- 
acterization of the cDNA and gene encod- 
ing systemin. 
' We isolated a systemin cDNA by screen- 
ing a primary cDNA library synthesized 
from tomato leaf mRNA with an oligonu- 
cleotide corresponding to amino acids 12 
through 18 of systemin (23). Approximately 
50 positive clones were identified and re- 
screkned with a second oligonucleotide cor- 
responding to amino acids 1 to 6 of sys- 
temin. Of the initial positive clones, only 
one hybridized to the skcond probe; it was a 

cDNA encoding the systemin poly- 
peptide within a larger protein, prosys- 
temin. 

This partial cDNA consisted of 839 bp, 
although Northern (RNA) blot analysis 
indicated that the systemin mRNA was 1 
kb. We determined the complete prosys- 

temin mRNA sequence by sequencing the 
prosystemin gene (24) and mapping the 
transcriptional start site (25). The open 
reading frame was 600 bp encoding a 
200-amino acid prosystemin protein (Fig. 
1) .  Identification of the initiating methio- 
nine codon was made on the basis of two 
criteria: multiple stop codons immediately 
5' to the methionine codon and an adjacent 
sequence similar to the plant consensus 
sequence for translational initiation (26). 

Of the 200-amino acid prosystemin, 
amino acids 179 through 196 encode sys- 
temin. Prosystemin contains a high per- 
centage of charged amino acids (aspartic 
acid, 10%; glutamic acid, 17%; lysine, 
15%) but very few hydrophobic amino 
acids and is therefore quite hydrophilic. 
We did not find a hydrophobic region at 
the NH,-terminus that resembled a leader 
peptide, and the posttranslational process- 
ing pathway and site of subcellular com- 
partmentalization of prosystemin are unde- 
termined. Neither the cDNA nor the 
deduced protein precursor sequences had 
homologs in either GenBank or the Euro- 
pean Molecular Biology Laboratory data 
bank. 

The putative processing sites bordering 
systemin did not conform to the consensus 
sequence for endoproteolytic processing 
sites flanking bioactive peptides in animal 
prohormone precursors (27). The animal 
consensus sequence was, however, found 
once in prosystemin at amino acid residues 
183 through 188, which are part of the 
mature systemin polypeptide. The half-life 
of systemin may be regulated by hrther 
processing at this site. In animal systems 
prohormones are often processed to yield 
multiple bioactive peptides (28, 29), al- 
though we have no evidence to suggest 
that other bioactive polypeptides are de- 
rived from prosystemin. 

Prosystemin is encoded by a single gene 
that consists of 11 exons and 10 introns 
(Fig. 2, A and B). The transcriptional start 

1 MGTPSYDIKNKGDDMQEEPKVKLHH 

26 EKGGDEKEKIIEKETPSQDINNKDT 

51 ISSYVLRDDTQEIPKMEHEEGGYVK 

76 EKIVEKETISQYIIKIEGDDDAQEK 

101 LKVEYEEEEYEKEKIVEKETPSODI 

176 EDLAVQSKPPSKRDPPKMQTDNNKL 

Fig. 1. Amino acid sequence of prosystemin (38). 
The systemin sequence is underscored with a dou- 
ble line. A polypeptide sequence element repeated 
five times is underscored with a single line. Gen- 
Bank accession numbers for prosystemin cDNA 
and gene are M84800 and M84801, respectively. 
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site was established by both primer exten- 
sion and mung bean nudease analysis. The 
first ten exons are organized as pairs, and 
the last (single) exon encodes systemin. 
The nucleotide sequence of each of the five 
exon pairs in prosystemin is homologous 
to that of every other pair, which suggests 
that they evolved by successive duplication 
or elongation events from a common an- 
cestor. Consistent with the exon repeats, a 
b to 9-amino acid imperfect repeat oc- 
curred five times within the deduced poly- 
peptide sequence (Fig. 1). The repeated 
polypeptide sequence is encoded within 
the first exon of each pair. In contrast, the 
18-amino acid systemin sequence occurred 
only once within the precursor, close to the 
COOH-terminus, and the sequence of the 
exon encoding systemin is unrelated to 
those of the other exons. 

To determine if prosystemin gene ho- 
mologs are found in other plant species, we 

B C 

kbp 1 2 3  kbp 1 2 3 4 5  

Fig. 2. (A) Structure of the prosystemin gene. 
The gene consists of a 104-bp 5' untranslated 
region, a 4176-bp coding region composed of 11 
exom (vertical bars) interrupted by 10 introns, 
and a 246-bp 3' untranslated region. The position 
of systemin is indicated by SYS. (B) Southern 
blot analysis of the praystemin gme. Tomato 
genomic DNA was isolated from leaves as de- 
scribed (39) and 5 pg were digested with either 
Eco RI (lane l), Bgl I1 (lane 2), or Sca I (lane 3). 
Samples were separated by electrophoresis on a 
0.8% agarose gel and then hybridized with nick- 
translated prosystemin CDNA (37). (C) Southern 
blot analysis of the species distribution of prosys- 
tcmin gene homologs. Genornic DNA (5 g )  
from tomato (lane l), potato (lane 2), tobacco 
(lane 3), alfalfa (lane 4), and Arabidopsis (lane 5) 
was digested with Eco RI and separated by elec- 
trophoresis on a 0.8% agarose gel. The gel was 
blotted onto nitrocellulose and probed with nick- 
translated prosystemin cDNA as described (37), 
except that the blot was washed at 55°C. 

performed Southern (DNA) and Northern 
blot analysis on genomic DNA and total 
RNA from three species known to possess 
wound-inducible proteinase inhibitors- 
potato (Solanum tuberosum, var. Russett 
Burbank) (12), tobacco (Nuotiana tabacum, 
var. Xanthi) (30), and alfalfa (Medicago 
sativa, var. Vernema) (13, 14)--and from 
one species, Arabidopsk thafiana, vir. Co- 
lumbia, in which wound-inducible protein- 
ase inhibitors have not been reported. Of 
the four, a homolog of the prosystemin 
gene was identified only in potato (Fig. 
2C), the nearest relative to tomato. An 
mRNA species that hybridized to the 
prosystemin cDNA and comigrated with 
the tomato prosystemin mRNA was also 
identified in potato. We were unable to 
detect a homolog in the others even at 
greatly reduced hybridization and wash 
stringencies (3 1 ) . 

Next, we investigated the possibility that 
the prosystemin gene, itself, might be 
wound-inducible. We used Northern blot 
analysis to examine the amount of prosys- 
temin mRNA and Inhibitor I mRNA in 
leaves of wounded tomato plants (Fig. 
3A). Prosystemin mRNA accumulated in 
the upper, unwounded leaves of young 
tomato plants that had been wounded on 
the lower leaves, demonstrating that 
prosystemin mRNA, like Inhibitor I 
*A, is systemically wound-inducible. 
Amounts of prosystemin mRNA were 
highest 3 to 4 hours after wounding, 
whereas Inhibitor I mRNA was most 
abundant 8 to 10 hours after wounding. 
Although Inhibitor I mRNA was absent 
from the leaves of unwounded tomato 
plants, a small amount of prosystemin 
mRNA was detected there (Fig. 3A), 
which may provide a continuous supply of 
systemin and allow the plant to respond 
immediately to wounding. Accumulation 
of prosystemin mRNA in unwounded as 
well as wounded tissue may amplify the 
ability of the plant to react to subsequent 
damage. Continued damage by insect at- 
tacks would therefore liberate more sys- 
ternin from the newly synthesized precur- 
sor than initial wounds, resulting in 
increased synthesis of proteinase inhibitors 
as the attacks persist. Because the initial 
rate of accumulation of prosystemin 
mRNA was faster than that of Inhibitor I 
mRNA in response to wounding (Fig. 
3A), some aspects of the signal transduc- 
tion pathways activating the two genes 
may differ. 

Because prosystemin mRNA was found 
throughout the plants except their roots 
(Fig. 3B), wounding of any aerial part 
would be expected to result in the systemic 
induction of proteinase inhibitor synthesis, 

although we have observed the induction 
of proteinase inhibitor synthesis in tomato 
leaves in response to wounding of their 
roots (32). It is possible that their roots 
either contain a small amount of prosys- 
temin mRNA or use a different wound 
signal or signals to activate proteinase in- 
hibitor genes in the leaves. The prosys- 
temin mRNA signal in unwounded leaves 
is stronger in Fig. 3A than in Fig. 3B. This 
difference may reflect a higher constitutive 
prosystemin mRNA level in mature plants 
or, more likely, differences in the specific 
activities of the probes and in the exposure 
times of the two blots. 

To determine if the prosystemin gene 
product is important in the signal trans- 
duction pathway leading to the expression 
of proteinase inhibitor genes in tomato 
leaves, we transformed tomato plants with 
a prosystemin antisense gene. The chimeric 
gene was composed of prosystemin cDNA, 
in the antisense orientation, under the con- 

A Hours after wounding 
0 0.5 1.5 3 6 9 12 24 

SYS 

Inh-1 - 

Flg. 3. (A) Northern blot analysis of the induc- 
tion of prystemin mRNA and Inhibitor I 
mRNA after wounding. Thirty-two young toma- 
to plants were wounded 3 weeks after germina- 
tion. The plants had an upper and a lower leaf and 
a small apical leaf. The lower leaf was wounded 
and mRNA was isolated from the upper, un- 
wounded leafat 0.5,1.5,3,6,9,12, and 24 hours 
after wounding. Four plants were used at each 
time. Total RNA (5 g )  at each time was sepa- 
rated by electrophoresis on a 1.4% agame-form- 
aldehyde gel and blotted onto nitrocellulose. The 
blot was probed simultaneously with nick-trans- 
l a d  prosystemin (SYS) and Inhibitor I (Inh-1) 
CDNAs (37). (B) Northern blot analysis of the 
dismbution of prosystemin mRNA in various 
pars ofan unwounded, I l ly  grown tomato plant. 
Total RNA was extracted from the following 
parts: root (Rt); stem (St); petiole (Pt); leaf(le); 
sepal (Se); petal (Pe); stamen (Sm); and pistil 
(Pi). Total RNA (5 pg) from each sample was 
separated by electrophoresis and blotted as de- 
scribed in (A). The blot was probed with nick- 
translated prystemin cDNA (37). 
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we performed in vivo exonuclease I11 foot- 
printing in combination with linear ampli- 
fication by Taq polymerase (5, 16). Nuclei 
were isolated from cells incubated in the 

Transcription Factor Loading on the MMTV Promoter: 
A Bimodal Mechanism for Promoter Activation 

The mouse mammary tumor virus (MMTV) promoter attains a phased array of six 
nucleosomes when introduced into rodent cells. This architecture excludes nuclear 
factor l/CCAAT transcription factor (NFl/CTF) from the promoter before glucocor- 
ticoid treatment and hormone-dependent access of nucleolytic agents to promoter 
DNA. In contrast, when the promoter was transiently introduced into cells, NFl/CTF 
was bound constitutively and nucleolytic attack was hormone-independent. Thus, 
induction at this promoter was a bimodal process involving receptor-dependent 
remodeling of chromatin that allows NFl/CTF loading and direct receptor-mediated 
recruitment of additional transcription factors. 

E UKARYOTIC DNA IS PACKAGED 

into chromatin (1-3), which can 
confer selective access of regulatory 

factors to their DNA binding sites (4-6). 
Thus, the structure of eukaryotic DNA in 
chromatin may be important in its interac- 
tion with soluble transcription factors (6- 
9). When the MMTV promoter is stably 
introduced into cells, it acquires a series of 

(GR) and NF1. Hormone induction of the 
promoter results in hypersensitivity around 
nuc-B to  endonucleases, chemical agents, 
and restriction endonucleases (3, 6). In 
parallel with this structural transition, hor- 
mone-dependent loading of a transcription 
preinitiation complex including NF1 has 
been demonstrated in vivo (5). 

The exclusion of NF1 from promoter 

tion, including the glucocorticoid receptor 

Hormone Action and Oncogenesis Section, Laboratory 
of Molecular Virology, National Cancer Institute, Be- 
thesda, MD 20892. 

transient transfection of a nonreplicating 
plasmid. The MMTV promoter, driving a 
reporter gene, luciferase (LUC), was tran- 
siently introduced into cells that had a 
stably replicating copy of the identical 
MMTV long terminal repeat (LTR) driv- 
ing a second reporter gene, chlorampheni- 
col acetyl transferase (CAT). Expression 
from each of the two classes of MMTV 
promoter was examined by use of reporter- 
specific primers for primer extension and 
the respective enzyme assays. The assays 
demonstrated that both promoters are ac- 
tive and strongly hormone inducible (Fig. 
1). The degree of induction from the stable 
promoter was three- to fourfold greater 
than that from the transient construct (13), 
raising the possibility that the transient 
promoter may be derepressed (14, 15). 

To monitor NF1-template interactions, 

six positioned nucleosomes~ (3, 10). One of DNA in noninduced cells was buzzling, 
these nucleosomes (nuc-B) is positioned given its high affinity for its binding site on 
over binding sites for a group of transcrip- purified MMTV DNA (1 1). Further, no 
tion factors involved in promoter activa- alterations in NF1 nuclear concentration or 

*Present address Departments of Obstetr~cs and Gyne- 
cology and B~ochem~stty, Uruvers~ty of Western On- 
tano, London Reg~onal Cancer Centre, London, On- 
tarlo, Canada N6A 4L6 
tTo whom correspondence should be addressed 

intrinsic binding affinity accompany hor- 
mone activation (12). Thus, we tested 
whether NF1 was excluded from the tem- 
plate by nucleoprotein structure before the 
hormone-dependent remodeling of the 
chromatin. We compared the interaction of 
NF1 with MMTV DNA organized in sta- 
bly replicated chromatin and with an iden- 
tical promoter introduced into the cell by 

presence or absence of dexamethasone and 
digested with a restriction enzyme whose 
cleavage site was in a nucleosomal linker 
(6). The nuclei were digested with Exo 111, 
the DNA was purified, and positions at 
which Exo I11 digestion was blocked were 
detected by extension with gene-specific 
primers that hybridized downstream of the 
anticipated Exo I11 boundary. We con- 
firmed the previously reported finding ( 5 )  
that NF1 was excluded from its binding 
site in the absence of glucocorticoid treat- 
ment on stable chromatin templates (Fig. 
2, lane 2). Administration of dexametha- 
sone resulted in a hormone-dependent Exo 
I11 block at position -82 (Fig. 2, lane 4). 
Hormone-dependent occupancy of the 
NF1 site in vivo was confirmed by deoxy- 
ribonuclease I footprinting (15). 

In contrast, NF1 was constitutively pre- 
sent on transient DNA templates (Fig. 2, 
lanes 5 and 6).  Digestion by Exo I11 was 
blocked at the NF1 site in cells in the 
absence of hormone. Furthermore, hor- 
mone induction produces no increase in 
occupancy at the NF1 site. Thus, in nuclei 
isolated from the same cells, the MMTV 
promoter was organized into two distinct 
classes with respect to NF1 loading (Fig. 2, 
lanes 2 and 4 through 6) .  

We examined the status of factors down- 
stream of the NF1 site with the use of an 
Exo I11 entry point at + 107 of the promot- 
er, a site that was specific for the transient 
template (6). Digestion with Exo I11 re- 
vealed a stop at position - 56 (Fig. 2, lanes 
7 and 8), which corresponded precisely to 
the 3' Exo I11 boundary of NF1 deter- 
mined in vitro (5, 12). Identification of the 
3' boundary of NF1 in vivo confirmed the 
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