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Introduction

Plants are always exposed to diverse environmental stresses, among which wounding
may be the most crucial. To cope with wounding caused by mechanical injury, pathogen
attack and damage from herbivores and insects, plants have developed refined self-defense
systems in which wound signals are quickly transmitted from damaged tissues (local) to the
whole plant (systemic), allowing elaboration of a defense reaction. Over the past few decades,
numerous studies have been performed on the wound response mechanism. These studies
have investigated signal components and their interactions, and target genes and their
functions.

The chemical nature of wound signals has been intensively studied. Several
substances have so far been identified, including abscisic acid (ABA) (Pena-Cortes et al.,
1989; Hildmann et al., 1992), jasmonic acid (JA) (Farmer and Ryan, 1990), ethylene
(ODonrell et al., 1996), the small peptide systemin (Pearce et al., 1991), oligosaccharides
(Bishop et al., 1981) and reactive oxygen species (Bradley et al., 1992). In addition, physical
signals such as hydraulic change (Boari and Malone, 1993) and electric currents (Wildon et
al., 1992) have also been suggested to play a part.

Wound-responsive genes have also been reported. Their products have various
functions, including (i) hydrolysis of microbial cell wall components by PR-2 (B-1,3-
glucanase) and PR-3 (chitinase), (ii) phenylpropanoid synthesis by phenylalanine ammonia-
lyase and chalcone synthase, (iii) reinforcement of the plant cell wall by extensin and
peroxidase, (iv) ethylene synthesis by 1—aminocyclopropane-l-carboxylate (ACC) synthase
and ACC oxidase, and (v) interference of digestion of herbivores by proteinase inhibitors
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(PIs) (Green and Ryan, 1972; Me;uch et al., 1988; Hahlbrock and Scheel, 1989; Kende; H.,
1993; Showalter, A.M., 1993). Expression of the PI genes, in particular, has been widely used
as an indicator of the wound response pathway, although the transcripts begin to accumulate
several hours to a day after wounding.

In recent years, there has been growing interest in molecular events occurring in very
early stages of wound response, which triggers whole series of defense reactions, and several
immediate-early responsive genes that are induced within an hour after wounding have been
identified (Table 1). Transcripts of the tobacco WIPK gene encoding a mitogen-activated
protein (MAP) kinase homolog begin to accumulate as early as 1 min after wounding in local
and systemic leaves (Seo et al., 1995). Expression of the tobacco ERF3 and tomato TWIi
genes encoding an ethylene-responsive transcription factor and a glucosyl transferase,
respectively, is induced within 30 min after wounding (O'Donnell et al., 1998; Suzuki et al.,
1998). Such immediate-early responsive genes provide valuable tools to understand signal
transduction in early wound response pathways. In addition, contribution of novel genes
encoding polypeptides with no strong similarity to any established gene products have been
reported. Arabidopsis ATHCORI gene transcripts are induced by methyl jasmonate and
wounding within 30 min (Benedetti et al., 1998). Although the function of ATHCOR1 with a
potential ATP-/GTP-binding site remains unclear, this finding provided additional insights

into molecular mechanisms of early wound response.



Table 1. Immediate-early wound-respbnsive genes

Gene Plant Features of encoded polypeptide Other inducers Reference

WIPK tobacco MAP kinase TMV infection Seo et al., 1995

BCM1 Brassica napus calmodulin touch Oh et al., 1996

AWis Arabidopsis unknown Yang et al., 1997

LoxD tomato lipoxygenase systemin, MJ Heitz et al., 1997
MMK4 alfaifa MAP kinase Bogre et al., 1997

AR2 Arabidopsis P450 reductase light Mizutani and Ohta, 1998

ATHCOR1 Arabidopsis unknown coronatine, MJ Benedetti et al., 1998

ERF3 tobacco transcription factor CHX Suzuki et al., 1998

TWI1 tomato glucosyl transferase SA, pathogen O'Donell et al., 1998
AtCBL1 Arabidopsis calcineurin B-like protein drought, cold Kudla et al., 1999

CaM tomato calmodulin systemin, MJ, LNA  Bergey and Ryan, 1999
CMBP tomato chioroplast mRNA-binding protein flaming Vian et al., 1999

SA: salicylic acid, MJ: methyl jasmonate, CHX: cycloheximide, LNA: linolenic acid

To cast further light on the early stage of the wound response, I have conducted

fluorescent differential display (FDD) screening in order to identify as many wound-

responsive genes as possible (Figure 1). In this thesis, I describe (i) the isolation and

characterization of wound responsive genes by FDD screening, (ii) characterization of two

novel immediate-early wound-responsive genes, KED and WIZZ, which encode a highly

hydrophilic protein and WRKY family transcription factor with a zinc finger motif,

respectively, (iii) isolation and analysis of promoters of both genes, and (iv) analyses of the

early stage of the wound response using immediate-early wound-responsive genes as the

marker.



Wound Response

Signal Components Target Genes
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Figure 1. Strategy for this study to understand the early wound response.



Chapter 1

Screening of Early Wound Responsive Genes by FDD

In order to understand the general aspects of the early stage of wound response, it is
desirable to catalog as many as possible of the genes whose expression is induced at very
early stage, and to determine their temporal and spatial expression patterns. Functional

interactions among their products can be then hypothesized.

MATERIALS AND METHODS

Plant and Treatments

Tobacco plants (Nicotiana tabacum cv. Xanthi nc) were grown in a greenhouse at 23°C under
a 14 /10 h light/dark photocycle. Wounding was performed by cutting the mature leaves of
2-month-old tobacco plants into pieces with a pair of scissors. The resulting leaf fragments
were floated on water. The samples were harvested at an appropriate time point, immediately

frozen in liquid nitrogen and stored at -80°C.

Fluorescent Differential Display
The fluorescence differential display (FDD) method was performed described (Ito et al.,
1994; Tto and Sakaki, 1996) with a modification. Total RNA was isolated from tobacco plants

grown in a controlled environmental room at 23C under continuous light for a week. The first



strand cDNA was synthesize*:d with one of the 3'-anchored oligo(dT) primers (5'-GT 1 sVA-3' or
5-GTsVC-3' ; V is a mixture of A, C and G). The second strand synthesis and polymerase
chain reaction (FDD-PCR) were performed with rhodamine-labeled 3'-anchored primers
(TaKaRa Shuzo, Japan) and 10-mer arbitrary primers ( Operon Technologies, Inc., USA). The
reaction was carried out with 94°C 3 min, 40°C 5 min, 72°C 5 min, followed by 25 cycles of
95°C 15 sec, 40°C 2 min, 72°C 1 min, and 72°C 5 min for a final extension.

The resulting products were fractionated on a denaturing polyacrylamide gel. After
electrophoresis, fluorescent image was analyzed on an FM-BIO (TaKaRa Shuzo, Japan). The
gel fraction containing the cDNA fragments of interest was excised and suspended in TE
buffer. The cDNA fragments were eluted by boiling, precipitated with ethanol and re-
amplified by PCR with the same pair of primers as used for the first amplification. The
resulting product was subcloned.

To eliminate false positive clones, co-migration test (Ito and Sakaki, 1996) and
Southern analysis were carried out. The cloned cDNA inserts co-migrated at the same
position as the original wound-responsive products were primarily selected. The gel used in
the co-migration test was subjected to semi-dry gel blotting, followed by hybridization with
the selected cDNA probe. The cDNA clone exhibiting the same wound-responsive pattern as

displayed in FDD was finally selected and further analyzed.

RNA Gel Blot Analysis
Total RNA was isolated by the ATA method (Gonzalez et al., 1980), fractionated on

formaldehyde 1% gel and transferred to a nylon membrane (Hybond-N, Amersham). After



crosslinking by UV i;radiation, hybridization was carried out at 42 °C for 1”6 h in a solution
containing *’P-labelled cDNA probe, 1 mM EDTA, 0.5% SDS, 50 mM Tris-HC] pH7.5,1x
Denhardt's, 3 x SSC, 50% formamide, 10% dextran sulfate, 0.1 mg/ml denatured salmon
sperm DNA. The membrane was washed with 0.5 x SSC, 0.1% SDS at 65 °C and
autoradiographed. Signal was also visualized with a Fujix BAS-2000 (Fuji Film Co., Ltd,
Japan). The cDNA probes were labeled by random labeling method (BcaBEST Labeling Kit,
TaKaRa). The cDNA for WIPK cDNA was provided by Y. Ohashi. The cDNAs for PI-II and

actin were prepared in our laboratory.

5'-RACE

The missing 5' ends of ¢cDNA fragments were obtained using the 5-RACE (rapid
amplification of cDNA ends) system according to the manufacturer's instructions (Marathon
cDNA Amplification Kit; Clontech). Total RNA was isolated from tobacco leaves harvested
0.5, 1, 3 and 6 h after wound treatment. Poly(A)+ RNA was isolated according to the
manufacturer's instructions (PolyATtract mRNA Isolation System; Promega). After double-
stranded cDNA synthesis and adapter ligation, PCR was performed with gene-specific

primers as follows: 5-GAGCAAGAGCAACACGGATACAAC-3' for Al, 5'-

CATTACTCCATCGTGTGCCTTCAGGTC-3' for A7, 5'-
TTCCTGAAATGGCAGCAGCAAGTG-3' for C10, 5'-
CCACTTTGACCCCAATAAATGGCTCC-3' for Cl13, 5-

CATTGCTCGTCATATGTGCAACGTCC-3' for C20. The RACE products were recovered

and subcloned into a cloning vector.



Sequencing A;lalysis

DNA sequencing was performed using a Dye Deoxy Terminator Sequencing Kit (ABI) and a
sequencer (model 373, ABI). Sequences were analyzed using GeneWorks software
(IntelliGenetics) and compared in non-redundant databases by using the BLAST program

(Altschul et al., 1990).

RESULTS

Screening of Wound-Responsive Genes

To screen and isolate genes that are regulated at the early stage of wound response,
fluorescence differential display (FDD) was adopted because of its convenience and
suitability for mass screening. Total RNA samples were extracted from tobacco leaves
harvested 0, 15, 45, 90 and 180 minutes after wounding, and were converted into cDNAs.
Using two fluorescence-labeled anchored primers in combination with 32 arbitrary primers,
64 independent FDD-PCRs were performed. The FDD-PCR products were electrophoretically
separated and visualized by an image analyzer. From the differences in displayed patterns, 28
cDNA fragments were initially found to change their levels within 3 h after wound treatment
(Figure 2). Among them, eleven cDNA fragments were cloned, sequenced and further
characterized by RNA gel blot analysis (Figure 3). Full length cDNAs of five clones (Al, A7,
C10, C13 and C20) were obtained by 5'-RACE, and their sequences were determined. Results

of sequence analyses are summarized in Table 2.

-10 -



12345 678910

C13

Figure 2. Screening of wound responsive transcripts by FDD.

Sample leaves were harvested at time O (lanes 1 and 6), 15 min (lanes 2 and 7), 45 min (lanes 3
and 8), 90 min (lanes 4 and 9), and 180 min (lanes 5 and 10) after wound treatment. After total
RNA extraction, cDNAs were synthesized and FDD-PCR using the GT,sVC anchored primer with
two arbitrary primers, OPA 19 (lanes 1 to 5) and 20 (lanes 6 to 10) was performed. Signals were
detected on the FM-BIO image analyzer. Arrowheads indicate the wound responsive transcripts.
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min hour

0O 10 30 1 3 6 12 24 36 48

Figure 3. Time course analysis of clones identified by FDD.
RNA blot containing 35 pg RNA per lane was subjected to hybridization with *P-labeled cDNA

probe as indicated. .
PI-II encodes proteinase inhibitor II from tobacco, WIPK encodes a MAPK homolog from tobacco.
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" Table 2. Clones identified by FDD

Clone Size of FDD Size of cDNA clone Encoded protein Highest-Scored Homology
fragment (bp) (bp) (amino acids)
R 89% Identity with myo-inositol-1-phosphate
Al 195 1,974 510 synthase of M. crystallinum |
A5 219° nd nd No significant similarity found
KED (A7) 279 1,778° 513 No significant similarity found
85% Identity with cysteine-rich extensin-like
d
A8 227 nd nd protein of N.tabacum *
WIZZ (C10) 284 1,251° 356 35% Identity with ABF2 of oat'
Cc13 247 1,540' 317 No significant similarity found
57% Identity with proteinase inhibitor i of L.
c14 286" nd nd esculentum ™
Cci15 227 nd nd No significant similarity found
90% Identity with chioroplast carbonic anhydrase
h
c19 708 nd nd of N. tabacum *
o I )
c20 408 844! 205 44 /u Idoentlty with 21kD protein precursor of M.
sativa
PHI-1 (6-1) 607 nd nd Identical to phosphate-induced gene, PHI-1 , of

N.tabacum »

*PAccession number: "A7 AB009881, A5 AB009882, °KED AB009883, ‘A8 AB009884, "WiZZ AB028022,'C13 AB009885, 9C14
AB009886, "C19 AB009887,'C20 AB0O098SS, 'U32511, .13439, 748431, "X94948, "L19255, °Y11553, PAB018441

nd: not determined

Properties of Cloned cDNAs

The transcript level of the Al clone decreased upon wounding, but recovered to the
basal level at 24 h and 48 h after wounding. The nearly full-length A1 ¢cDNA encodes a
protein with 510 amino acids which has a high similarity to myo-inositol 1-phosphate
synthase (Figure 4A). The level of A5 transcripts gradually decreased within 6 h of wounding
and remained at a low level thereafter.

A7, C10, C15 and 6-1 transcripts began to accumulate as early as 10 min after

wounding and reached a maximum level within 1 h and decreased 3 h after wounding.
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Because of its early temporal resl;onse to wounding, A7 and C10 were further character.ized
in Chapter II.

The transcript level of A8, which encodes a peptide with a high similarity to the C-
terminus of cysteine-rich extensin-like proteins from tobacco (Figure 4B) (Wu et al., 1993),
gradually increased 1 h after wounding and reached a maximum level at 36 h. The level of
C13 transcripts decreased 1 h after wounding and then gradually increased throughout the
period examined. The transcript level of C14, which encodes a 44-amino-acid protein with
high similarity to proteinase inhibitor class II (PI-II) from tomato and tobacco (Figure 4C)
(Balandin et al., 1995; Gadea et al., 1996), increased 3 h after wounding and declined
thereafter to the initial level.

Transcripts of C19, which encodes a chloroplastic carbonic anhydrase (CA) (Figure
4D) (accession numbers L.19255 and M94135) were not detected in healthy leaves, but
gradually increased after wounding. The level of C20 transcripts increased 30 min after
wounding and reached a maximum level within 12 h. The deduced amino acid sequence of
the C20 transcript showed some similarity with 21 kDa proteins (Figure 4E) (accession

numbers X52395, Y11553, X80342 and L12245).
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Figure 4. Protein sequence alignment of FDD clones.

Comparison of the derived protein sequences of cDNA clones with sequences from the
GenBank/EMBL databases. Filled boxes indicate where the majority of the genes show the same
sequence. Shaded boxes indicate where the majority of the genes show the similar sequence. The
consensus amino acid residues are marked with astarisk. (A) Multiple alignment of similar proteins
to myo-inositol 1-phosphate synthase protein sequences showing similarity to Al. Sources:
U30250 from Arabidopsis; U66307 from Brassica napus, U32511 from Mesembryanthemum
crystallinum (ice plant); Z11693 form Spirodela polyrrhiza (duckweed). (B) Multiple alignment of
exteinsin-like protein sequences showing similarity to A8. Sources: L13439, L13440, L13441,
113442, 1.13443 from Nicotiana tabacum. (C) Multiple alignment of proteinase inhibitor II protein
sequences showing similarity to C14. Sources: X94946 from Lycopersicon esculentum, X94946;
729537 from N. tabacum. (D) Multiple alignment of carbonic anhydrase protein sequences
showing similarity to C19. Sources: L19255 and M94135 from N. tabacum. (E) Multiple
alignment of amino acid sequences showing similarity to C20. Sources: X52395 from Daucus
carota, Y11553 from Medicago sativa.
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DISCUSSION

Using two anchored primers in combination with 32 arbitrary primers, we performed
64 independent FDD-PCRs, by which approximately 100 individual cDNAs, which are
visualized as signal bands, were analyzed per lane. Through this screening, 28 bands were
found to show diverse wound-responsive patterns, such as a rapid decrease or a transient
increase in transcript accumulation. Assuming that a total of 15,000 individual transcripts are
present in the leaf tissues examined, over 450 combinations of primers for FDD-PCR are
theoretically necessary in order to screen all the available transcripts with 95% probability
under our sampling conditions (Ito and Sakaki, 1996). Since we obtained 28 positive clones
from 64 independent FDD-PCRs, which would cover more than 2,100 individual transcripts,
it can be estimated that nearly 200 genes are differentially expressed in a tobacco leaf within 3
h after wounding. This is much higher than the number of genes so far known to be involved
in the wound response mechanism, but a response of this magnitude may be necessary for
plants to cope with wound stress.

The eight clones further characterized were categorized into three groups: (i) genes
known to be defense-related (A8, C10, C14 and C20); (ii) genes so far not known to be
related to wounding (A1, C19 and 6-1); and (iii) unidentified genes (A5, A7, C13 and C15).
The gene products of the first group are apparently involved in defense, because extensins are
well known to reinforce cell walls, and proteinase inhibitors cause indigestion in herbivores
(Hilder et al., 1987; Johnson et al., 1989; Lagrimini and Rothstein, 1987; Memelink et al.,

1993; Mohan and Kolattukudy, 1990; Urwin et al., 1995). Transcripts of Arabidopsis
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homologs of the C20 gene are reported to be induceci by stresses such as pathogen attack (Yu
and Ausubel, unpublished; Yang, et al., 1995).

Genes in the second group offer a novel view of the wound response mechanism.
The cDNA sequence of Al has a high similarity to that of the gene encoding myo-inositol 1-
phosphate (Ins-1P) synthase, which converts glucose 6-phosphate into Ins-1P in the pathway
of inositol biosynthesis. Ins-1P, essential for formation of phospholipids, is the substrate for
synthesis of plasma membrane phosphoinositides, which are also involved in signal
transduction as second messengers (Gross and Boss, 1993). Genes encoding Ins-1P synthase
have so far been isolated from ice plant, citrus and duckweed (Smart and Fleming, 1993;
Abu-Abied and Holland, 1994; Ishitani et al., 1996). Transcript levels were increased by
treatment with ABA in duckweed and with NaCl in ice plant, and were regulated in a diurnal
fashion in ice plant and citrus. These observations together with our results suggest that Ins-
1P functions in stress response by modulating its level depending on external signals.

The ¢cDNA sequence of 6-1 is identical with that of the phosphate-induced gene,
PHI-1, from tobacco (accession number AB018441: Sano et al., 1999). The PHI-1 transcripts
are rapidly induced by addition of phosphate in phosphate-starved cells. The predicted PHI-1
gene product showed no significant homology with anything in the database, indicating that
PHI-1 belongs to a novel class of genes. However, the N-terminal region of PHI-1 has some
homology with ATP-binding site of plasma membrane H*-ATPases of fungi and plants.
Although PHI-1 is not an ATPase in overall structure, PHI-1 is thought to have some role in
phosphorylation. The rapid induction of PHI-I upon wounding is discussed in Chapter IV.

The cDNA sequence of C19 is identical with that of the chloroplastic carbonic
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anhydrase (CA) gene from tobacco (accession 1;umbers L.19255 and M94135). In animal cells,
CA plays a critical role in maintenance of homeostasis by pH regulation, by CO, and HCO,
transport, and by water and electrolyte balance (Sly and Hu, 1995). In plants, however, its role
is not necessarily clear. In C, plants, CA was suggested to couple with the PEPC pathway,
which is required for CO, fixation (Kurkdjian and Guern, 1989). Within the chloroplast of C,
plants, CA was postulated to function in buffering the stromal environment by
hydration/dehydration reactions (Majeau and Coleman, 1991). Induction of CA upon
wounding suggests a new function related to maintenance of plant cellular homeostasis.

In the third group, transcript levels of the AS and C13 clones decreased on wounding,
suggesting that the wound response of the A5 and C13 genes is not direct but rather indirect,

caused by, for example, decline of metabolic activities.
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Chapter II

Characterization of Immediate-Early Wound-Responsive Genes

The accumulation patterns of A7 and C10 transcripts are distinct, showing a rapid
increase within a few minutes after wounding followed by a rapid decrease 1 h later. This
suggests that the A7 and C10 gene products may play critical roles in the early stage of
wound response. To make clear functions of these immediate-early wound-responsive gene

products, both genes were further isolated and characterized.

I1-1 Highly Charged Protein Encoded by A7

MATERIALS AND METHODS

Plant and Treatments

Tobacco plants were grown as described in Chapter 1. Wounding was performed by cutting
mature leaves across the midrib with a pair of scissors. The wounded leaf and upper
unwounded leaf were harvested atv an appropriate time point, immediately frozen in liquid

nitrogen and stored at -80°C.

¢DNA Cloning

The almost full-length cDNA was amplified by RT-PCR with the specific primers (5'-
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GGATGCCTTGGAGAAATTAAA(;JGCACATTGACG-3' and 5’-GACAGTGGAAGGGAA;A
GGTATACACAACGACAG-3") and cloned. The nucleotide sequence was determined by the
dideoxy chain termination method (ABI PRISM Dye Terminator). Editing of DNA sequences
and amino acid sequences were carried out on a computer software (GeneWorks;
IntelliGenetics, CA), with comparison to non-redundant data bases by the BLAST program on

network servers (Altschul et al., 1990).

RNA Gel Blot Analysis
RNA blot analyses were performed as described in Chapter I. RNA blot containing 40 pg

RNA per lane was subjected to hybridization with **P-labeled cDNA probe.

RESULTS

A7 Encodes a Highly Charged Protein, KED

A nearly full-length cDNA of A7 was obtained and its putative amino acid sequence
was determined (Figure 5A, B). The deduced polypeptide was rich in lysine (K; 34.7%),
glutamic acid (E; 24.95%) and aspartic acid (D; 12.48%), which constituted up to 70% of
total amino acids. The A7 gene was designated as KED. This amino acid composition makes
the KED gene product a highly charged protein. A hydropathy plot shows that the KED
polypeptide is extremely hydrophilic and is divided into two regions: a highly hydrophilic N-

terminal region (amino acids 1-372, pI = 5.40) and a relatively hydrophobic C-terminal region
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(amino acids 373-513, pI = 9.33) (Figure 5C). Another distinct feature of tile KED
polypeptide is that acidic amino acids form small clusters, and so do basic amino acids. These
clusters alternate (Figure 5D).

Southern hybridization indicated that one copy, or at most two copies, of KED is
present in the genome of N. tabacum (data not shown). The KED transcripts were rapidly
accumulated in wounded leaves of Nicotiana sylvestris, which is one of the ancestral species
of N. tabacum (data not shown). This suggests that at least one copy of KED originated from

N. sylvestris.
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Figure 5. Sequences and structural features of the KED gene product.

(A) DNA sequence of the KED cDNA along with the deduced amino acid sequence. The nucleic acids are
presented on the top line and the derived one-letter amino acid sequence is shown below. The stop codon is
indicated by an astarisk. The circles indicate hydrophobic residues in the putative leucine zipper motif. The
accession number is AB009883. (B) Amino acid sequence of the KED gene product. The circles indicate
hydrophobic residues in the putative leucine zipper motif (red). Lysine, glutamic acid, and aspartic acid
residues are colored as green, purple, and blue, respectively. (C) Hydropathy plot of the KED polypeptide.
Hydropathy analysis was performed using a window of nine amino acids (Kyte and Doolittle, 1982). (D)
Distribution of acidic and basic amino acid residues in the KED polypeptide. Acidic (Asp and Glu) and
basic (Lys and Arg) residues are indicated by vertical bars above and below the center box, respectively.
The relatively hydrophobic C-terminal region (amino acids 373-513) is indicated by a light gray box. The
putative leucine zipper motif is indicated by a dark gray box.
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Immedi.';lte and Systemic Response of KED to Wounding

In response to wounding, several genes have been shown to accumulate their
transcripts not only locally but also systemically. To examine whether or not KED is
systemically induced, RNA was extracted simultaneously both from wounded leaves and
from adjacent healthy unwounded leaves, and RNA blot hybridization was performed (Figure
6). The results showed that KED transcripts accumulated in the upper unwounded leaves in
response to wounding. The accumulation pattern of KED transcripts was similar for both the
local and systemic responses, although the transcript level was lower in the systemic
response.

To investigate the protein level and cellular localization of KED gene products, the
antibody against KED protein was planned to prepare by expressing the gene in E. coli.
However, E. coli cells carrying the plasmids for over-expression of KED failed to grow,

indicating KED is toxic for bacteria.
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Local

Systemic

Figure 6. Local and systemic accumulation of KED transcripts after wounding.

Healthy leaves were wounded by incising across the midrib with a pair of scissors. The wounded
(“Local’) and unwounded upper (‘Systemic’) leaves were harvested at the indicated time intervals.
An RNA blot containing 40 pg of total RNA per lane was subjected to hybridization with a 2P-
labeled KED cDNA probe.

DISCUSSION

Analysis of the full-length cDNA of A7 revealed that it encodes a highly charged
protein. The A7 gene was designated as KED, since the amino acids K, E and D comprise up
to 70% of its gene product. There are none of the clusters of hydrophobic amino acids that are
necessary for protein folding, suggesting that the KED polypeptide is unable to form a firm
tertiary structure. Although a search of protein sequence data bases revealed that no similar
proteins have been reported so far, we identified several putative bipartite nuclear-targeting
signal (NTS) sequences (Robbins et al., 1991) and a putative leucine zipper motif located in
the C-terminal region. Dehydrins, known as late embryogenesis abundant (LEA) D11 family

proteins, are extremely hydrophilic with abundance of charged and polar amino acid residues
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(Close, T.J., 1997). They are believed t(; ameliorate the effects of drought and low-
temperature stress by regulation of osmotic balance as compatible solutes and by stabilization
of membrane and enzymes (Close, T.J., 1997). Many dehydrins contain putative bipartite
NTS sequence and repeated K-rich domains which form amphipathic o-helix. In view of
these similarities between KED and dehydrins, it is conceivable that KED stabilizes cellular
components, which are damaged by wound stress, through electrostatic and hydrophobic

interactions.
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II-2 New WRKY Transcription Factor Encoded by C10

MATERIALS AND METHODS

Plant and Treatments

Tobacco plants were grown as described in Chapter L. Wounding was performed by cutting
mature leaves across the midrib with a pair of scissors. The wounded leaf and upper
unwounded leaf were harvested at an appropriate time point, immediately frozen in liquid
nitrogen and stored at -80°C.

Tobacco suspension cultures (N. tabacum L. cv. Bright Yellow 2) were maintained
by subculture in Murashige-Skoog medium with 30 g/L sucrose, 0.37 g/l KH,PO,, 1 mg/L
thiamine-hydrochloride and 0.2 mg/L 2,4-dichlorophenoxyacetic acid, at 23°C under
continuous dark conditions, and cells of 7th day subculture were employed for transactivation

analyses.

c¢DNA Cloning

The almost full-length cDNA was amplified by RT-PCR with the specific primers (5'-
TACACCTGAAGAAGGATTTTAAGC-3' and 5-GTTGGAAAACATTGAACAATTGTC-3)
and cloned into the pGEM-T easy vector (Promega), to give pGEM-CI10P. The nucleotide
sequence was determined by the dideoxy chain termination method (ABI PRISM Dye

Terminator). Editing of DNA sequences and amino acid sequences were carried out on a
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computer (GeneWorks; IntelliGenetics, CA), with comparison to non-redundant data bases by

the BLAST program on network servers (Altschul et al., 1990).

Plasmid Construction

pGEM-CI10P was digested with EcoRI and the WIZZ cDNA fragment was subcloned into the
EcoRlI site of the pGEX-4T-1 expression vector (Pharmacia) to create pGEX-WIZZ, encoding
the GST-WIZZ protein. E. coli DH50. cells carrying pGEX-4T-1 or pGEX-WIZZ were
cultured in LB broth and treated with 1 mM IPTG for GST or GST-WIZZ production. The
harvested cells were disrupted by sonication, and centrifuged. Clear lysates were used for gel
shift assays.

The WIZZ ORF, sandwiched with Xbal ( upstream of a start codon) and BamHI ( just
before a stop codon) sites, was created by PCR amplification and verified by direct
sequencing. This Xbal-BamHI fragment was inserted into Xbal and BamHI sites of the pGFP-
2 vector (provided by N. -H. Chua and P. Spielhofer), resulting in pWIZZ-GFP2, encoding
WIZZ fused to the N terminus of GFP.

The promoter-less reporter plasmid (PL-LUC) was created by total deletion of the
cauliflower mosaic virus (CaMV) 35S promoter by digestion with HindIll of the 221-luc+
vector (provided by K. Hiratsuka) consisting of the 35S promoter, the luciferase (LUC) gene,
and the nos terminator. To generate the -46-L.UC plasmid, a 35S minimal promoter, truncated
to position -46, was amplified by PCR with incorporation of HindIII and BgllI sites at the 5’
end and an Ncol site at the 3’ end, respectively. The resulting HindIlI-Ncol fragment was

inserted into HindIIl and Ncol sites of 221-luc+. Three copies of the BS65 sequence (de Pater
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et al., 1996) were plac.ed into HindIIl and BglI sites of -46-LUC to create tl;e 3BS-46-LUC
plasmid. Two effector plasmids, 35S-WIZZ and 35S-anti-WIZZ, were constructed as follows;
the Nofl fragment derived from pGEM-WIZZ (see above) was cloned into the Nod site of
pBlueScript II SK (+) (Stratagene) in both orientations. Then the respective Xbal-Sacl

fragments were subcloned into Xbal and Sacl sites of the pBI221 vector (Clontech).

Gel Mobility Shift Assay

Gel shift assays were performed essentially as described earlier (Kusano et al., 1995). The
IMU sequence is the mutated derivative of a motif I, which contains a G-box-related core
sequence (Salinas et al., 1992). The BS65 sequence is the optimal binding site of the
Arabidopsis WRKY protein ZAP1 (de Pater et al., 1996). The AS1 sequence is the as-1
element found in the CaMV 35S promoter (Lam et al., 1989). Monomeric double-strand
probes (described in Figure 11A) were labeled with [y-*P]-ATP using T4 polynucleotide
kinase. The labeled DNA probe (100 fmol) was mixed with E. coli crude extract (3 ug
protein each) and competitors or EDTA as appropriate in a 15 ul of reaction solution. After

15-min incubation at 30°C, the sample was subjected to electrophoresis.

Particle Bombardment

BY-2 cells were spread onto MS agar medium and the plates were kept in clean bench to
evaporate the liquid medium. In addition, a 3 cm square onion scaly leaf fragment was placed
on wet paper in a Petri dish. Particle bombardment was performed according to the

manufacturer’s instructions (PDS-1000, Bio-Rad), with 1.0 um diameter gold particles coated
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with plasmidsvaccording to the manufacturer’s protocol. For translactivation analysis, an
appropriate set of a reporter plasmid (0.67 pg) and an effector plasmid (0.67 pg) was
bombarded with the reference pRTL2-GUS vector (provided by J. Carrington) (0.33 pg)
carrying two copies of the 35S promoter and a translation leader enhancer sequence (Restrepo
et al., 1990). The plated cells or the onion scaly leaf were placed under the stopping screen at
a distance of 6 cm or 9 cm and bombarded twice per sample in a vacuum of 28 inches of
mercury using a helium pressure of 1100 psi to accelerate the macrocarrier. Bombarded cells

and the leaf were kept in the dark for 16 h at 23°C before analysis.

Transactivation Assay
Luciferase and GUS activities were measured using a luciferase assay system (PicaGene;
Toyo Ink, Tokyo) and a GUS assay system (AURORA GUS; ICN Pharmaceuticals, Inc., CA)

with a luminometer (Lumat LB9507; EG & G Berthold, Germany).

RESULTS

C10 Encodes a WRKY Transcription Factor, WIZZ

The nearly full-length cDNA of C10, obtained by 5’-RACE and following RT-PCR,
was found to be 1,251 bp in size and to contain an open reading frame encoding a protein
with 356 amino acids in length with a predicted relative molecular mass of 39,082 Da (Figure

7). Within the 5' untranslated region, two stop codons in frame exist, suggesting that it
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contain's the entire coding region. The inferred amino acid seqlllence has two characteristics; it
contains a conserved domain, the so-called WRKY domain after ( N)-WRKYGQK-(C) in the
parsley WRKY's region (Rushton et al., 1996), in its central region and a heptad leucine repeat
in the amino-ternimal region (Figure 8A). Thus the gene was designated as WIZZ (wound
induced leucine-zipper and zinc finger protein). The WRKY domain is shared by SPF1 from
sweet potato (Ishiguro and Nakamura 1994), ABFs from oat (Rushton et al., 1995), WRKYs
from parsley (Rushton et al., 1996), ZAP1 from Arabidopsis (de Pater et al., 1996), and
tWRKY's from tobacco (Wang et al., 1998). These WRKY family proteins are classified into
two groups, a single domain group and a two domain one. WIZZ, ABF2 and WRKY?3 proteins
belong to the former, whereas SPF1, ABF1, ZAPI, WRKY1, WRKY2, tWRKY1 and
tWRKY?2 are in the latter (Figure 8A). The WRKY domain contains a zinc-finger motif
consisting of two cysteines and two histidines. An amino acid alignment of WRKY domains
among WIZZ, ABF2 and WRKY?3 is presented in Figure 8B. The ABF2 but not WRKY?3 also
has a leucine-zipper motif in the distal region close to the amino-terminus. As shown in the

schematic illustration, WIZZ resembles ABF2 in structure (Figure 8A).
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*

ATGTTTTCCA ACATAGACTC ATTTGGAAAG TTCAGCAAAA AAAAAAAAZZ A 1251

Figure 7. DNA sequence of the WIZZ cDNA along with the deduced amino acid sequence,

The nucleic acids are presented on the top line and the derived one-letter amino acid sequence is
shown below. The stop codon is indicated by an astarisk. The hydrophobic residues in the putative
leucine zipper motif are double-underlined. The WRKY domain is shown in Italics. The two
cysteines and two histidines in the zinc finger motif are circled. The original C10 clone obtained
by FDD screening is underlined. The accession number of WIZZ ¢DNA is AB028022.
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Figure 8. Structural features of WIZZ.

(A) Schematic presentation of WIZZ and other WRKY family proteins. The WRKY domains are
shaded and the leucine-zipper regions are striped. The bar represents a length of one hundred
residues. (B) Alignment of WRKY domains from WIZZ, ABF2 and WRKY3. Identical and
similar residues are highlighted in black and gray, respectively. The two cysteines and two
histidines for the putative zinc finger are indicated by stars.

Rapid and Systemic Accumulation of WIZZ Transcripts upon Wounding
Wound-responsive transcripts are often accumulated not only locally but also
systemically upon wounding (Seo et al., 1995). To determine whether this is also the case

with the WIZZ gene, RNA blot analysis was performed using total RNAs prepared from
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woundé;l .and unwounded leaves (Figure 9). When the full—lengﬁ cDNA of WIZZ was used as
probe, at least 3 differently sized transcripts were detected. Judging from the molecular size,
we consider that the middle-sized transcripts correspond to WIZZ cDNA. All of them
demonstrated systemic in addition to local responses upon wounding.

To investigate the protein level of WIZZ gene products, an antibody against mixed
synthetic peptides (N107 to L122 and 1347 to W356 of WIZZ) was produced in rabbits.
However, immunoblot analyses of proteins from wounded leaves showed no specific signals,
suggesting either a lack of specificity of antibodies or very low level of WIZZ protein ill_

wounded leaves (data not shown).

0O 5 10 30 1 2 3 4

1.3kb
Local

Systemic b

Figure 9. Local and systemic induction of WIZZ expression by wounding.

Healthy leaves were wounded by cutting. The wounded (Local) and upper unwounded (Systemic)
leaves were harvested at the indicated time points. The blot, containing 40 pg of total RNA per
lane, was subjected to hybridization with the full-length WIZZ cDNA (upper panel) or actin probe
(lower panel).
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Nuclear Localization of the WIZZ Protein

PSORT analysis (Nakai and Kanehisa 1992) indicated a high likelihood of nuclear
localization of the WIZZ protein. To confirm this, we constructed a cauliflower mosaic virus
(CaMV) 35S::WIZZ-GFP gene fusion product that could be used in transient assays. After
biolistic bombardment of onion epidermis with a CaMV 358S::GFP control construct (pGFP-2),
GFP signals were observed in both the cytoplasm and the nucleus (Haseloff et al., 1997)
(Figure 10A). In contrast, the WIZZ-GFP fusion protein was found exclusively in the nucleus,

indicating that WIZZ is a nuclear factor (Figure 10B).

Figure 10. Nuclear localization of WIZZ-GFP fusion protein in onion cells.

(A) and (C) Onion epidermis cells transfected with GFP-expressing plasmids. (B) and (D) Onion
epidermis cells transfected with WIZZ-GFP fusion protein-expressing plasmids. Green
fluorescence under UV light excitation [(A) and (B)] or corresponding views by differential
interference contrast [(C) and (D)] are shown in the same magnification.
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DNA Binding S[;eciﬁcity of WIZZ

Since WRKY proteins have been reported to bind DNA, we investigated whether
WIZZ does so by a gel mobility shift assay using an E. coli crude extract containing GST-
fused WIZZ. As used in the previous report on ZAP1 (de Pater et al., 1996), three probes,
BS65, IMU and ASI, containing two TGAC sites with variable neighboring nucleotides, were
primarily tested (Figure 11A). The GST-WIZZ fusion protein efficiently bound to the BS65
and the IMU probes, but not to AS1. Binding to BS65 and IMU was dramatically reduced by
addition of EDTA or unlabeled corresponding competitor probes. When both TGAC-core
sequences in BS65 were mutated, the fusion proteins lost the binding ability, indicating the
core TGAC to be important (Figure 11B). Three probes tested had two TGAC-core sequences,
but differed in interspace and flanking regions. To clarify the DNA binding specificity of
WIZZ, further gel mobility shift assays were performed using modified probes. The
interspace between two core TGAC sites was varied (BS65s4-BS65s8). The results showed
that the GST-WIZZ protein preferred the BS65s5, BS65s6 and BS65s8 sequences than the
BS65s4 and BS65s7. When the two TGAC motifs, CTGACG and ATGACG, of tﬁe AS1
probe were changed to TTGACC and TTGACT, respectively, to yield the AS1m probe, WIZZ
protein gains the binding activity to the AS1m probe (Figure 11C). To examine whether or not
both TGAC motifs in the BS65 probe are required for WIZZ binding, each core site was
appropriately mutated (to BS65tm and BS65mt). Signal intensities for each binding complex

Wwere considerably decreased in comparison with the intact BS65 case (Figure 11D).
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(A)
MU CTCTTGAGTGTTCTIGAGTGTTCTG BS65s4 CGTTGAACGCTITGAJTTTTTAG

BS65 CGTTGAJCGAGTTGAJTTTTTAG BS65s85 CGTIGAJCGNGTTGAATTTTTAG
BS65tm CCTILGAACGAGTAGGCTTTTTAG BS6586 CCTTGAJCGNNGTTGAQTTTTTAG
BS65mt CGTAGGCCGAGITGAJTTTTTAG BS6587 CGTIGAGCGNNNGTTGAGTTTTTAG
BS65m CGTAGTCCGAGTAGGCTTTTTAG BS6588 CGTIGAJCGNNNNGTTGAGTTTTTAG

AS1 cdTGAAGTAAGGGATGAAGCACG
ASlm CTIGAJCTAAGGGTTGAJTCACG

(B)

(C) (D)
probe f f& '9\ o A
compellwr—-—+—.:—+—-t: g@fffff@\e fﬁff

EDTA — — — 4 — — — 4+ -—

E.coli crude
extract —
expressing: GST GST-WiZzZ

Figure 11. Gel mobility shift assay results.

(A) Nucleotide sequences of DNA probes with TGAC motifs boxed. Modifications from the BS65
and the AS1 probes are underlined. N indicates a mixture of four nucleotides (A, C, G, or T). (B)
Effects of a competitor and a chelator on DNA binding activity of WIZZ. Gel shift assays were
performed with (+) or without (-) unlabeled competitor BS65, IMU, or AS1 in a 100-fold molar
excess or a final concentration of 50 mM EDTA. DNA binding complexes of WIZZ are indicated
by the arrowhead. (C) Effects of modified probes on DNA binding activity of WIZZ. (D) Effects
of the number of TGAC-core sites in the BS65 probe.
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L;le of Transactivation Activity of WIZZ

To test the transéctivation activity of WIZZ, a fusion construct of the GAL4 DNA
binding domain and WIZZ in-frame was created and introduced into yeast cells carrying two
reporter plasmids consisting of the GAL4 binding sequence upstream of lacZ and HIS3 genes.
No transactivation activity of WIZZ was detected in this yeast system (data not shown).
Transactivation activity of WIZZ was also addressed using tobacco BY-2 cells as follows;
three reporter plasmids (PL-LUC, -46-LUC and 3BS-46-LUC) and two effector plasmids
(35S-WIZZ and 35S-anti-WIZZ) were constructed and transfected into tobacco suspension
culture cells (Figure 12). Co-transfection of the 3BS-46-LUC reporter with the WIZZ binding
sites and the 35S-WIZZ effector plasmid did not show WIZZ to activate gene expression.
Similarly, co-transfection with the 35S-anti-WIZZ effector plasmid did not affect the reporter
activity in the presence or the absence of the WIZZ binding sites, indicating that WIZZ alone

can not activate gene expression.
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Figure 12. Transactivation analysis of WIZZ in BY-2 cells.

(A) Schematic representation of reporter and effector plasmids. (B) Transcriptional activity. The
reporter and effector plasmids were bombarded into BY-2 cells with the reference vector to
monitor the transformation efficiency. Reporter activity is normalized to the reference activity. The
reporter activity with the —46-LUC plasmid alone is set as 1. Three independent experiments
were carried out. Vertical bars represent == SE (n=3).
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DISCUSSION

The present FDD screening of immediate early wound-responsive genes resulted in
isolation of a gene encoding a new WRKY protein, designated as WIZZ. Several genes in the
WRKY protein family have recently been identified in potato (Ishiguro and Nakamura 1994),
wild oat (Rushton et al., 1995), parsley (Rushton et al., 1996), Arabidopsis (de Pater et al.,
1996), and tobacco (Wang et al., 1998). Furthermore, dozens of simnilar genes have been
found in Arabidopsis genome. In the tobacco plants, at least seven WRKY genes are present
including WIZZ, five earlier reported homologues (Wang et al., 1998; accession AB022693,
AB020590, AB020023), and another member responding to TMV-infection that we have
recently isolated (unpublished data).

The WRKY protein family is categorized into two groups based on the number of
WRKY domains. The WIZZ protein has a single WRKY domain as do ABF2 from wild oat
and WRKY3 from parsley, and a leucine zipper motif in the amino terminal region like ABF2.
However, it does not contain the PVQ repeats found in WRKY3. The conserved WRKY
domain of WIZZ is closer to that of ABF2 than WRKY?3, suggesting that the WRKY sub-
family with a single domain could be subclassified on the basis of characteristic motifs, a
leucine zipper or PVQ repeats.

RNA blot analysis with probes containing the conserved WRKY domain showed that
at least three kinds of transcripts were locally and systemically induced by wounding. The
transcripts of large size were not detected by the C10 probe, which lacked the conserved

sequence encoding the WRKY domain, suggesting that they were derived from the other
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member of the WRKY family. Tl;e small-sized transcripts may correspond to derivativc;s of
the WIZZ transcript by degradation or alternative splicing. Their patterns of accumulation
were very similar, indicating control by a common regulatory system. In parsley cells, two
WRKY transcripts were rapidly induced by elicitor treatment (Rushton et al., 1996). Among
them, the WRKYI gene was recently reported to be expressed in response not only to elicitors
but also to mechanical stress (Gus-Mayer et al., 1998). Further study should shed light on the
control of gene expression during the early stage of various defense responses, especially
systemic responses to wounding.

The gel mobility shift assays showed that WIZZ binds to both BS65 and IMU probes
like Arabidopsis ZAP1, and that such binding is abolished by metal-ion chelator EDTA. This
indicates that WIZZ specifically binds to DNA depending on bivalent cations, probably of
zinc. The probes employed contain two common TGAC core sequences, modifications of
which completely inhibited binding activity. Also the number of nucleotides between two
core TGAC motifs greatly affected binding. For example, 5, 6 and 8 spacer nucleotides confer
equally high binding, whereas 4 and 7 did not. However, WIZZ did not bind AS1 probe,
which also contains two TGAC sites with 8 nucleotide spacer, suggesting the flanking region
and/or the spacer length of the two TGAC sites to be important in recognition by WIZZ.
Indeed, WIZZ recovered binding activity to the AS1m probe with modified flanking
nucleotides of the TGAC sites in the AS1 probe. These observations suggest that WIZZ binds
specifically to the sequence containing two TTGAC(T/C) motifs with an appropriate spacing
at least. This assumption well explains the binding specificity of the WRKY family proteins,

despite their common TGAC recognition sequence. Although WIZZ could bind to probes with
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a single TGAC site (BS65‘.tm and BS65mt), the binding activity was synergisticaily increased
by further TGAC sites nearby. This is consistent with observations that, by the mutational
analysis of parsley WRKYI promoter, multiple W-Box elements containing TTGAC(C/T)
motif generated a synergistic effect on gene expression (Eulgem et al., 1999). This suggests
that protein-protein interaction, probably homologous dimerization through the leucine zipper
motif, may be critical for binding. Recently, a number of studies have pointed to the
importance of protein-protein interactions for the WRKY family. In tobacco plants, DNA
binding activity induced by TMV-infection (TDBA12) was abolished with a protein
dissociating agent, sodium deoxycholate (Yang et al., 1999). The binding activity of potato
PBF-1, which is the DNA binding factor for the elicitor responsive element of PR-10a
promoter, was induced by elicitor and wound treatment and also proved sensitive to sodium
deoxycholate (Després et al., 1995). Since this element of the promoter contains two TGAC
sites, the PBF-1 is assumed to be a member of the WRKY family. Moreover, DNA sequences
bound by WRKY protein family members contain multiple TGAC core sites. For example,
BS65, the optimal binding sequence for ZAPI, contains two TGAC sites (de Pater et al.,
1996), and Box 2, a conserved element in the promoter of o-amylase genes, contains three
TGAC sites recognized by ABFs (Rushton et al., 1995).

Among putative WRKY protein family members, Arabidopsis ZAP1 and parsley
WRKY 1 are the case so far, in which transcriptional activation was demonstrated in yeast and
plant cells (de Pater et al., 1996; Eulgem et al., 1999). In the present study, WIZZ did not
transcriptionally activate reporter genes, consistent with a lack of putative activation domains,

such as a proline-rich domain. This suggests that a co-activator, which may heterologously
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interact with WIZZ is necessary for transcriptional activation. We c;)uld not, however,
eliminate the possibility that WIZZ might be activated by post-translational modification,
since both TDBA12 and binding activity of PBF-1 were affected by alkaline phosphatase
treatment, suggesting involvement of protein phosphorylation.

TGAC core motif was originally identified as an elicitor-responsive element in
parsley PRI-1, a PR-10 class gene (Meier et al., 1991). Later this sequence was also found in
the elicitor-responsive element of the maize PRms gene (Raventos et al., 1995) and in the
tobacco basic class I chitinase gene (Fukuda and Shinshi 1994; Fukuda, Y., 1997), so that it
may be conserved in both dicot and monocot plants. Further analyses have revealed that this
sequence is located in the promoter regions of various wound-response associated genes
encoding tobacco osmotin (Nelson et al., 1992), chitinase (van Buuren et al., 1992; Ohme-
Takagi et al., 1998), basic B-1,3-glucanases (Linthorst et al., 1990), PI-II (Balandin et al.,
1995) and basic PR-1 (Eyal et al., 1992). Moreover, elicitor- and wound-responsive regions of
the tobacco osmotin gene contain two TTGACC sequences (Raghothama et al., 1993), and
DNA binding activity was also found to be induced by TMV-infection (Wang et al., 1998;
Yang et al., 1999). Therefore, such a broad but defined distribution of the TGAC sequence
suggests that it is a common cis-acting element and that WRKY family members act as trans
factors during general defense responses. In fact, transcript accumulation of parsley WRKY 1
and DNA binding activity of potato PBF-1 were induced not only by an elicitor treatment but
also by mechanical stimulation (Després et al., 1995; Gus-Mayer et al., 1998). Understanding
complex interactions of the WRKY family should facilitate elucidation of the general

mechanisms underlying activation of defense-related gene expression.



Chapter 111

Promoter Analyses of KED and WIZZ

In Chapter II, T described that WIZZ protein plays an important role for regulation of
defense-related genes' expression. On the other hand, WIZZ itself and KED are also expected
to be regulated at transcriptional level since no transcript accumulation is detected in healthy
tobacco leaves. This raises several questions as to the nature of immediate-early wound-
responsive element(s) and of trans-acting factor(s), and as to whether the regulatory system
are common or not. To address these questions, deletion analyses of both KED and WIZZ

promoters were performed in transiently transformed tobacco leaves.

MATERIALS AND METHODS

Plant and Treatments

Tobacco plants were grown as described in Chapter I. Wounding was performed by cutting
mature leaves into pieces with a pair of scissors. The resulting leaf fragments were floated on
water. The samples were harvested at an appropriate time point, immediately frozen in liquid

nitrogen and stored at -80°C.

Promoter Cloning

The promoter regions of the KED gene and the WIZZ gene were isolated by TAIL-PCR (Yagi,
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M., 1999). Three nested primers of eachﬂ gene were synthesized. A set for the KED gene
consisted of 5-GCACCATCTTTCTCGTCCTCTGTTTCCTCCG-3' (ked-LA4), 5'-
GTTTCCTCCGACTCCTCTTCGCTCCCCG-3' (ked-LA3), and 5'-
TCTTTTCCTTTTCCATCTTTACTTCTCCCCTGGC-3' (ked-LA1). A set for the WIZZ gene
consisted of 5'-CTTTCACCAGCATATTGTCTCTGCTCAATCCAGTG-3' (wizz-LA1), 5'-
GAATCCAAAAATCTCCACATACCAGCAC-3' (wizz-LA3), and 5'-
AAGGAAGTATCAACCAAACTTGTGAATTCCATTGC-3' (wizz-LA2). These primers
correspond to the sequences at the 5' end of the KED cDNA and the WIZZ cDNA respectively.
Arbitrary degenerate primer was 5-NGTCGASWGANAWGAA-3' (TP1). After three round
PCR, TAIL-PCR products were cloned and the nucleotide sequences were determined.

The WIZZ promoter region was amplified by RT-PCR with 5'-
ATGGCTGGGGGGCAGCCAACTTTGACACC-3' (wizz-5'GSP2) and wizz-LA1 primer.
The resulting products were cloned into the pGEM-T easy vector (Promega), to give pGEM-
WP13.

The nucleotide sequences were determined by the dideoxy chain termination method
(ABI PRISM Dye Terminator). Editing of DNA sequences was carried out on a computer
(GeneWorks; IntelliGenetics, CA). Similar sequences and functional elements were searched
by the BLAST program (Altschul et al., 1990) and by the PLACE database (Higo et al., 1999)

on network servers respectively.

Plasmid Construction

A series of the KED promoter deletions, sandwiched with PsA (5' end of the KED promoter
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region) and Ncol (at a start codon) ;ites, were created by PCR amplification with three setsv of
primers. These products were cloned into pGEM-T easy vector or pBluescript vector and
verified by sequencing, resulting in pBS-KP-A11, pBS-KP-B3, and pGEM-KP-C1.

The 5' untranslated region of the WIZZ cDNA between HindIII site and a start codon
was amplified by PCR with incorporation of tandemly located Ncol (at a start codon) and
BamHI sites at the 3' end. The resulting HindIII-BamHI fragment was inserted into HindIIl
and BamHI sites of pUC18 vector, to give pUC-NB21. The Apal-HindIll fragment of deleted
pGEM-WP13 and HindIII-Kpnl fragment of the pUC-NB21 were inserted into Apal and Kpnl
sites of the pBlueScript II SK (+) (Stratagene), resulting in pBS-WPNB10. The WIZZ
promoter deletions were created by enzymatic digestion of pPBS-WPNB10 with Exonuclease
111, resulting in pBS-WP-A to -H.

The PstI-Ncol fragments of pBS-KP, pGEM-KP and pBS-WP were inserted into PstI
and Ncol sites of 221-luc+ vector, resulting in pKP-LUC-A to -C with promoter sizes of 703,
373, and 182 bp, and pWP-LUC-C to -H with promoter sizes of 1494, 1281, 1115, 926, 273,

and 177 bp.

Particle Bombardment

A 2.5 cm square tobacco leaf fragment was placed on wet paper in a Petri dish. Particle
bombardment was performed according to the manufacturer’s instructions (PDS-1000, Bio-
Rad), with 1.0 um diameter gold particles coated with plasmids according to the
manufacturer’s protocol. For transient reporter assays, an appropriate reporter plasmid (1.11

Hg) was bombarded with the reference pRTL2-GUS vector (0.56 pg) (Restrepo et al., 1990).
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The leaf fragments were pvlaced under the stopping screen at a distance of 6 cm and
bombarded twice per sample in a vacuum of 28 inches of mercury using a helium pressure of
1100 psi to accelerate the macrocarrier. Bombarded leaf fragments were wounded by cutting
immediately after bombardment and kept under light at room temperature for appropriate time

intervals. The treatments were performed within 30 min.

Transient Reporter Assay
Luciferase and GUS activities were measured using a luciferase assay system (PicaGene;
Toyo Ink, Tokyo) and a GUS assay system (AURORA GUS; ICN Pharmaceuticals, Inc., CA)

with a luminometer (Lumat LB9507; EG & G Berthold, Germany).

RESULTS

Sequence Analyses of KED and WIZZ promoter

The KED and WIZZ promoters were isolated by TAIL-PCR (Yagi, M., 1999). Primer
extension analysis was performed, but the transcriptional start point of the WIZZ promoter
could not be determined. Accordingly, positions corresponding to 5' end of each cDNA were
assigned provisionally as the transcriptional start point.

In the promoter sequences of KED (718 bp) and WIZZ (1997 bp), five consensus
sequences ranging from 12 to 9 bp long were found and designated as W1 to W5 respectively.

Among them, W1 and W2 contained binding sites of Dof and bZIP type transcription factors,

- 48 -



respectively, while th;a other three sequences did not contain any known motifs. Drought and
ABA-related elements were found in both promoters. However, defense-related W-boxes and
-624 boxes were found only in the WIZZ promoter sequence (Rushton et al., 1996; Lebel et al.,
1998) (Figures 13, 14, Table 3). In addition, the WIZZ promoter was found to contain a region
with exceptionally high degree of similarity to regions of the polygalacturonase and chitinase

genes from tobacco. This contained several inverted repeats and direct repeats, and was

shown to be a putative remnant of transposable elements (Figure 15).

Table 3. Conserved sequence motifs in the region of the KED and WIZZ promoter

Motif Consensus Sequence and position in the Sequence and position in the
sequence KED promoter WizZZ promoter

W1 AAAAAGAAAGAA AAAAAGAAAGAA (-236) AAAAAGAAAGAA (-124) Binding site for Dof

W2, A-Box AAATACGTAGT AAATACGTAGT (-200) AAATACGTAGT (-488) Binding site for bZIP

w3 TAATTTATATC TAATTTATATC (-441) GATATAAATTA (-977)

w4 TGATTCATAT TGATTCATAT (-394) TGATTCATAT (-1126)

ws TTATATCGT TTATATCGT (-437) TTATATCGT (-969)

W-Box TTGACC or TTGACT TTGACT (-1913), TTGACT (-633), Binding site for WRKY protein
GGTCAA (-394), TTGACC (-268),
TTGACT (-262), AGTCAA (-245),
GGTCAA (-72)

Myb TAACTG CAGTTA (-655) TAACTG (-1305) Binding site for ATMYB2

Myc CACATG CATGTG (-398), CACATG (-56) CATGTG (-1884), CACATG (-1411), Binding site for MYC (rd22BP1)
CATGTG (-1286) -

ARF TGTCTC GAGACA (-330) Binding site for ARF (auxin

response factor)

SURE AATAGAAAA AATAGAAAA (-1461) Sucrose Responsive Element

-624 Box ATATTCTT AAGAATAT (-1086), ATATTCT (-918)

LTRE CCGAAA, CCGAC CCGAAA (-733), CCGAC (-228)
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W1 |A-Box

CTTTACCATA
GTTACAACTG
AACTGCCAAT
GGTTCTAATT
ACCGGATGTC
ATTTAGTTAT
GAAAAATCTT
GTGCTTTCAT

CTCAGATACC
cc

CAAAACTGTT
caaaacuguu

TATA box
MYC

-718

(©)

-655

-437 | -394

-398

-330

-197
-200

-703

Figure 13. KED promoter.
(A) DNA sequence of the KED promoter region. The genomic DNA sequence is presented on the
top line and the mRNA sequence and the derived three-letter amino acid sequence are shown
below. Consensus sequences in the KED and WIZZ promoter region are underlined. The boxes
indicate proposed functional elements. (B) Schematic overview of putative cis-elements and
consensus sequences in the KED promoter. (C) Constructs of deletion mutants for transient assays.
A light gray box indicates the 5' untranslated region (1-86). A black box and a dark gray box
indicate the coding region of KED and LUC, respectively.
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Figure 15. WIZZ promoter region similar to the defective transposable element.

CEIT GTTTTCGTTCAGATTTATCATTAC
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-840

-780

=720

-703

(A) Multiple alignment of partial sequences of tobacco enoyl-ACP reductase (enr-T2) and
polygalacturonide gene (Npgl) showing similarity to the WIZZ promoter. (B) Inverted and direct
repeats in the WIZZ promoter region. Five inverted repeats are indicated by arrow. Two direct
repeats are indicated by different broken arrows, respectively. Several putative elements are boxed

or underlined.
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Promoter Al{alyses by Deletion Mutants of KED and WIZZ

It has previously been reported form transient reporter assays that wound-induced WIZZ
transcript accumulation is regulated at the transcriptional level (Yagi, M., 1999). To confirm
and extend the findings, further transient reporter assays were performed with KED and WIZZ
promoter-LUC constructs and two or five deletion cqnstmcts, bombarded into tobacco leaves
(Figures 12C, 13C).

Time course analyses with the longest constructs of each promoter showed
contrasting results. Reporter activities from the 703-bp KED promoter-LUC could not be
detected 3 to 6 hr after bombardment. On the other hand, those from the 1494-bp WIZZ
promoter-LUC were shown to increase transiently reaching a maximal level at 4 to 5 hr after
bombardment (Figure 16). Transient reporter activation reaching a maximal level 4 hr after
wounding was also observed in leaves bombarded with a 926-bp WIZZ promoter-LUC

construct followed by overnight incubation (data not shown).

[0 KED promoter (-670 bp)
WIZZ promoter (-1494 bp)

Relative LUC acitivity
N

3 4 5 6 3 4 5 6
Time after bombardment (hr)

Figure 16. Time course analyses of KED and WIZZ promoter.

Tobacco leaf fragments were bombarded either 703-bp KED promoter-LUC or 1494-bp WIZZ
promoter-LUC construct with a reference vector to monitor the transformation efficiency.
Immediately after bombardment, the leaves were wounded by cutting. Several independent
experiments were carried out. Vertical bars represent £ SE (n=3 to 6).
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To determine regulatory sequences that may vcontrol wound-induced WIZZ
transcription, six deletion constructs were introduced into tobacco leaves, and reporter
activities were measured 5 hr after wounding (Figure 17). The reporter activities of 1494-bp
through 177-bp WIZZ promoter-LUC constructs were reduced proportionally to their size.
Similar results were obtained when these constructs were introduced into tobacco BY-2 cells
after incubation for 16 hr (data not shown). Three deletion constructs of KED promoter-LUC

were tested, but no activities were detected 5 hr after wounding (Figure 17).

4
."? 0 KED promoter
2 5| EWZZpromoter
‘©
(4]
O
- 27
o
Q
=
T 1T
©
o

0

Q O > A
ORI R \,\'3’ U G

Promoter Length

Figure 17. Deletion analyses of KED and WIZZ promoter.

Tobacco leaf fragments were bombarded either three KED promoter-LUC deletion constructs or
six WIZZ promoter-LUC deletion construct with a reference vector to monitor the transformation
efficiency. Immediately after bombardment, the leaves were wounded by cutting. Samples were
harvested 5 hr after wounding. Several independent experiments were carried out. Vertical bars
represent 1 SE (n=3 to 6).
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DISCUSSION

To date, a considerable number of wound-responsive genes and their promoters have
been identified and characterized. By means of transient reporter assay and transgenic plant
approaches, several elements in the promoters were found to be critical for wound-responses.
Transcripts of most of these genes accumulated several hours to days after wounding and
promoter analysis resulted in identification of secondary signals, including, for example,
jasmonic acid, rather than wound-responsive elements themselves. In this sense, because of
their quick response, WIZZ and KED serve as better model systems for elucidation of the
mechanisms underlying wound responses.

Transient reporter assays of the KED promoter revealed that this region was not
sufficient for the wound response. In contrast, transient reporter activation was observed with
the WIZZ promoter, suggesting inclusion of wound responsive element(s). To elucidate the
cis-acting elements important for wound-induced transcriptional activation of WIZZ, deletion
analysis of the WIZZ promoter was carried out. However, the results showed no drastic
reduction in wound responsiveness. When different sized WIZZ promoter regions of 1281-,
926-, and 177-bp were tested, reporter activity was greater with the shorter promoter size,
indicating that WIZZ activation upon wounding is regulated by complicated mechanisms, with
the essential elements residing within the 177-bp promoter region.

Sequence analyses of both promoters showed several consensus sequences (termed
W1 to W5) and putative functional elements. The longest consensus sequence W1 contains

two AAAG sequences, to which Dof-type transcription factors could bind. These are unique
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to plants and are repogted to be involved in expression of photosynthetic an‘d seed-specific
genes (Vicente-Carbajosa et al., 1997; Yanagisawa and Sheen, 1998). In addition, Dof
transcription factors were recently reported to be induced in response to wound- and elicitor-
treatment and to act as transcriptional activators in pea (Seki et al., 1999). The W2 sequence
contains an ACGT motif, possibly recognized by bZIP-type transcription factors, which have
been found to play critical roles in defense signaling (Zhang et al., 1999). The other sequences,
W3, W4, and W5, with no similarity to any other known elements, remain to be explored.

Both promoter regions contain binding sites for myb- and myc-type transcription
factors, reported to contribute to Arabidopsis rd22 gene expression upon ABA- and drought-
response (Abe et al., 1997; Urao et al., 1993). Two low-temperature responsive elements
(LTRE) were found only in the WIZZ promoter. The presence of these motifs may suggest
that KED and WIZZ are induced not only by wounding but also by water-stress caused by
drought or low-temperature. This assumption is supported by an observation that KED is
structurally similar to dehydrins, because of its biased amino acid composition, making them
hydrophilic polypeptide.

W-boxes, which are fungal elicitor-responsive elements of the parsley PR-10 class
gene and the recognized sequences by WIZZ, were found only in the WIZZ promoter. At
present, the W-box with the TGAC core sequence is the only common element found in a
large subset of pathogen-responsive gene promoters recognized by a WRKY protein family
(Rushton and Somssich, 1998; discussion in Chapter II-2). Multiple TGAC containing
sequences are frequently recognized by WRKY proteins, for example, BS65 by ZAP1 (de

Pater et al., 1996), and Box 2 by ABFs (Rushton et al., 1995). Parsley WRKY 1 binds to three

-57 -



W-boxes in its own promoter, and this is«necessary and sufficient for its gene activation,
suggesting autoregulation (Eulgem et al., 1999). Three W-boxes were also found to be located
nearby at positions -268 to -240 in the WIZZ promoter, indicating a autoregulatory loop like
the case of WRKY1.

The WIZZ promoter contains a region homologous to a putative defective
transposable element with several inverted and direct repeats. Similar regions were previously
found in the third intron of the pollen-specific polygalacturonase gene, in the upstream region
of the endochitinase gene from tobacco (Tebbutt and Lonsdale, 1993), and in other tobacco
genes including those for enoyl-ACP reductase (accession number Y13861), the ubiquitin
extension protein (AJ223329), and the ATPase [ subunit (U96498). Transposable elements
are believed to have contributed to genome evolution by changing structures and by providing
cis-regulatory elements leading to changes in expression patterns of genes. For example, in
the promoter of the asparagus defense gene AoPRI, several regions have been found to be
similar to the sequence of the long terminal repeat promoter of tobacco retrotransposon Ttol,
which is transcriptionally activated by jasmonic acid treatment or wounding (Takeda et al.,
1998). Thus, the presence of a defective transposable element in WIZZ leads to the
speculation that its wound-responsiveness may have resulted from genetic modification by

transposable elements.
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Chapter IV

Signal Transduction in Early Wound Response

The KED and WIZZ transcripts are rapidly increased and transiently accumulated on
wounding. These responses occur not only locally but also systemically. Of particular interest
is that systemic response occurs almost simultaneously with local response. This implies that
the wound signal is immediately transmitted from the injured site to the whole plant. The
similarity of expression patterns of these genes suggests a common regulatory system.
Consequently, the question arises as to what are the signals and components leading to the
activation of immediate-early wound-responsive genes. To address this question, I tested the
effect of several chemicals, which are known to affect expression of wound-responsive genes,
on expression of four rapid and transient wound-responsive genes (KED, WIZZ, WIPK, and

PHI-1).

MATERIALS AND METHODS

Plant and Treatments

Tobacco plants were grown as described in Chapter I. Plants were wounded and/or treated by
chemicals as described in the legend of Figure 18. The samples were harvested at an
appropriate time point, immediately frozen in liquid nitrogen and stored at -80 °C.

The compounds tested were diluted to their final concentration from 100- or 1000-
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fold conceI;trated stock solutions prepared as follows: a—linolenicy acid (LNA) in water with
0.1% Triton, propionic acid (PA) (Na-salt) and 1,2-bis-(o-aminophenoxy)ethane N,N,N'N'-
tetraacetic acid (BAPTA) in water, cycloheximide (CHX) and staurosporine (STAU) in
DMSO (from Sigma), methyl jasmonate (MeJA) in N,N dimethyl-formamide, abscisic acid
(ABA) in ethanol (from Wako Pure Chemicals Industries, Ltd.), A23187 in DMSO (from

RBI) and okadaic acid in DMSO (from Life Technologies, Inc.).

RNA Blot Analysis
RNA blot analyses were performed as described in Chapter I. RNA blot containing 20 pg total

RNA per lane was subjected to hybridization with **P-labeled cDNA probe.

RESULTS

Repeated Accumulation of KED and WIZZ Transcripts on Second Wounding
Pharmacological approaches have proved to be useful for characterization of
components of signal transduction pathways in biological phenomena. To apply the same
strategy to early wound signaling pathway in tobacco plants, a simple two-step system using
leaf fragments with pre-incubation in a solution containing test chemical(s) was established.
To investigate the effects of incubation on the early wound response, healthy tobacco leaves
were cut into pieces and floated on a buffer solution (first step). Both KED and WIZZ

transcripts were rapidly induced within 1 h and disappeared 2 h later. When these leaf pieces
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were cut again 4 h after the first wounding (second step), both transcripts again accumulated

(Figure 18A). The same experimental system was then adopted for further analyses (Figure

18B).
(A)
Time after first Time after second treatment
woundig none wound
. 10 30 _ 60 12'_240 10 30 60 120 240 10 3 60 120 20
KED ' '
wiZzzZ
(B) -4 3.5 0 +4 (hr)
[ - ] first wounding
v |
] i T ] wound
<4 <
eaane e
t — chemical treatment
reatment ' | |

_':P wound + chemical pre-incubation

Figure 18. RNA blot analysis of immediate-early gene expression upon wounding.

(A) Effect of second wound treatment on KED and WIZZ expressions. (B) Schematic illustration of
experimental system for wound induction and chemical treatments. Well-expanded leaves of wild-
type tobacco plants were wounded by cutting into pieces with a pair of scissors, and quickly
floated on a buffer solution (0.05% MES-KOH pHS5.7). After 4-hr incubation, second treatment
was performed by three ways as follows. The floated leaves were (i) wounded again (wound), (ii)
transferred to a buffer solution containing chemical(s) (chemical treatment) or (iii) pre-incubated
for 0.5 hr and wounded again (wound + chemical pre-incubation).
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Response to MeJA, LNA, and ABA

Octadecanoids and abscisic acid (ABA) have been shown to be involved in induction
of several wound-responsive genes. To investigate whether or not KED and WIZZ transcript
accumulations are induced by jasmonic acid methyl ester (MeJA), linolenic acid (LNA) or
ABA, RNA blot analysis was performed (Figure 19). Instead of the second wounding, leaf
pieces were transferred to a buffer solution containing MeJA, LNA, or ABA 4 h after the first

wounding. Essentially, no accumulation of KED and WIZZ transcripts was observed.

Time after wound MeJA LNA ABA
treatment (min)j ' 30 : 60 120 240
KED 2
wizz

Figure 19, Response to MeJA, LNA and ABA.

Effect of chemical treatment on KED and WIZZ transcript accumulation. After 4 hr from the first
wounding, leaf pieces were transferred to the buffer solution containing 50 pM methyl jasmonate
(MeJA), 50 uM linolenic acid (LNA), or 100 pM abscisic acid (ABA).

Effects of Inhibitors of Protein Synthesis, Protein Kinases and Protein Phosphatases

To investigate whether or not de novo protein synthesis and protein
phosphorylation/dephosphorylatioﬁ are involved in KED and WIZZ transcript accumulation
by wounding, three kind of inhibitors, cycloheximide (CHX), staurosporine (STAU) and
okadaic acid (OKA), were used for pre-incubation. High-levels of transcript accumulation of
both KED and WIZZ for up to 4 h were induced by CHX treatment alone (Figure 20A).

Transcript accumulation of KED upon wounding was not affected by either STAU or OKA.
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That of VWIZZ was inhibited and enhanc.ed by STAU and OKA, respectively. Effects of OKA :
treatment on PHI-1 and WIPK expression were also studied (Figure 20B). Wound-inducibility
of PHI-1 transcript accumulation was not affected like KED. That of WIPK was enhanced like
WIZZ. Accumulation of both PHI-] and WIPK transcripts was also induced by CHX-

treatment alone (Figure 21B).

(A)
wound
Time after +CHX +CHX
treatment (min) 10 30 60 120 240 | 10 30 60 120240
KED ' ‘ [
wizz
B
® wound
Time after wound +OKA
treatment (min) 10 30 60 10 30 60 120 240
KED
wizz
PHI-1
wIPK §
AcTiv |

Figure 20. Effects of CHX, STAU, and OKA on immediate-early gene expression upon
wounding.

(A) Effects of cycloheximide. and staurosporine. (B) Effects of okadaic acid. After 3.5-hr
incubation from the first wounding, leaf pieces were transferred to the buffer solution containing
50 pM cycloheximide (CHX), 1 uM staurosporine (STAU) or 0.1 uM okadaic acid (OKA). After
further 0.5-hr pre-incubation, the floated leaves were wounded again.
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Effects of NADPH-Oxidase Inhibitors

The oxidative burst has been reported to be involved in systemic wound responses in many
‘plants (Orozco-Cardenas and Ryan, 1999), and to be induced by CHX treatment in soybean
cell suspension culture (Tenhaken and Riibel, 1998). To investigate whether or not it
contributes to rapid transcript accumulation of four genes, diphenylene iodonium chloride
(DPI), an inhibitor of NADPH oxidase (Cross and Jones, 1986; Auh and Murphy, 1995), was
used for pre-incubation before wounding (Figure 21). The results showed no obvious effect
on transcript accumulation induced by wounding or CHX-treatment.

(A) (B)

o
(=]
+
o
c
3
s

CHX+DPI

CHX
+DPI

2
5

Figure 21. Effects of DPI on immediate-early gene expression upon wounding and CHX-
treatment.

(A) Effects of DPI on wound-induction. After 3.5-hr incubation from the first wounding, leaf
pieces were transferred to the buffer solution in the presence or absence of 20 MM diphenylene
iodonium chloride (DPI). After further 0.5-hr pre-incubation, the floated leaves were treated or
untreated with the second wounding, and harvested 0.5 hr thereafter. (B) Effects of DPI on CHX-
induction. After 3.5-hr incubation from the first wounding, leaf pieces were transferred to the
buffer solution in the presence or absence of 50 pM DPI ("+DPI" or "Control"). After further 0.5-
hr pre-incubation, samples were treated or untreated with 50 uM CHX, and harvested 1 hr later.




Calcium Signaling and Immediate-Early Tl:anscript Accumulation upon Wounding

Recent work on systemin, which is an 18-amino acid polypeptide from tomato plants believed
to act as a systemic wound signal, showed that it triggers an increase of intracellular calcium
in tomato mesophyll cells and rapidly and transiently induces calmodulin (CaM) gene
expression (Moyen et al.,, 1998; Bergey and Ryan, 1999). These findings suggest that
intracellular calcium is a part of signal transduction that contributes to the early wound
response in tomato plants. To determine the relationship between wound responses and
increase of intracellular calcium, the effects of calcium chelator 1,2-bis-(o-
aminophenoxy)ethane N,N,N',N-tetraacetic acid (BAPTA), calcium channel blocker La*, and
ionophore A23187 on the immediate-early wound-responsive gene expression were assessed.
The transcript patterns and levels were not significantly affected by pre-incubation of BAPTA
and La’* (Figure 22A, B). When leaf pieces were treated in combination with ionophore and

BAPTA, accumulation of transcripts was not observed (Figure 22C).
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Figure 22. Calcium signaling and immediate-early gene expression upon wounding,

(A) Effects of BAPTA. After 3.5-hr incubation from the first wounding, leaf pieces were
transferred to the buffer solution in the presence (+BAPTA) or absence of 5 mM BAPTA. After
further 0.5-hr pre-incubation, the floated leaves were wounded again. (B) Effects of La®. After
3.5-hr incubation from the first wounding, leaf pieces were transferred to the buffer solution in the
presence (+La) or absence of 1 mM LaCl,. After further 0.5-hr pre-incubation, the floated leaves
were wounded again, and were harvested 0.5 hr after the second wound treatment. Healthy
untreated leaves were compared as control (Healthy). (C) Effects of calcium ionophore. After 4-hr
incubation from the first wounding, leaf pieces were transferred to the buffer solution in
combination with 5 mM CaCl,, 50 uM A23187, and 5 mM BAPTA. The floated leaves were
harvested 0.5 hr after the second treatment.

Effects of H*-ATPase Inhibition and Activation

Regulation of intracellular pH has been proposed to be involved in defense signaling, mainly
by modulating plasma membrane H*-ATPase activity (Roberts and Bowles, 1999; Schaller
and Oecking, 1999). The activity of H*-ATPase is inhibited by vanadate,
'dicyclohexylcarbodiimide, diethylstylbestrol, and erythrosin B (EB), and is activated by
fungal toxin, fusicoccin (FC) (Michelet and Boutry, 1995; Chung et al., 1999). Effects of EB
and FC on early wound response were tested with the pre-incubation method. Transcript
accumulation with ail four marker genes upon wounding was not affected (Figure 23).

However, EB alone increased the transcript levels of KED and PHI-I after 40-min pre-
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7incul-3a;ion an& those- of WIZZ and WIPK aft;r 2-hr pre-incubation (Figure 23A). Such
transcript accumulation for KED, WIZZ, and WIPK with EB treatment was also observed in
tobacco BY-2 cells (data not shown). FC alone also increased the transcript levels of all four
genes within 40 min. The effect was sustained only for PHI-1 transcript accumulation (Figure
23B). These results suggest that cellular pH change may play an important role in the

immediate-early transcript accumulation.

(A)
wound
Time after +EB +EB

wounding (min) | 10 30 60 120 240 | 10 30 60 120 240
KED '

wizz
PHI-1

WIPK

st Bttty e rsettls ey sty

ACTIN

(B)
wound
Time after +FC +FC

wounding (min)| 10 : : 10 30 60 120 240
KED '

Figure 23. Effects of the inhibitor and activator of H*-ATPase on immediate-early gene
expression upon wounding.

(A) Effects of erythrosin B. (B) Effects of fusicoccin. After 3.5-hr incubation from the first
wounding, leaf pieces were transferred to the buffer solution containing 50 uM erythrosin B (EB)
or 1 uM fusicoccin (FC). After further 0.5-hr pre-incubation, the floated leaves were wounded
again.
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Effects of Cytosolic Acidification

To test whether cytosolic pH change itself induces transcript alccumulation of immediate-early
responsive genes, effects of the weak organic acid, propionic acid (PA), were examined
(Figure 24A). Transcripts of WIZZ, WIPK, and PHI-1 were accumulated 4h after treatment.
To investigate the effects of mechanical stress and rapid change of cytosolic pH, plants were
vacuum-treated in the presence or absence of PA (Figure 24B). Although vacuum infiltration
itself induced two-step, fast and late, transcript accumulation of all tested genes, PA obviously

raised transcript levels of four genes.

(A

Time after __"’,Pﬂ__
wounding (min) | 100 60 120 240
KED [
wiz |
PHI-1
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treatment (min) | 60 10 30 60 120 240
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PHI-1
WIPK

ACTIN |

Figure 24. Effects of cytosolic acidification on immediate-early gene expression.

(A) Effects of propionic acid (PA). After 4-hr incubation from the first wounding, leaf pieces were
transferred to the buffer solution with 5 mM PA. (B) Effects of mechanical stress and acid loading.
After 4-hr incubation from the first wounding, leaf pieces were transferred to the buffer solution in
the presence or absence of 10 mM PA, and were subjected to vacuum infiltration. Controls were

untreated samples.
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DISCUSSION

General Remarks

It is difficult to dissect the molecular processes of early stage wound responses
because of the complexity of the multiple responses that occur simultaneously, including
leakage of electrolytes, and collapse of intracellular compartmentation. To our knowledge
there are no compounds which elicit a wound response in tobacco plants, such as for example,
the systemin used in studies of tomato wound responses and elicitors for pathogen responses.
This disadvantage makes cell suspension culture systems unsuitable for wound analysis. In
order to specify early wound response inducing factor(s), a simple experimental system for
tobacco plants adopting pharmacological assays, in which expression of the immediate-early
wound-responsive genes could be easily monitored, was therefore established. This chapter
describes the results of such experiments, cytosolic pH change and protein phosphorylation
being found to play key roles in the early wound response. This conclusion was also
supported by further analyses with other compounds such as lactacystin that inhibits
proteasome activity, or indomethacin that inhibits activity of phospholipase A, and

cyclooxygenase (Leon et al, 1998; Ito et al, 1999).

Octadecanoids and ABA
Accumulation of KED and WIZZ transcripts was not induced by MeJA or its
precursor LNA, or by ABA, so that direct mediation through octadecanoids or ABA is

unlikely. In Arabidopsis, several wound-responsive genes identified by the differential display
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method have been classified into JA-d'épendent and JA-independent groups (Titarenko et al.,
1997). For example, the choline kinase gene is rapidly induced by wounding but not by JA or
ABA. In tomato plants, a wound- and pathogen-responsive gene, Twil, is also rapidly induced
by wounding but is independent of ethylene and salicylic acid. Neither JA nor systemin
induce Twil expression (O'Donnell et al., 1998). These observations suggest that a novel
transduction pathway which is distinct from JA- and ABA-pathways may be involved in

immediate-early activation upon wounding.

Effects of CHX

To investigate whether or not de novo protein synthesis is necessary for immediate-
early transcript activation, the effects of the protein synthesis inhibitor, CHX, were examined.
The results showed no inhibition of KED and WIZZ transcript accumulation, clearly
indicating that nascent protein synthesis is not required for activation of either gene. However,
CHX treatment alone induced and sustained accumulation of transcripts of all four tested
genes. Similar phenomena have been observed with many genes, including mammalian
oncogenes and early auxin-, salicylic acid- and low temperature-responsive genes (Herschman,
1991; Abel and Theologis, 1996; Horvath and Chua, 1996; Berberich and Kusano, 1997).
Accumulation of transcripts for ethylene-responsive transcription factors (ERFs) from
tobacco was induced by either wounding or CHX treatment (Suzuki et al., 1998). Three
possible mechanisms for this CHX action were proposed: first, direct activation of
transcription by CHX; second, indirect activation of transcription because production of short-

lived transcriptional repressors was inhibited; and third, enhancement of mRNA stability due
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to suppressed RNase production (Koshiba et al., 1995).

Protein Phosphorylation/Protein Dephosphorylation

Protein phosphorylation is one of the earliest responses of tobacco cells upon
wounding (Seo et al., 1995; Usami et al., 1995) and two mitogen-activated protein (MAP)
kinases, WIPK (wound-induced protein kinase) and SIPK (SA-induced protein kinase), have
been shown to be rapidly and transiently activated (Zhang and Klessig, 1998a, Seo et al.,
1999). TMV-infection induces both WIPK and SIPK enzymatic activity, and also WIPK
transcript accumulation (Zhang and Klessig, 1998b). In transgenic tobacco plants
overexpressing the tomato Cf-9 resistance (R) gene, two protein kinases, possibly WIPK and
SIPK, were found to be rapidly activated in a gene-for-gene manner within 2 to 5 min after
applying pathogen-derived avirulence gene product Avr9 (Romeis et al, 1999). This was
inhibited by staurosporine, but not DPI treatment. Furthermore, in the Cf-9 overexpressing
transgenic plants, WIPK transcript accumulation was induced by Avr9 treatment. These
results indicate that wound signaling and R/Avr-dependent signaling are interlinked at the
MAP kinase cascade leading to WIPK transcript activation. The effects of okadaic acid or DPI
on WIPK transcript level upon wounding are in accord with these reports. The pattern of
WIZZ transcript accumulation is similar to that of WIPK, suggesting that both genes are
regulated in a common system during the early wound response. Phosphatase inhibition did
not affect the transcript levels of two other genes, KED and PHI-1, indicating that
phosphatase activity is not required for down-regulation of these genes to basal level.

However, the necessity of protein kinase activity for their wounding-induction remains to be
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explained.

Oxidative Burst and Calcium Signaling

To investigate whether or not the oxidative burst and calcium signaling are involved
in the immediate-early transcript accumulation, the effects of several reagents were examined.
The results showed that transcript accumulation of all genes tested was not mediated by either
the oxidative burst produced by NADPH-oxidase or calcium influx through the plasma
membrane. In soybean cells, medium alkalinization by CHX treatment was followed by DPI-
sensitive H,0, production, indicating that pH change is faster than oxidative burst (Tenhaken
and Riibel, 1998). It is known that variation of the concentration, and localization of cytosolic
Ca™ is important for differential responses to many stimuli in animal cells (Berridge et al.,
1998). In plant cells, cytosolic Ca** has been reported to be elevated in response to many
environmental stimuli such as red light, drought, touch, cold, and elicitors. (Sanders et al.,
1999). Involvement of Ca®* from different sources such as intracellular stores in immediate-

early transcript accumulation cannot be ruled out.

Cytosolic pH

In animal systems, cytosolic pH plays an important role in cellular homeostasis. For
example, cytosolic acidification by growth-factors results in cell proliferation, immediate-
early gene expression, and protein phosphorylation (Isfort et al., 1993). In tobacco plants,
there is increasing evidence that modulation of cytosolic pH is involved in the early stages of

defense response. Alkalinization of cell culture medium is rapidly, transiently and repeatedly
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induced by oligc;galacturonides, which stimulate wound-responsive gt;ﬁes (Mathieu et al.,
1998; Spiro et al., 1998). Rapid and prolonged medium alkalinization has been observed in
tobacco cells treated by various elicitors (Bourque et al., 1998; Zhang et al., 1998). Elicitor
treatment induces cytosolic acidification, and also defense-related gene expression (Mathieu
et al, 1996; Lapous et al, 1998). Drop in intracellular pH was also found to activate MAP
kinases rapidly and transiently (Tena and Renaudin, 1998). The current experiments revealed
that cytosolic pH modification by erythrosin B, fusicoccin, and propionic acid indeed induced
immediate-early transcript accumulation, suggesting that this is one of the factors in induction
of early wound responses.

The proton-pump ATPase of the plant plasma membrane is involved in many
physiological functions, including the uptake and efflux of ions and metabolites, loosening of
the cell wall, stomata movement, and intracellular pH regulation (Michelet and Boutry, 1995;
Sze et al, 1999). The activity of H*-ATPase is inhibited and activated by erythrosin B and
fusicoccin, respectively. However, neither of these was here found to affect wound-induced
transcript accumulation of the tested genes. These results suggest that plasma membrane H*-
ATPase is not a major factor controlling the early wound response.

Propionic acid induced cytosolic acidification rapidly and strongly, which
presumably was sustained for a prolonged time period because of the high concentration
applied. Continuous erythrosin B treatment may gradually reduce cytosolic pH and a number
of experiments have suggested that the intensity and duration of pH change could be related
to the mode of transcript accumulation of certain genes. For examples, rapid and transient pH

change was induced within 2 hr by oligogalacturonides, while rapid and sustained pH change

-73 -



was obser;'ed over several hours in elicitor-treated cells (Mathiel; et al., 1996; Mathieu et al.,
1998; Spiro et al., 1998; Bourque et al, 1998; Zhang et al., 1998). These observations indicate
that wounding and similar stimulation might cause an initial rapid pH change that might
switch on the defense response if maintained for a extended period.

Fusicoccin was recently reported to increase not only transcripts of PR-genes but also
the salicylic acid level in tomato cells (Robert and Bowles, 1999; Schaller and Oecking, 1999),
indicating that other effects caused by modulation of H*-ATPase activity must be taken into
consideration. Transcripts of PHI-1 were originally reported to accumulate rapidly on
phosphate treatment (Sano et al., 1999). In a cell suspension of Catharanthus roseus,
phosphates induced transient cytosolic acidification (Sakano et al., 1992), suggesting that
PHI-1 gene expression may be regulated by phosphate and/or proton levels. It is likely that
delayed accumulation of PHI-1 transcripts by fusicoccin treatment is due to increased
salicylic acid and/or phosphate produced by activated ATPase.

On the basis of the present findings and the literature, I propose that pH changes in
the cellular microenvironment caused by wounding trigger the transcript accumulation of
immediate-early wound-responsive genes. To date, however, there is no clear evidence of
such an association between cytosolic pH change and wounding. It is to be hoped that
experimental evidence can be obtained using the recently developed caged proton for pH

modulation and fluorescent pH indicators for direct measurement of cytosolic pH.
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Concluding Remarks

In order to understand molecular events that take place during the early stage of
wound response, I performed following experiments. (1) Identification of early wound-
responsive genes by FDD screening; (2) Investigation of function of immediate-early wound-
responsive gene products; (3) Characterization of promoters of representative two genes; (4)
Pharmacological analysis of signals and components involved in the immediate-early wound
response. In consequence, several clues were obtained to gain a better understanding of the
early wound response. (1) Nearly 200 genes are differentially expressed within 3 hr after
wounding; (2) Transcripts of a set of genes are rapidly and transiently accumulated; (3)
Among them, A7 and CI0 encode a highly charged protein KED and a new WRKY
transcription factor WIZZ, respectively; (4) WIZZ is rapidly and transiently activated at the
transcriptional level; (5) Protein phosphorylation/dephosphorylation and cytosolic pH change
are involved in transcript accumulation of the immediate-early wound responsive genes.

Taken together, I propose the following hypothetical model. Upon wounding,
cytosolic pH changes quickly. This pH change activates two signaling pathways, MAP kinase
cascade and so far uncharacterized one. These lead to immediate-early gene expression
followed by defense response and/or wound healing (Figure 25). A rapid cellular pH change is
assumed to be one of the earliest wound-signals and probably affects membrane potential,
providing rapid systemic signal(s). The pH change may activate signal transduction pathways,
which is either dependent or independent on protein phosphorylation. The MAP kinase

cascade, including WIPK and SIPK, is activated and induce WIZZ and WIPK transcript

=75 -



accumulation. WIZZ binds TTGAC(C/T) sequence found in defense-related gene promoters
and modulates their expression. Several hours after wounding, defense response such as cell
wall reinforcement and interference of digestion by herbivores is developed by up-regulation
of many defense-related genes including A8, C14, C20, and PI-II. Factor(s) in other pathway,
which is not mediated by protein phosphorylation/dephosphorylation, is unknown. KED and
PHI-1 are postulated to be involved in cellular homeostasis and phosphorylation, respectively.
Although further studies of uncharacterized other immediate-early wound-responsive genes
will provide more information about early wound response, current study clearly adds a novel

information to the molecular feature of early wound response in higher plants.

Early Wound Response

Figure 25. Model for molecular events during early stage of wound response.
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