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ABSTRACT Deletion analysis from the 3' to the 5' end of
the promoter region of the wound-inducible potato proteinase
inhibitor IIK gene has identified a 421-base sequence at -136
to -557 that is necessary for expression. Utilizing DNA band-
shift assays, a 10-base sequence within the 421-base region was
found to bind a nuclear protein from wounded tomato leaves.
This 10-base sequence is adjacent to an 8-base consensus
sequence at -147 to -155 that is present in the promoter region
of several elicitor-inducible genes from various other plants.
The evidence suggests that a complex set ofcis- and trans-acting
elements within the -136 to -165 region of the potato IIK gene
may be involved with the signaling mechanisms that regulate
the inducibility of this gene in response to pest and pathogen
attacks.

Two nonhomologous proteinase inhibitors, inhibitor I and
inhibitor II, are induced by wounding in both potato and
tomato plants (1, 2). The induction of the inhibitors in
response to wounding is systemic, as both inhibitors are
synthesized in unwounded as well as in wounded leaves (3,
4). Synthesis of the inhibitor proteins and mRNAs in re-
sponse to wounding is regulated at the level of transcription
(5). Genes encoding the proteinase inhibitor I and II proteins
have been isolated from both potato (6, 7) and tomato (8) and
a chimeric gene containing the 5' promoter region of the
potato proteinase inhibitor IIK gene, fused to the reporter
chloramphenicol acetyltransferase (CAT) gene, has been
demonstrated to be wound inducible in transgenic tobacco
plants (6, 9).
The mechanism by which the plant can signal proteinase

inhibitor gene expression is not well defined. Oligogalactur-
onides, isolated from tomato leaf cell walls, can induce the
expression of the proteinase inhibitor genes in leaves in the
absence of severe wounding when supplied through cut
petioles of excised plants (10). These oligogalacturonides,
cumulatively known as proteinase inhibitor-inducing factor,
are thought to be released from wounded tissues as early
signals in the pathway that ultimately leads to both localized
and systemic wound-induced expression of the proteinase
inhibitor genes (11). The uronides, however, may not be the
systemic signal, since they probably do not move systemi-
cally through the plant (12). This implies that a second
systemic signal must be regulating the systemic response
(13).

In this report we have used deletion analysis in stably
transformed plants to identify wound-inducible cis elements
of the 5' region of the inhibitor IIK gene. To identify
wound-inducible trans-acting proteins that might regulate
these elements, we have used gel-retardation assay with
fragments of the promoter region of the inhibitor IIK wound-
inducible gene and nuclear extracts from wounded and

unwounded tomato leaves. We have identified a sequence in
the promoter region of the gene that is necessary for gene
expression and that also binds a wound-inducible nuclear
proteint.

MATERIALS AND METHODS
Bacterial Strains and Plant Materials. Escherichia coli

strain MC1000 (14) was used as the host for routine cloning
experiments. Agrobacterium tumefaciens strain LBA4404
(15), carrying avirulent helper Ti plasmid pAL4404, was used
for the transformation of tobacco (Nicotiana tabacum cv.
Xanthi). Plants used for stable transformation were grown
aseptically in MS medium (16).

Generation of Deletion Mutants. A 923-bp Taq 1/Sca I
fragment carrying the proteinase inhibitor 11 5' control region
was ligated with a truncated nopaline synthase (nos) pro-
moter -101 (17) that was followed by the coding region of the
CAT gene and the terminator of the transcript 6b gene (17).
The 600 bp of stuffer sequence isolated from pUC plasmid
was inserted between the proteinase inhibitor II and nos
promoter to facilitate generation of deletion mutants. The
resulting plasmid pGA788 was opened at the unique Pst I site
located at the 3' end of the proteinase inhibitor II promoter
and treated partially with exonuclease BAL-31. The mole-
cules were cut at the unique Stu I site in front of the nos -101.
Self-ligation of these molecules removed the 600-bp pUC
sequence and generated a set of 3' deletion mutants of the
proteinase inhibitor II promoter, which were fused to the
truncated nos promoter. These plasmids were named
pGA814-xxx, where xxx is the deletion end point of each
mutant.
Transformation of Plants. The mutant plasmids, pGA814-

xxx, were cloned into a binary Ti plasmid vector, pGA628,
which is a derivative of pGA492 (18), with HindIII enzyme.
The plasmids were transferred into A. tumefaciens by the
direct DNA transfer method (19). Tobacco leaf slices were
transformed stably by the cocultivation method as described
(19). Leaves from the regenerated transformants were
wounded and CAT activity was measured by the TLC
method using [14C]chloramphenicol as described (19).

Nuclei Isolation and Protein Extraction. Tomato plants at
18-21 days (var. castlemart) were wounded three times at
1-hr intervals. Plants were harvested 6-8 hr from initial
wounding. Nongreen stem and root tissue from wounded
plants was also collected.

Nuclei were isolated by a method modified from ref. 20.
Plant tissue was ground to a fine powder in liquid nitrogen.
Nuclear extraction buffer [NEB; 10 mM Mes, pH 5.2/0.25 M
sucrose/10 mM NaCl/5 mM NaF/5 mM EDTA/2% dextran

Abbreviations: CAT, chloramphenicol acetyltransferase; PMSF,
phenylmethylsulfonyl fluoride.
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tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M29965).
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T-40/0.22 mM spermine tetrahydrochloride/0.6 mM disper-
midine triphosphate/22 mM 2-mercaptoethanol/0.024% Tri-
ton X-100/0.2 mM phenylmethylsulfonyl fluoride (PMSF)/
0.1% bovine serum albumin fraction V/leupeptin, pepstatin
A, chymostatin, and antipain (0.5 pug/ml each)] was added (4
ml per g of tissue) and the suspension was stirred at 40C for
30 min. The suspension was then homogenized with a poly-
tron twice (setting 5) for 30 sec each. The suspensions were
filtered successively through cheesecloth and then 300-,um,
100-,um, and 53-gm nylon mesh. The filtrate was centrifuged
at 1300 x g for 20 min in a Sorvall HB1000 centrifuge. The
pellet was resuspended in 50 ml ofNEB and transferred to a
50-ml tube and pelleted again. The pellet was resuspended in
20 ml ofNEB and 30 ml ofNEB/Percoll [NEB in 80% Percoll
(vol/vol) without dextran T-40 and 0.004% Triton X-100] was
added. The suspension was mixed by inversion and the nuclei
were pelleted by centrifugation at 1300 x g for 30 min.
Nuclear proteins were prepared from the crude nuclei pellet
essentially as described by Dignam et al. (21) except the
extraction buffer contained 20 mM Hepes (pH 7.9), 25%
(vol/vol) glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 M
NaCI, 0.5 mM PMSF, 0.5 mM dithiothreitol, and leupeptin,
pepstatin A, chymostatin, and antipain (0.5 ,tg/ml each), and
the dialysis buffer [20 mM Hepes (pH 7.9), 20% (vol/vol)
glycerol, 0.2 mM EDTA, 20mM NaF, 0.5 mM PMSF, and 0.5
mM dithiothreitol]. Dialyzed nuclear extracts were aliquoted
and frozen in liquid nitrogen and stored at -80°C. The
nuclear extracts were standardized by the Bradford protein
assay (32) and this was found to correlate well with nucleic
acid measurements (A260) and nuclei counting.
DNA Band-Shift Assays. DNA binding proteins were iden-

tified by the gel electrophoresis mobility retardation assay
(22, 23). DNA fragments used in the binding assays were
isolated from agarose gels using DEAE-cellulose membrane
(NA45; Scheicher and Schuell) (24). DNA fragments were
radioactively labeled by end-filling reaction with [32P]dCTP
(New England Nuclear) using the Klenow fragment of E. coli
DNA polymerase (25). Binding reactions were performed in
20-,ul volumes. Standard reaction mixtures contained 20 mM
Tris-HCl (pH 8.0), 3% (vol/vol) glycerol, 0.5 mM dithiothrei-
tol, 0.25 mM PMSF, 1 mM EDTA, 50 mM NaF, 4 ,ug of
poly(dI-dC)poly(dI-dC) (Pharmacia), 15 ,ug of protein ex-
tract, and 0.1-1 ng of end-labeled DNA fragment. After 10
min of incubation at room temperature, binding mixtures
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were separated by electrophoresis in 4% polyacrylamide gels
with 0.5x TBE (45 mM Tris-HCl/45 mM boric acid/1 mM
EDTA) as the gel and running buffer. Gels were dried and
exposed to film to visualize bands. When applicable, free and
bound bands were quantified using an LKB 2202 Ultrascan
laser densitometer.

RESULTS AND DISCUSSION
Deletion Analysis of the 5' Region of the Proteinase Inhibitor

II 5' Control Region. Previous research had demonstrated
that the element responsible for the wound-inducible expres-
sion of the potato proteinase inhibitor IIK gene is located in
a 923-bp Taq I/Sca I fragment (Fig. 1) of the 5' control region
(9). To identify the cis-acting regulatory elements controlling
expression of the proteinase inhibitor IIK gene, plasmid
pGA788 carrying the 923-bp fragment of the proteinase
inhibitor IIK promoter and the truncated nos promoter -101
was constructed. The 3' end of the proteinase inhibitor IIK
promoter was subjected to deletion mutagenesis as described
in Materials and Methods. The resulting plasmids carried a
fused promoter consisting of the proteinase inhibitor II
deletion mutants and the nos -101, which was connected to
a reporter CAT gene (Fig. 2A). The nos -101 promoter alone
is silent but it becomes active when fused to a functional
upstream regulatory element and the characteristics of the
hybrid promoter are similar to the promoter that provided the
upstream element (26). Therefore, we expected that the
functional hybrids would be wound inducible. Fig. 1 shows
the nucleotide sequence of the proteinase inhibitor IIK 5'
control region and the end points of five deletion mutants
used for this study. Six to 12 independent transgenic tobacco
plants carrying each deletion mutant were generated to
reduce a potential variation due to the insertion position.
Effects of deletions were studied by measuring expression of
the CAT reporter gene before and after wound induction
either in the presence or absence of sucrose. Sucrose en-
hances expression ofthe proteinase inhibitor II gene in potato
leaves and transformed tobacco (R. Johnson and C.A.R.,
unpublished data). Results in Fig. 2B demonstrate that trans-
genic tobacco plants carrying the 3' deletions -25, -48, and
-135 exhibited wound-inducible CAT activity and the induc-
tion was further enhanced by sucrose. However, the deletion
mutants, -557 and -717, did not respond to the wound

TCG KCCAATTC
. Taql

AAAGAACTTGTTCATTAATTATTATTTTTCCAGCAAAATGAAAATTTTTAGTTAGGATGATAAAATTTATCCAAATTTCT

ACCACCACCCAAAACTAAATCTTCCAATTCAGAAAAAATCATTCATTACAACTCTTGGATTTGTTTGTATGATGTGTTAG

AAGCAGAAATGGGTTTAAAAGGTGAATTAAATGGTATTTTTAACTAAAGAAATGAATGCGGGATATATTTAAGTTTTTTC
. 717 . . . .

AGATAATTCATGA2MATTTTATCCTCTTTCCGTGTGCAATAATAGAGTTCCAACTTAATTATCACGTGGACTTATAAGA
* . SspI . . .

AACCGATGCTGGATGATAATTATTTAAAAAAACAAGCAAGTCGGGGTCAGTACAGCTTGCTGAATAGGAGAAATTAAAGA
. 557 . . RsaI
TAGCAACCAGGAAAAGTTAAGAGCTTTTGGCTCCTCCGTCCAATTATAACCGTCCACTATATATATTTGAQC1CGTATT
* . . . HinfI
GAGAAACAATAAATAATAAGAATGATATTACTATATTACCTTTTGAATATATTAAATTTAATGCTTTGAAAAATATATTT

-320 GATAATGAATAATATCTAATA6aCAAGAATAAAATAGACACAAACAAGTAAAATTACTCATTGATCTTTCAAATTAGA
.Fnu4HI . . .

-240 CAAGTATTATCGGACATCTACTTTTAGTATAGTAAACAAGTAAAGATCGGATAAAGAGAGTAATAAAGAAGAAGCAAGCG
.165 .

-160 _AAAA TAATTAACTAACAAGCACATCTTTTTTTTTTTATCAAT ATAATAAAAATAATTTATATTAA
. RsaI . . 135 . . . SSPI

-80 TATGAAGAAAAAAAAGGTTTTAGTTTGCTATCTTTTTGATCACTCGTTTGCTATPAATAGGTGGAGGAGGACAGACACTC
.48 . z5

+1 TTCACCCCAAAATTAAAAGAAAAAGAGGCYArTAATTAATTATCCATCATG
SCaI

FIG. 1. Nucleotide sequence of the potato proteinase inhibitor IIK promoter region. Restriction enzyme sites used for the isolation of
fragments for the binding studies are in boldface type. The 3' deletion end points used for this experiment are indicated below the sequence
with arrowheads. The numbers indicate relative position to the transcription initiation site, +1. Single and double underlines show positions
of putative systemic wound-inducible sequence and uronide responsive sequence, respectively.
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FIG. 2. Deletion analysis of the proteinase inhibitor IlK pro-
moter. (A) Schematic diagram of the hybrid promoter between the
inhibitor I 5' control region and the nos promoter -101 that were
connected to the reporter molecule CAT gene. (B) Wound induction
of the hybrid promoter. Transgenic tobacco leaf was assayed before
(lanes a) and after wounding without (lanes b) or with (lanes c) 3%
sucrose. Among several transgenic plants, only results for a repre-
sentative plant for each deletion are shown. c, Chloramphenicol; ac,
acetylchloramphenicol.

induction, suggesting that within the 421 nucleotides between
-136 and -557 is located a portion or an entire sequence of
a regulatory element involved in the wound-inducible expres-
sion of the proteinase inhibitor IIK promoter.
Binding of Nuclear Proteins to the Inhibitor IUK Promoter.

Five adjacent nonoverlapping DNA restriction fragments
(Fig. 3a A-E), which together span the first 923 bp of the
inhibitor IIK 5' region, were isolated from pRT24 (6) by
restriction enzyme digestion and purification by agarose gel
electrophoresis. To isolate the fragments, pRT24 was di-
gested with restriction enzymes that have sites at the borders
of the fragments as shown in Fig. 3. In addition, for fragments
A and E the plasmid was digested with BamHI or Pst I,
respectively. These enzymes have sites in the polylinker
flanking the insert in pRT24 and allow for isolation of
fragments A and E. If necessary, overhanging ends were
filled in and the fragments were ligated individually into the
HincII, BamHI/HincII (for fragment A) or HincII/Pst I site
(for fragment E) or pUC18. For binding assays, these recom-
binant plasmids were digested with EcoRI and HindIII and
the promoter fragments were isolated from agarose gels. The
polylinker sequences contained in these fragments did not
alone show specific binding with nuclear extracts (data not
shown). In addition, DNA fragments isolated from the dele-
tion clones pGA814-135 and pGA814-165 were analyzed for
their abilities to bind tomato leaf nuclear proteins. The two
fragments F and G (Fig. 3a) differ only by an additional 30 bp
at the 3' terminus of fragment F. The seven DNA fragments
were end labeled with 32P and were used to seekDNA binding
proteins that were present in nuclear extracts prepared from
wounded tomato leaf tissue.

In band-shift assays, fragments A, B, E, and F exhibited
retarded bands (Fig. 3b), indicating that they bind to nuclear
proteins. The electrophoretic band shifts were eliminated by
either proteinase or heat pretreatment of the extract (data not
shown), providing evidence that the band shifts were caused
by a protein-DNA interaction. In the binding assays in Fig.
3, a band shift is seen when fragment F but not fragment G
is used in the assay, indicating that a nuclear protein binds in
the -136 to -165 region. Because this sequence is within the
region necessary for wound inducibility, we decided to focus
on the characterization of the DNA-protein interaction from
this area of the promoter.

Competition for Binding with Unlabeled DNA Fragments.
To better define the sequence needed for binding, unlabeled
DNA was added as a competitor to the binding reaction
mixtures containing either labeled fragment B or F. A 100-
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FIG. I. Nuclear protein binding to 5' flanking region of the
proteinase inhibitor II gene. (a) Restriction endonuclease site map of
potato proteinase inhibitor II gene 5' flanking region. Numbers above
map are bp. Zero coordinate was chosen as the transcription start
site. ATG indicates the translation start site. Fragments isolated and
used in the binding assays are indicated by solid lines below the map.
End points of fragments are shown below fragments. Fragment sizes
(in bp, including polylinker sequences) are as follows: A, 240; B, 300;
C, 150; D, 165; E, 310; F, 160; G, 130. (b) Binding assays. Assays
were as described in Materials and Methods; 1.3 fmol (0.12-0.25 ng
depending on size) of 32P-labeled fragment and 15 ,sg of nuclear
extract were used in each reaction. Fragment used in each reaction
is indicated above the lane.

fold excess of nonspecific competitors A, E. coli, and salmon
sperm DNA has no effect on the band shift seen with labeled
fragment F (Fig. 4a). Fragments from the promoter region
were also used as competitors in the binding reactions. Ofthe
fragments used, only unlabeled fragments B and F were able
to compete for the binding of the factor that binds to fragment
F (Fig. 4b). The same two fragments competed for binding of
the factor to fragment B (Fig. 4c), while excess amounts of
fragments A, D, or G did not affect the binding of the factor
with either fragment B or F. Thus, the binding site recognized
by the factor is present on fragments B and F, but not on
fragments A, D, or G.

Tissue Specificity of Binding Interaction. Nuclear extracts
prepared from different tissues of the tomato plant were
assayed for presence of the binding factor using fragment B
(Fig. 5). The specific binding activity in extracts from
wounded leaf was not detected in extracts made from stem or
root tissue; however, a different binding activity was ob-
served in root extracts. It is not known whether this root-
specific binding activity recognizes the same or a different
sequence on the fragment.

Botany: Palm et al.
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FIG. 4. Competition for DNA binding factor. 32P-labeled frag-
ments F and B (as indicated at top of figure) were used in binding
assays with unlabeled DNA fragments as shown above the lanes.
Binding assays contained 1.3 fmol of probe and 15 1Lg of extract. n.ex,
No extract added; -, no competitor added. (a) A 100-fold excess (wt
basis) of each competitor. A, Hinfl digested A DNA; E. coli, sheared
E. coli genomic DNA; salmon, Hinfl digested salmon sperm DNA.
(b and c) A 20-fold excess (molar basis) of the different unlabeled
fragments was added to the reaction mixture as indicated.

Protein binding activity detectable in nuclear extracts from
leaves of wounded tomato plants was always 2-5 times
greater than in extracts prepared from nuclei isolated from
leaves of unwounded plants (e.g., see Fig. 5). The binding
factor present in nuclear extracts prepared from unwounded
plants may have been induced by wounding that occurred
during preparation of the nuclei. It could also be a precursor
of the wound-inducible binding protein or a cofactor for the
response. Purification of the factor should resolve this ques-
tion.

Correlation of Deletion Analysis with DNA-Protein Binding
Assays. Both the deletion analyses and gel retardation assays
indicated that the region of the gene from -136 through -557
contains elements that regulate aspects of wound inducibility
of the proteinase inhibitor IHK gene. The combination of
results from the two analyses indicates that at least one of the
controlling elements is located between -135 and -165.
The gel-retardation assays indicated that a protein factor is

recognizing a specific sequence common to both fragments B
and F that is not present in either fragment G or A (Fig. 6),
and that at least part of this factor is wound inducible. The
sequence that meets this requirement is -156 to -165. At
least a portion of these 10 bp, AAGCGTAAGT, is essential
for binding, but the complete sequence could include some
flanking bases. The 10-bp region that is implicated in binding
the wound-inducible factor is directly adjacent to the se-
quence ACCTTGCC (Fig. 6), that differs by only 1 base to a
sequence identified by in vivo footprinting (27) as an elicitor-
inducible motif. This motif is also present in the 5' region of
several other elicitor- or light-inducible genes (Table 1; ref.
27). This leads to the speculation that wound-inducible trans
factors may be different than elicitor-induced trans factors.
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FIG. 5. Binding activity of nuclear extracts from different tomato
tissues. Assays were performed as described in Materials and
Methods. Probe for assays was fragment B. Nuclear extracts used in
assays are from tissues indicated above figure. n.ex, No extract; w.,
wounded; nw., leaves from unwounded plants; root, root tissue from
wounded plants; stem, lower stem tissue from wounded plants; 4.5
,ug of protein was used in the assay mixtures containing leaf extracts
and 9 Mig of protein was used in the assay mixtures containing stem
and root extracts.

Proteinase inhibitors that are systemically induced in plants
are probably induced via a systemic signal that is not an
oligosaccharide (12). It is possible that localized induction of
proteinase inhibitors may be regulated by oligouronides
(elicitors), whereas wounding may release an entirely differ-
ent signal that is rapidly transported throughout the plants,
inducing proteinase inhibitor synthesis via a different mech-
anism. Thus, the motif at -156 to -165 may bind a nuclear
factor generated by a noncarbohydrate systemic response,
while the elicitor-like motif may be regulated by the uronides
and chitosans that activate localized expression of other
defensive genes as well. Further analysis of this system
should be of considerable value in helping to sort out the
apparently complex mechanism that underlies the localized
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FIG. 6. The 30-base region identified by deletion and protein binding analyses to be important for expression. Shown above and below
sequence are the regions contained in fragments A, B, F, and G. The region underlined by the dotted line is necessary for binding a
wound-inducible nuclear protein. The region underlined with a solid line is the elicitor-responsive motif in Table 1.
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Table 1. Conserved nucleotide sequence in oligouronide and UV
light-inducible promoters

Sequence Position Source Ref.

ACCTTGCC -148 Potato PI-IIK This report
ACCTA CC -57 Parsley PAL-1 27
ACCTA CC -52 Snapdragon CHS 28
AGCTA CC -56 Corn C2 27
ACCTAACC -53 Corn CHS2 27
ACCAACCC -152 Parsley 4CL 29
ACCTA CC -67 Arabidopsis CHS 30
ACCTAACC -132 Parsley CHS 31

P1-IIK, proteinase inhibitor IlK; PAL, phenylalanine ammonia
Iyase; CHS and C2, chalcone synthase; 4CL, 4 coumerate:CoA
ligase.

and systemic regulation of proteinase inhibitor genes in
response to pest and pathogen attacks.
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