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Abstract

A cDNA and a corresponding genomic clone encoding a protein with partial identity to type II proteinase
inhibitors from potato, tomato and Nicotiana alata, were isolated from tobacco libraries. The protein of
197 amino acids contains a putative signal peptide of 24 residues and three homologous domains, each
with a different reactive site. The tobacco PI-II gene is not expressed in leaves of healthy plants, but
is locally induced in leaves subjected to different types of stress (TMV infection, wounding, UV irra-
diation) and upon ethephon treatment. As opposed to the analogous PI-IT genes of potato and tomato,
the tobacco gene is not systemically induced by wounding or pathogenic infection. A far-upstream
region in the PI-II promoter, containing various direct and indirect repeats, shares considerable
sequence similarity to a similar region in the stress-inducible Cu/Zn-superoxide dismutase gene of

N. plumbaginifolia.

Plants reacting to environmental stress conditions
change their gene expression patterns to adapt to
the new sitnation. This usually results in the
accumulation of numerous defense proteins of
which the serine proteinase inhibitors (PI) are
widely represented in the plant kingdom. Two
non-homologous PIs, inhibitor I and I1, are by far
the best characterized. They are present in stor-
age organs, in vegetative cells and in reproductive

organs. In potato tubers PI-I and PI-II represent
approximately 2%, and 59 of the soluble pro-
teins, respectively. PI-I and PI-II are powerful
inhibitors of serine endopeptidases of animals and
microorganisms [for review see 21]. PI-I and
PI-IT are synthesized in leaves of tomato and
potato plants in response to wounding [8]. They
accumulate not only in the wounded leaf (local)
but also in distant, undamaged tissues (systemic).

The nucleotide sequence data reported will appear in the EMBL Nucleotide Sequence Library under the accession number 729537

(gPI2-1).
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The accumulation of Pls after wounding is
thought to be a defensive response that interferes
with the digestive processes of attacking pests
(bacteria, fungi) and insects.

PIs of type 11 contain two reactive sites, one of
which inhibits chymotrypsin and the other trypsin
[4, 19, 1]. Tomato PI-II is also a strong inhibitor
of the bacterial subtilisins [19]. The nucleotide
sequence of cDNA or genomic clones corre-
sponding to PI-II of tomato [6], potato [25, 12],
and Nicotiana alata [1] have been reported. The
tomato and potato sequences show that the en-
coded PI-II proproteins contain two homologous
domains, whereas the N. alata precursor consists
of six repeated domains.

After the screening of a AZAP cDNA library
from TMV-infected tobacco leaves | 14], with a
2P_labelled fragment corresponding to a PI-IT
gene of tomato [6], a hybridizing ¢cDNA clone
(cPI2-2) was isolated. The ¢DNA insert was
ca. 800 bp long and contained a nucleotide se-
quence similar to PI-II sequences reported from
other plants (see below). The subsequent screen-
ing of a tobacco genomic library using cPI2-2 as
a probe resulted in the isolation of three indepen-
dent genomic clones (gPI2-1, gPI2-2 and gPI2-
13). Southern blot analysis of Hind I1I-digested
DNA from these clones with a ¢PI2-2 probe re-
vealed a common 2.8 kb hybridizing band, sug-
gesting that the three genomic clones probably
contain the same gene. However, an extra hybrid-
izing band (with a size of ca. 7 kb) was found in
gPI2-13, suggesting the existence of a second gene
(data not shown).

DNA blots from tobacco genomic DNA di-
gested with Eco RI and Hind III and hybridized
at high stringency with cPI2-2 insert as probe,
revealed the presence of 4 hybridizing fragments
in each digest. This indicates that tobacco con-
tains a limited number of PI-IT genes (data not
shown). The 2.8 kb Hind III fragment of clone
gPI2-1 was subcloned and selected for charac-
terization of the tobacco PI-IT gene.

The complete nucleotide sequence of the cDNA
insert of clone cPI2-2 and the 2.8 kb Hind II1
fragment of gPI2-1 was elucidated. Figure 1
shows the nucleotide sequence of clone gPI2-1.

The genomic fragment is 2768 bp long and com-
pletely overlapped the 778 bp (excluding the
poly(A) stretch at the 3’ end) of the cDNA in-
sert of clone cPI2-2 (the 5’ residue of cPI12-2 is
located at position 1716). Both nucleotide se-
quences were identical, indicating that the gene
present in clone gPI2-1 is expressed. The
sequence of the cDNA is interrupted in the ge-
nomic clone by an intron of 203 bp. The relative
position of this intron, located in the open read-
ing frame, is conserved in the genes for potato
PI-II [12, 25]. The location of the transcription
start site (indicated by the first bold residue in
Fig. 1) was determined by primer extension
dideoxy sequencing on poly(A) RNA from TMV-
infected plants. The primer extension resulted in
the elucidation of more than 50 5’-terminal nucle-
otides and did not show heterogeneity (data not
shown). TATAAA and CAAT boxes (underlined)

-are present at —31 and -83, respectively, up-

stream of the transcription start site. The poly(A)
tail in ¢cDNA clone cPI2-2 is preceded by the
putative polyadenylation signal AATATT (under-
lined).

The open reading frame encodes a protein of
197 amino acid residues (Fig. 1). The highly hy-
drophobic, N-terminal region of 24 residues is
expected to function as a signal peptide for sub-
cellular targeting, similar to tomato and potato
PI-1I. Cleavage between Ala-24 and Lys-25 would
result in a peptide of 173 amino acids. The amino
acid sequence encoded by the tobacco gene,
shares a considerable homology with those of the
PI-IT genes of other plants from the Solanaceae
family. There is 729, identity with potato PI-II
[25] and 699 identity with tomato PI-IT [6].
However, the polypeptide encoded by the open
reading frame is considerably longer than those of
the tomato and potato PI-II genes, which each
contain two catalytic domains with similar amino
acid sequences [6,22]. Yet, the tobacco PI-II
protein is shorter than the protein encoded by a
cDNA clone from N. alata stigma tissue, contain-
ing six repeated domains with very high sequence
similarity [ 1]. In agreement with its size, the pro-
tein encoded by the tobacco PI-IT gene is com-
posed of a repeat of three domains. A tomato
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aagcttagagtaaaatcegttcectaagecattaatatataaatcagaagagtcaaaaaaaaa
tctattgcactgcttttttgggtagaaaatacaattctctecectagtaatgaagtecttt
gtgatagagacataaaacctactcttactacaaattgtccttetaattttatatatgtyga
gaattcaagattaaatttcctccattgggtggagaacataatatatecttcttattaatta
atttaacgttcactagtagcaaagctgaattttctttaaatagataaaccccaaatacta
gegtacacttatcaaggatagtggacatggtaaattgagaagatttcattgatectaaatt
tgaacttttttttttgaaagactgttcaagaggtaaaatttcaatcacggactccagata
ttttttccagatttttagattcgaaattgacaaacgcaattgggttccaattittacttca
cttttttaaaaatgcacagattttttatttgtttatgectgagactaactggtttgaatca
caacgaaaacctctttgattgtgeccatctcttaacatcatctgttttgatggatggttta
gtttaagcctctgggaagtataaaaaccataagccagttacaaaacaaaaattttgccag

ttacaaaacaaaaacticagctctagagctgatgttcgccagttacaaaacaaaaacttc

agctctagadctgaagttcogccatttacagctgaagttcgeccagttacaaaaacaaaaac

ttcagtcccgtctattagaatgetgaaattitgegtgattgcatttgectacttcagecece

gtatgctgaagttacgggtatagatgcaaatgcccctigataaatagtataaaagtace

aagcagaagttttaaggttgacgtgcagacatcaaagcaaattttgttgaaaagaaaaty
atctacaaccaaaccgaaaggtcaaacttagacagcctatatacaaatatttgattagaa
actataactgatggcgtaaacgtaataatcaaatttcaagtcaaagtgttaacattaaat
aatgaagaacatgceccaaacttacagagtttagataagagaaagaaacaccacactgectt
cgccgecgtegtcttageggecaaacttatgtitcatttattaatttatttttattttgaa
tttaagtcccacttgtacacttctaattcacaagtaactcaactgatggacctagggaaa
gggacggtgttgactagttaaactatattggtttgtacgttgtaagaaaaattccatata
tatatatatatatatatatatattgctattgtagattticttgtatctacaatcaatata
gtctaacctattataacatataaatatcatttttatcagattattaattagggttcatta
tazaaatttacctataagtaccttatggctgcaagaaaccttygggaagagttaaacttta
taataaagaagcaaccatgtacctcgecaaacttacactaagaaaataatagatetatea
attgaggaggctatacattaatcataaacaaaaaggttttaattagtcaataatgaatty
atcttactatcttcttgttctaattgatcactcgtttgctataaatagatggagaaggta
M AV
gaccchbocttacccaaaaaagaaaacaaagtaactcecacgagaaagegtataATGGCTGTT
H XK v § F v A H L L V L G
CACAAAGTTAGTTTCCTCEGCTCATCTACTTGTTCTTGgtaagattttcctbttgtececttgt
atctecttcettttctbctttgatatagaactgtigttttcatigtctatgtgtaatecttt
aatttgtgcgagttattaatactattattggaaaacccttcaagaaaaagtaaaattega
atatgatattaaagaataaggcattcaaataactaacaaatatagctatgtttgttgtag
M F L L L, VD AKATCTIEKETCGNTF AY
GAATGTTTCTACTACTTGTTGATCGCCAAGCGCTTGTACCAAAGAGTGTGETAATTTTGCCT
G I C P R 8 G T P D D P I C T T C C A
ATGGEGATATGCCCGCGTTCACAAGGAACTCCAGACGATCCCATATGCACCACTTGTTGECE
G Y K 6 ¢ NY Y S ANOGTU FTICZEG S S
CAGGCTACAAGGGCTCGCAACTATTATAGCGCTAATGCAACTTTTATTTGTCAAGGATCGT
D P K N PNV C P OQF CDPDI AY S K
CTGACCCCAAAAATCCAAACGTTTCTCCCCAGTTTTGTGATCCAGATATTGCCTATTCAA
¢c PR S$SEGESE® TI INUPTGOCCTT T COCT
AATGCCCGCGTTCAGAAGCGAGAGACGATAATTAATCCCACCGCGATGCACTACCTGTTGCA
G ¥ K G ¢ Y Y F G D G E F V C E G E 8
CGGCATACAAAGGTTCCTACTACTTCGGTCAGCATGGCCAGTTTGTTTGTCAAGGAGAGA
D EP K S CTTTECDUZPU RV YV ATTI S C P
GTGATGAACCCAAGAGTTGTACTACGGAATGTGACCCTAGAGTTGCTACCATAAGTTGCC
F 8 6 L, v X I N¢@ E C I NCCNAD K G
CGTTTTCTGGATTCGTAAACATTAATCAAGAATGCATCAACTGTTGTAACCGCAGACAAGG
¢ E L YDDNDG S L I CTGGE P Q S A
GTTGCGAACTCTATGATAATCATGCATCTTTAATTTCTACTCGGTGGGCAGCCTCARAGTG

A
CTGCTtaattatttctaatcagtgatetgtagttattgtacatgaaataaaageatgata
gatatatatatgeactgtcatgetaaactectgtaatgtgggecagtggagatgtttecacag
cttgegcaaggacatgeccaagaatttaatgaatattatgaagcactagtticttttact
tctgaactcategtactagtagttggtttacttaattactttacttttaaaggtcaaaay
tgaagcett
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Fig. 1. Nucleotide sequence and deduced amino acid sequence of clone gPI12-1, encoding tobacco PI-II. The coding region is given
in capitals. Putative CAAT and TATAAA boxes in the upstream region and a polyadenylation signal in the downstream region
are underlined. Also underlined are upstream regions with sequence similarity to promoter sequences of other genes (see text). The
sequence transcribed into mRNA is indicated in bold. The amino acid sequence of the encoded protein is given in one-letter code
above the nucleotide sequence. The hydrophobic N-terminal region, probably functioning as signal peptide, is given in italics.

PI-II-type gene which is auxin-inducible in roots
and containing three highly similar domains was
recently characterized [24]. Figure 2 shows a
comparison of the putative tobacco PI-II (tob
PI-II) domains (excluding the signal peptide) with
those of PI-II domains deduced from the tomato
(tom PI-II), potato (pot PI-II) and N. alata

(N.a. PI-II) genes. Also included in the compari-
son are PI-II-like proteins from tobacco (TTI
[17]), eggplant (EP [20]) and potato (PTI, PCI
[9]), which were sequenced at the amino acid
level. These peptides are each composed of a
single catalytic domain. It is evident that the vari-
ous PI-II domains are homologous. In particular,
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Fig. 2. Similarity of tobacco PI-II to other PI-II-type inhibitors. The amino acid sequence of the protein encoded by cDNA clone
cPI12-2, minus the 24 residues of the N-terminal signal peptide, is given (tob PI-II) and compared to the corresponding sequences
of PI-II proteins encoded in ¢cDNA or genomic clones from potato (pot PI-5 [22]) and tomato (tom PI-II [6]), Nicotiana alata
(N.a. PI[1]). These deduced sequences were arranged such as to obtain a maximum alignment with the sequences of tobacco trypsin
inhibitor {TTI [17], eggplant trypsin inhibitor (EP [20}), potato trypsin inhibitor (PTT [9]) and potato chymotrypsin inhibitor (PCI
[91). The three domains with putative reactive sites present in the tobacco PI-II protein are indicated. Highly conserved residues
in the sequences are indicated by bars. The consensus sequence for PI-II type inhibitor domains is shown above. Absolutely
conserved residues are indicated in capitals. The active site residue is indicated (V).

the positions of the eight Cys residues, involved
in intramolecular folding [7], are highly con-
served. A PI-II protein preparation isolated from
N. alata stigmas was shown to be a mixture of
peptides, each encompassing one PI-II domain,
presumably processed from the 6-domain precur-
sor encoded by the cDNA clone. Also, the TTI
inhibitor from wounded tobacco leaves is a mix-
ture of six low-molecular-weight peptides. Two of
these peptides have very high (>959% identical)
sequence similarity to the Nicotiana alata domains
[17]. None of the putative domains of the to-
bacco PI-II characterized in the present study is
more than 66%, identical to the sequenced TTI
inhibitors.

Each of the three domains of the tobacco PI-II
contains a putative reactive site, supposed to be
at the same position as in the other members of

the family [20]. The basic residue (Lys) at the
active site (P1 position) of domain 1 suggests that
this domain could possess anti-trypsin activity.
The P1 position in the putative active sites of
domain 2 (Gln) and domain 3 (Thr) have not been
found in PI-II proteins in plants, but are present
in the active site of the third domain of several
avian ovomucoid serine proteinase inhibitors
[13]. Viral serine proteinases like the potyviral
Nla proteinase require a Gln residue at the P1
position and Val at the P4 position [5]. In the
second domain of the tobacco PI-II protein these
residues are present at the P1 and P4 position,
respectively. Whether domain 2 or the other pu-
tative tobacco PI-IT domains would be capable to
render plant (viral) proteinases inactive by lock-
ing the specific substrate-binding pocket remains
to be resolved.



Expression of tobacco PI-11 genes after different
treatments

Defence genes of plants are known to be induc-
ible by diverse stimuli such as wounding, UV
irradiation, pathogen infection and ethylene.
TMY infection is a strong inducer of PI-I genes
in tobacco [15, 10]. We have tested the expres-
sion of PI-IT genes in tobacco leaves after apply-
ing different types of stress.

Seven weeks old tobacco plants (Nicotiana
tabacum var. Samsun NN) were grown in a
growth chamber under controlled conditions
(709, relative humidity, 23 °C, 16 h light/8 h
dark). At different times after applying the stress,
leaves were taken for RNA extraction. In the
cases in which systemic expression of PI-IT genes
was tested, leaves directly above the stressed ones
were sampled. The sampled leaves were immedi-
ately frozen in liquid nitrogen and stored at
-80 °C.

Figure 3 shows the results of hybridization of
cPI2-2 probe to total RNA isolated from tobacco
leaves. The left panel of Fig. 3 shows that the
PI-II gene(s) are not expressed in leaves of
healthy plants (lane H), but that PI-II mRNA
accurnulation is high in TMV-infected leaves at
three days after inoculation (lane T). Similar to
what we found for PI-I [15] and most basic PR
proteins [3], TMV-induced PI-II gene expression
in tobacco coincides with local lesion formation

local systemic

HTEWU

L A

Fig. 3. Expression of the tobacco PI-IT gene upon stress. Total
RNA was isolated from tobacco leaves, electrophoresed, blot-
ted and hybridized to PI-ITI cDNA probe. The left panel shows
PI-ITl mRNA accumulation in tobacco leaf 3 days after inocu-
lation with water (lane H) or TMV (lane T), 1 day after ethe-
phon treatment (lane E), 2 days after incision wounding
(lane W), or 1 day after UV irradiation (lane U). The right
panel shows PI-Il mRNA accumulation at the indicated times
(h) after incision-wounding in the wounded leaves (local) and
the unwounded leaves directly above the wounded leaves (sys-
temic).
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and is only apparent in the infected leaves. Any
detectable induction of the genes in the uninfected,
systemic leaves is absent (data not shown). The
genes are also highly induced 1 day after spray-
ing with 10 mM ethephon (lane E), 2 days after
wounding by making 30 incisions parallel to the
lateral veins (lane W), and 1 day after UV irra-
diation (lane U).

In tomato and potato plants, PI genes quickly
respond to wounding, not only in the affected
leaves but in the unwounded leaves as well [8, 2].
PI mRNA can be detected in the unwounded
leaves of potato within 20 min of local wounding
[18]. The right panel of Fig. 3 shows a time course
of tobacco PI-II gene expression upon incision
wounding. The first increase in PI-II mRNA
could be measured at 6 h after wounding and
accumulation increased for at least 3 days (Fig. 3;
local, 0-72). However, in the upper, non-
wounded leaves there was no increased PI-II
mRNA synthesis measurable during the same
time course (Fig. 3; systemic, 0-72). A similar
absence of a systemic wound response was ob-
tained with very young tobacco plants (3 weeks
old) and with plants subjected to different types
of wounding, including incision, pricking, squeez-
ing and scorching (data not shown).

In tobacco plants transformed with a potato
PI-]I gene containing the coding region and 5’
upstream and 3’ downstream sequences, wound-
induced expression of the PI-1I gene followed the
same pattern as in potato plants [23]. Based on
these observations, it is evident that tobacco
plants contain the cellular elements necessary to
respond systemically to a wound stress. Appar-
ently, the tobacco PI-II gene identified here is
devoid of the proper cis-acting sequences neces-
sary for responding to systemic signalling. In fact,
neither the 1690 bp of the 5’ promoter region, nor
the 242 bp of the 3’ region of the tobacco PI-I1
gene, show extended regions with high similarity
to the analogous regions of the inhibitors of to-
mato [6] or potato [25]. The 3’-flanking regions
of the tomato and potato genes, share a short
palindromic sequence, 30 to 40 bp upstream of
the polyadenylation signal, which has been pro-
posed to be important in the systemic response to
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gystemic elicitor
protato -165 AAGCGTAA--GTACCTTGCC -148
tobacco -182 AAGCaaccatGTACCTeGCC -163

Fig. 4. Conserved elicitor-responsive element in the tobacco
PI-II promoter. The left part of the sequence of the potato
PI-II gene involved in systemic induction (systemic) and the
right part involved in elicitor-induced expression (elicitor) are
given [16]. Nucleotides of the tobacco PI-II promoter iden-
tical to the potato sequence are in capitals. Numbering is
relative to the transcription start sites.

wounding [25]. This sequence is not present in
the tobacco gene.

In the potato PI-II promoter region, a sequence
of 10 bp located between —165 and —156 has
been implicated in the systemic response to
wounding. Immediately adjacent to this sequence
lies a conserved sequence that has been identified
as an elicitor- and light-inducible motif in a num-
ber of stress-inducible genes [ 16, and references
therein]. A stretch with sequence similarity to this
region is present in the promoter of the tobacco
PI-IT gene (position 1509 to 1528 in Fig. 1, or
—-182 to —163, relative to the transcription start
site). The elicitor motif of the potato gene is al-
most perfectly conserved in the tobacco promoter,

A

whereas the ‘systemic response domain’ is only
partly conserved (Fig. 4).

Interestingly, the far-upstream region from 633
to 858 (-1057 to —832, relative to the transcrip-
tion start site, underlined in Fig. 1) contains a
stretch with high sequence similarity to a compa-
rable region in the promoter of the stress-inducible
Cu/Zn-superoxide dismutase (SOD) gene of
N. plumbaginifolia [11]. Figure 5 shows a com-
parison of the respective promoter regions. Sev-
eral direct repeats are present in the region of the
SOD promoter (Fig. 5, repeats C and D). Sur-
prisingly, in spite of the sequence similarity be-
tween the two regions, the repeats of the SOD
gene are not conserved in the PI-IT gene. How-
ever, other, more extended direct repeats are
present in the PI-II promoter (Fig. 5, repeats A
and B). Because of a palindromic sequence, also
an inverted repeat is present, superimposed on
part of the direct repeats (Fig. 5, open arrows).
The conservation of the primary sequence and the
presence of various direct and indirect repeats in
the far-upstream regions of the promoters of two
stress-induced genes from different plant species
hints at a function for these regions in induced
gene expression. Analyses of the promoter se-

A B

= ———
>
L.

taagcctctgggaagtataaaaaccataagecagttacaaaacaaaaattttgccagttacaaaacaaaaacttcagetctagagetgatgtte
bl

A B AA

P 1|
e

I
cttggatctctttt

AB

gccagttacaaaacaaaaacttcagetetagagetgaagttcgecatttacagetgaagt tegecagttacaanaacaaaaactteagtcecgt
[ O N NN N R RN R A N A RN N R N | T A O B PLdHEEED HIIY
aagaaaactccatcteaaattttagetctagagetgaagttteccagttacaacgacaaaactacagetctagagetgaa~-cttcaggeccga
- -G d -8 9¢ 3

ctattagaatgctgaaattttygcgtgattgcatttgetacttcageccegtatgetgaagttacgggtatagatgcaaatgececttgataaat

IR N R N N NN N AN R R R R R N R R NN N N I e A O N [ H |
ctactagaatgctgaagttttgcgtgattgeetttgetacttoagoccogtgtgctgaagttatgcgaaaaagtggttacgettgcaaatttt
priodshetdntaichdubin Pt Adahatddihd="

D

D

Fig. 5. Comparison of far-upstream promoter regions of genes encoding tobacco PI-II and N. plumbaginifolia Cu/Zn-SOD. The
sequence in the top lines shows nucleotides 604 to 885 (~1087 to —866, relative to the transcription start site) of clone gPI2-1,
while the bottom lines show the sequence of the promoter of the SOD gene from -741 to —542, relative to the transcription start
site [11]. The two sequences are aligned to show identical residues, indicated by bars. Direct repeats A and B in the PI-II gene
are indicated by thick and thin arrows/overlining the PI-II sequence, respectively. AA and AB indicate partial repeats contain-
ing the 5 part of repeat A and the 3’ part of repeat B, respectively. The open arrows indicate inverted repeats superimposed on
the direct repeats in the PI-II gene. Repeats C and D in the SOD gene are indicated by arrows underneath the SOD sequence.



quences responsible for induction by wounding
via expression of reporter gene fusions in trans-
genic plants are in progress.
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