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Abstract

A cDNA, GaPR-10, encoding a pathogenesis-related class 10 protein, was isolated from Gossypium arboreum, a diploid cotton
species. The predicted protein of 159 amino acids contains a conserved domain (K-A-X-E-X-Y-L) in the C-terminal helix. The
glycine-rich P-loop structure found in Betvl [1] is variable in GaPR-10. The bacterially expressed GaPR-10 exhibited ribonuclease
activity in vitro. Substitution of Glu'*® with Lys, and Tyr'>® with Phe, respectively, remarkably decreased the activity, suggesting
that both residues in the C-terminus play a major role in catalyzing RNA degradation. Substitution of Gly>' with Ala, Lys®> with
Asn (both in the P-loop region), and Glu®® with Lys, affected the activity by 50—60%, indicating that these amino acid residues
might be related, but not essential to RNase activity. RNA blot analysis detected a certain level of GaPR-10 transcripts in roots of
untreated seedlings, and the transcript level was elevated after the seedlings were treated with Verticillium dahliae elicitors. In G.
arboreum suspension cells, induction of GaPR-10 transcription by the fungal elicitor was gradual and prolonged, and the
transcription was also inducible by jasmonate, but not by salicylic acid and 1-aminocyclopropane-1-carboxylate. © 2002 Elsevier

Science Ireland Ltd. All rights reserved.
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1. Introduction

Plants are induced to synthesize a class of proteins
when they are exposed to pathogens or environmental
stresses, these proteins are termed pathogenesis-related
(PR) proteins [2,3]. Accumulation of PR proteins
represents a component of plant defense responses,
and has been shown to correlate with disease resistance
in plants [4]. Five families (PR-1 to PR-5) of these
proteins were first described and characterized in
tobacco leaves infected by tobacco mosaic virus [5],
and were found in many other higher plants afterwards
[6]. Additional six families (PR-6 to PR-11) were
categorized when the definition of PR proteins was
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extended to all novel proteins that were produced in
plants during defense responses [7]. In a more recent
classification, plant defensins, thionins, and lipid-trans-
fer proteins were included in this superfamily as PR-12,
PR-13, PR-14, respectively, and altogether 14 families of
plant PR proteins were recognized [8].

PR-10 family consists of primarily acidic proteins
with low molecular weight of 16—19 kDa. Members of
this family have been identified in a variety of angios-
perms, including the dicot parsley [9], pea [10], bean [11],
soybean [12] and potato [13], as well as the monocot
asparagus [14], lily [15] and rice [16]. Comparative
analysis of the PR-10 amino acid sequences revealed
their similarity with a major birch pollen allergen Betvl
[17] and a ginseng ribonuclease [18]. A few members of
the family were reported to possess RNase activity in
vitro [19], however, no structural homology was found
to any other RNases in the Protein Data Bank.
According to X-ray and NMR data, structure of
Betvl contains a seven-stranded anti-parallel B-sheet
that wraps around a 25 residue-long C-terminal a-helix,
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forming a 30 A-long forked cavity that penetrates the
entire protein. In the B-strands IT and III of Betv1, there
is a glycine-rich loop, which shows similarity to the P-
loop motif found in many nucleotide binding proteins
[1]. Moreover, the conserved amino acid residues Glu®’,
Glu'” and Tyr!®! (of Betvl) are assumed to be involved
in the catalytic reaction [20].

A complex expression pattern of PR-10s has been
reported, including the typically activated transcription
by pathogens or related factors, and the developmen-
tally regulated expression with tissue-specificity. For
instance, Betvl proteins are constitutively expressed in
birch pollen, and a subset of Betv! genes are transcrip-
tionally activated in leaves and suspension cultured cells
by bacterial or fungal elicitation [21]. In addition, PR-
10s of bean [22], soybean [12] and white lupin [19] show
a constitutive expression in certain vegetative organs,
particularly in roots, of seedlings or mature plants.

Fungal elicitation could activate a range of plant
defense related genes and finally lead to a series of
defense reactions, including biosynthesis of phytoalexins
and accumulation of PR proteins [9]. Cotton plants
accumulate gossypol and related sesquiterpene alde-
hydes which possess fungistatic properties and insectici-
dal activities. Previous investigations showed that genes
encoding enzymes in the gossypol pathway were induced
at transcription level by fungal or bacterial elicitation
[23,24,27]. Cotton defense reactions are not restricted to
phytoalexin biosynthesis. Here we report a PR-10
cDNA isolated from the elicitor-treated suspension cells
of Gossypium arboreum L. After expression in Escher-
ichia coli, the protein exhibited RNase activity in vitro.
Site-directed mutagenesis of five amino acid residues
indicated that Glu'*® and Tyr'>® were critical to the
catalytic reaction. Transcription of this gene could be
induced by the fungal elicitor, and by the signaling
molecule jasmonate (JA).

2. Materials and methods
2.1. Plant material

Seeds of G. arboreum L. cv. Qingyangxiaozi were
obtained from Jiangsu Agricultural Academy, China.
Plants were grown in the greenhouse, under 25/22 °C
with 16/8 h (L/D) photoperiod. Tissues were harvested
by amputation into liquid nitrogen and then stored at
—70 °C before analysis. The yeast RNA was purchased
from Sigma (St. Louis, MO).

2.2. ¢DNA clone isolation and sequence analysis

According to an EST sequence (GenBank/EMBL
accession No. AA659995) from the G. hirsutum-Verti-
cillium dahliae interaction Lambda Zap Expression

cDNA library, primers SPR1 (TGAAGGCCTTCCA-
TACCAATAT) and APR1 (ATTCAAAGGAAGCTG-
TATCTTTAG) were designed. The primers were used
to screen a cDNA library of G. arboreum suspension
cultured cells treated with fungal elicitors [25], using a
PCR-mediated method [26].

2.3. Treatment of plants with elicitors and chemicals

V. dahliae Kleb strain VD-8 was cultured in potato
dextrose broth and the fungal elicitor was prepared as
previously described [23]. For elicitation, the two-week-
old G. arboreum seedlings were grown in vermiculite,
and then transferred to a 1/2 MS liquid medium
containing the fungal elicitor (applied at a final con-
centration of 1 pg sucrose equivalent per ml medium)
for 24 h. Elicitation of G. arboreum suspension cultured
cells by the V. dahliae elicitor was performed as
previously described [23], and the cells were also treated
with 5 mM salicylic acid (SA), 45 uM JA, and 1 uM 1-
aminocyclopropane-1-carboxylate (ACC), respectively,
or with sterile water as control.

2.4. RNA analyses

Total RNA was prepared from G. arboreum tissues or
suspension cultured cells by a cold-phenol method [28].
The RNA (10 ug per lane) was separated on 1.0%
denature agarose gel. Ethidium bromide was included
for monitoring equal amount of RNA loaded. The
RNA was then transferred onto a Hybond-XL mem-
brane (Amersham Pharmacia, Sweden). For probe
preparation, the GaPR-10 cDNA was digested with
BamHI and Xhol, and the released fragment of 733 bp
was ““P-labeled by using a random primer labeling
system (Promega, Madison, WI). After hybridization
overnight, the blot was washed twice at room tempera-
ture in 2 x SSC, 0.1% SDS for 15 min and twice in
0.2 x SSC, 0.1% SDS at 55 °C for 15 min, and exposed
to X-ray film for 24 h.

2.5. Expression of GaPR-10 in E. coli

The cDNA of GaPR-10 was amplified with primers
T7 (Stratagene, La Jolla, CA), and COTPR4
(TGGATCCGATGGGTGTTGTGAGTTATG), in
which a BamHI site (underlined) was introduced. The
PCR product was digested with BamHI and Xhol, and
subcloned into a pET-32b(+) vector. E. coli
BL21(DE3) was transformed with the construct and
the cells were grown in LB with ampicillin at 37 °C.
Isopropyl-1- thio-B-p-galactopyranoside (IPTG) was
added to the cultures when ODgyo reached 0.6. The
cells were further cultured for 3 h and collected by
centrifugation at 5000 rpm for 5 min. The protein
product was purified with the Ni-NTA resin (QIAGEN,
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Valenicia, CA) according to the manufacture’s manual.
To remove the N-terminal His-tag fragment, the fusion
protein was digested with enterokinase (EC 3.4.21.9)
(Sigma) at 37 °C for 6 h, to digest the cleavable site of
DDDK. Proteins were examined by SDS-PAGE [29].

2.6. Site-directed mutagenesis of GaPR-10

Five primers were designed to convert Gly’! to Ala®!
(CAATACTTGCAGGACTAGCA), Lys>® to Asn™
(GTATTGTAAATATCACCTTTGTTG), Glu’® to
Lys”® (GATTTTCTTAAGCTTGTCCC), Glu'® to
Lys'*® (GATAAGCTTTAATAGCCTTG) and Tyr'>°
to Phe'*® (GCCAAAAGAAAAGCTTCAAT), respec-
tively (mismatched nucleotides were underlined). Site-
directed mutagenesis was performed by double PCR
amplifications with Pfu DNA polymerase (Promega) as
described in Ref. [30]. The PCR products were inserted
into pGEM-T vector (Promega), and verified by DNA
sequencing. The mutant genes were expressed in E. coli
BL21(DE3) as described above.

2.7. Assay of ribonuclease activity

RNase activity was determined according to Barna et
al. [31]. The assay was conducted by incubating the
enzyme with yeast total RNA at 56 °C for 30 min, the
reaction was terminated by adding 1 volume of 4 M LiCl
to the mixture, which was then stored at 4 °C for 3 h
before centrifugation at 12000 x g for 15 min. Super-
natant was diluted and absorbance at 260 nm was
measured. One unit of enzyme activity was defined as
the amount of protein causing an increase in absorption
of 1.0 after 30 min of incubation.

3. Results and discussion
3.1. Isolation and analysis of G. arboreum PR-10 cDNA

V. dahliae is a soil-born fungus causing wilting disease
of cotton and a number of other crops. An EST
obtained from a G. hirsutum—V. dahliae interaction
library showed high sequence identities with plant PR-
10 proteins. Based on this, a clone was isolated from a
G. arboreum cDNA library, which was constructed from
suspension cultured cells treated with V. dahliae elici-
tors. The clone contains an insert of 8§06 bp, including a
complete open reading frame (ORF) of 480 bp, which
encodes a peptide of 159 amino acid residues, with a
predicted molecular mass of 17.3 kDa and an isoelectric
point of 4.95. The protein was likely to be cytoplasmic
as no signal peptide sequence was detected. A blast
search showed that the deduced protein was most
similar to plant PR-10 proteins, as expected. Compar-
ison of the amino acid sequences revealed that it had

sequence identities of 52.8, 44.9, 38.1, 31.4 and 30.4%
with PR-10 proteins of Betula pendula [17], Phaseous
vulgaris [11], Petroselinum crispum [9], Sorghum bicolor
[4] and Asparagus officinalis [14], respectively, among
which the P. crispum protein was suggested to be the
‘type member’ of the family [7]. Therefore, the protein
encoded by this G. arboreurmn mRNA belongs to the PR-
10 family, and the cDNA clone was designated as
GaPR-10. Fig. 1 shows that a number of conserved
amino acid residues are also found in GaPR-10, and a
consensus sequence (K-A-X-E-X-Y-L) in the C-terminal
helix [1,16] is completely conserved. In Betvl, there is a
P-loop structure (G-X-G-G-X-G) that might be an
RNA binding site, and the conserved Lys”, two residues
after the P-loop, may serve a similar function [1]. In
GaPR-10, this motif was changed to GDASPGSIVK.

A Southern analysis indicated that there are likely
several (3—4) copies of GaPR-10 in the diploid genome
of G. arboreum (data not shown).

3.2. RNase activity of bacterially expressed GaPR-10

Expression of GaPR-10 as a fusion protein with a
cleavable His-tag at the N-terminus in E. coli showed
that, a protein band of about 37 kDa appeared after
induction with IPTG (Fig. 2A), which was in good
agreement with calculated size of the fusion protein.

When incubated with yeast total RNA, the fusion
protein isolated by affinity column did not show any
detectable RNase activity. After cleavage of N-termianl
His-Tag fragment with enterokinase (Fig. 2B), the
GaPR-10 exhibited an RNase activity of about 221 U/
mg protein (Fig. 3). This activity is close to that of
Betvl, but significantly lower than that of pancreatic
RNaseA [32]. The digested protein was also applied to
the culture medium of V. dahliae to detect its anti-fungal
activities in vitro. After up to two days of culturing,
GaPR-10 did not show any inhibition on spore germi-
nation and hyphal growth of V. dahliae (data not
shown).

To investigate the functional importance of the
conserved amino acid residues related to RNase activ-
ities, we conducted site-directed mutagenesis on GaPR-
10. The mutational strategy involved in the following
replacement: G51A, K55N, E96K, E148K and Y150F.
These amino acids were chosen because they were either
in the region corresponding to the P-loop of Betvl
(Gly’! and Lys), or proposed to be involved in the
catalytic reaction (Glu”®, Glu'*®, and Tyr'*®). Nucleo-
tide sequencing confirmed that only desired mutations
had been introduced.

After bacterial expression and enterokinase digestion
(Fig. 2), the five mutants displayed significantly lower
RNase activities than the wild type (Fig. 3). Activities of
the G51A and K55N mutant proteins were around 84
and 104 U/mg protein, decreased by 50—60%. Therefore,
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AoPR1 asparagus g P AMLDWH-NPCEET DFEAGGS g 48
PvPR1 kidney bean PAT)NG N AKD- ADTISF LPDSEK i EG 48
Betvl birch PAAAAY AR TLD - GDNEF NIEG 48
PR1-1 parsley SAE AR UGCLCLD-IDT®L) QVLPG K SET)RE 48
PR-10 sorghum RRLFCHAVTPWHPRST HPMYED|Y 50
GaPR-10 cotton PAINYAFVLE - AAK ELEGDA : 48
AoPR1l asparagus HDKFEVEQINRYE GKMF 98
PvPR1 kidney bean EANLGY S PET 97
Betvl birch HTNEKYNY GDT 97
PR1-1 parsley KATETYS LGFI 97
PR-10 sorghum DKCECKN BIRRRI 99
GaPR-10 cotton ENNESYS GDE 96
* *
AoPR1 asparagus CATTHFRFEPSSR[EEC SHMKILPGVAD--ES ~KEGITNHMie 145
PvPR1 kidney bean KITFDSKLSDGP[EES ITHHSKGDAPPFNEDE GRAKSDSI® 147
Betvl birch KEISNEIKIVAT Pslees KMHTEKGDHEVEAEQ SKEMGE TS LIS 147
PR1-1 parsley SINNHF TAVEPNASEECT WUASINT TIANT KGDAVY PEENT)AF ANDQN LT ISF 3% 147
PR-10 sorghum TAASHIKVE PAAGEES ESTMKLLRGVDAKDEE —~KEALTAIE e 148
GaPR-10 cotton KISYENQF VAAANEESINC] SEIK IVGDYVITEDETISTLIKGSE 146

**

AoPR1 asparagus PUE A L L AN W ST
PvPR1 kidney bean EAYLLANISEEE
Betvl birch AL S DAYN
PR1-1 parsley  : VEVERENS—————
PR-10 sorghum AEAY LW AN = Sen)

GaPR-10 cotton BIE AY L LAN=jer{s)

* % *

158
156
160
155
161
159

Fig. 1. Alignment of the amino acid sequences of GaPR-10 and other PR-10 proteins from different plants. The plant sources and GenBank
accession numbers of the sequences are shown as follows: AoPR1 (Asparagus officinalis), Q05736; Betvl (Betula pendula), S05376; PR10 (Sorghum
bicolor), U60764; PvPR1 (Phaseous vulgaris), P25985; PR1-1 (Petroselinum crispum), P19417. Asterisks indicate strictly conserved amino acid

residues of the PR-10 family.

the two substitutions in the P-loop region did not
completely abolish the RNase activity of GaPR-10.
The P-loop motif detected in Betvl has been found in
many nucleotide binding proteins such as ATP- and
GTP-binding proteins [33] and plant resistance proteins
[34]. However, this motif is variable among different
PR-10 members, and is atypical in GaPR-10 (Fig. 1).
Thus the function of this putative motif needs further
investigation.

The E96K mutant also showed a 55% decrease of the
RNase activity. When the mutagenesis was performed
on a conserved domain in the C-terminal helix, the
resultant E148K and Y150F proteins lost most of their
activities. It has been suggested, on the basis of X-ray
and NMR structure of Betvl, that Glu'* and Tyr'*! are
located at two opposing sides of the long C-terminal
helix of the molecule while the position of Glu®’ is at a
rather large distance at the N-terminus of B-strand VI,
and the side chains of Glu’’, Glu'* and Tyr'>! have
functional groups presumably involved in the catalytic
reaction [1,20]. Our data presented here provide experi-
mental evidence to indicate an essential role of the
hydroxyl group of Tyr'*® and the carboxyl group of

Glu'*® for catalysis, whereas Glu®® is not as important
as the two amino acid residues in the C-terminus, at
least for the GaPR-10. 1t is likely that the C-terminal a-
helix conserved in PR-10 proteins plays a major role in
ribonucleic acid degradation, and this function of
RNase has been retained during evolution of plant
PR-10 proteins.

3.3. Expression pattern of GaPR-10

The tissue-specific expression of GaPR-10 in G.
arboreum seedlings and plants was examined by RNA
gel blot analyses, which demonstrated that GaPR-10
transcripts were present at a low level in roots of the
seedlings, whereas in hypocotyls, cotyledons, leaves,
flowers, and stems the transcripts were undetectable
(Fig. 4A). In order to investigate if the GaPR-10
expression could be induced by elicitation, G. arboreum
seedlings were treated with an elicitor-preparation of V.
dahliae. GaPR-10 transcription level in roots increased
2-3-fold at 24 h post-elicitation, and the transcripts also
appeared in hypocotyls in the same treatment. However,
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PR-10 G51A K55N E9K EI48K Y150F

M 1234567891011 12 M

97.4kD-
66.2kD-
43kD-

31kD-

20kD-
14.4kD-

123456

97.4kD-
66.2kD-
43kD-

31kD-

20kD-

<4— The fusion proteins

14.4kD- “° 4 @ & 4 w4 GaPR-10 and
—— e —————— |
mutant proteins

Fig. 2. SDS-PAGE analysis of the wild type and mutant GaPR-10 proteins produced in E. coli. (A) Bacterial proteins with (odd numbers) or without
(even numbers) | mM IPTG induction; 1-2: wild type; 3—4: G51A, 5-6: K55N, 7-8: E96K, 9-10: E148K, 11-12: Y150F, M: protein mass markers.
(B) Affinity purified proteins digested with enterokinase; 1-6: wild type, G51A, KS5N, E96K, E148K and Y 150F, respectively. The GaPR-10 protein
product, after digestion, was estimated to be approximately 17 kDa, and the cleaved His-tag was slightly smaller.

the transcripts were still undetectable in cotyledons after
elicitation (Fig. 4B).

The induced expression pattern of GaPR-10 gene was
further examined in G. arboreum suspension cultured
cells. The GaPR-10 transcripts began to accumulate
after application of the V. dahliae elicitor to cultured
cells, and reached the peak level at 12 h post-elicitation.
Then the level was kept high during subsequent 24 h
(Fig. 5A). JA and SA are signaling molecules believed to
be involved in wounding responses and disease resis-
tance of plants, and ACC is a biosynthetic precursor of
ethylene. In G. arboreum suspension cells, when JA was

added, a clear induction of GaPR-10 was indeed
observed, however, the induction by SA or ACC was
insignificant (Fig. 5B). In rice, PRI0 mRNA was
induced by JA, SA and H,O,, but ethylene and abscisic
acid failed to induce its expression [16].

As an important means for regulating gene expres-
sion, plants alter the levels of RNase activities in
response to a variety of exogenous stimuli, such as
pathogens [31]. Our results show that GaPR-10 was
weakly expressed in cotton roots, suggesting that it is
one of the pre-infectional repertoires of the cotton
defense mechanism. Furthermore, much higher level of
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PR-10 G51A K55N E96K E148K Y150F
GaPR-10 and mutant proteins

Fig. 3. RNase activity analysis of GaPR-10 and mutant proteins. The
activity was determined by OD»g4( of nucleotides after incubation with
1 pg GaPR-10 or mutant proteins at 56 °C for 30 min.

rRNA
B
H,0 Elicitor
R H C R H C
rRNA

Fig. 4. Expression pattern of GaPR-10 in two week-old seedlings and
plants of G. arboreum. (A) Tissue specific expression; R: roots; H:
hypocotyls; C: cotyledons; L: leaves; F: flowers; S: stems. (B)
Expression of GaPR-10 at 24 h post-elicitation with the V. dahliae
elicitor, R: root; H: hypocotyls; C: cotyledon.

expression after elicitation indicates that it might be
involved in activated responses of plants to pathogens.
It has been postulated that these intracellular PR
proteins, once they are induced upon interaction of the

A

Hours post-elicitation
0 4 8§ 12

24 36

rRNA

H,O E SA JA ACC

rRNA

Fig. 5. GaPR-10 expression pattern in suspension cultured cells of G.
arboreum. (A) Time course expression of GaPRI( in elicitor-treated
suspension cultured cells. (B) Expression of GaPR-10 suspension
cultured cells 24 h after treatment with SA, JA, ACC and the V.
dahliae elicitor (E), respectively.

pathogen with cells at the infectious sites, may degrade
cellular RNAs and thus contribute to the hypersensitive
reaction [35]. On the other hand, PR-10 proteins may
function to selectively degrade mRNA species induced
during stress or pathogen attack, such a mechanism
would allow the plants to return to normal physiological
status [22]. If this is the case, a slower rate of induction
of PR-10 proteins than certain defense genes may be
expected. For cotton, (+)-6-cadinene synthase (CAD1)
is a key enzyme for biosynthesis of gossypol and related
sesquiterpene phytoalexins, which are also toxic to plant
cells. Our previous investigation showed that, in G.
arboreum suspension cells, the CADI-C gene was
rapidly induced by elicitation, and the transcript reached
the maximal level around 4-8 h after elicitation, then
declined subsequently [23,25]. The relatively fast induc-
tion of CADI was also observed in present investigation
(data not shown), while the GaPR-10 gene showed a
gradual induction and a prolonged elevation of its
transcript level in the same elicited cells (Fig. 5A).
Prolonged induction of PR-10 was also found in
sorghum mesocotyls [4]. This induction pattern, to-
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gether with the fact that PR-10 genes are also constitu-
tively expressed in certain organs, seems to favor the
later hypothesis.

Acknowledgements

This work was supported by the National Natural
Science Foundation of China (3992505 and 30030020),
the National High Tech Program of China (Z170204),
and the Shanghai Science and Technology Development
Foundation (003912077).

References

[1] M. Gajhede, P. Osmark, F.E. Poulsen, H. Ipsen, J.N. Larsen,
R.J.J. van Neerven, C. Schou, H. Lewenstein, M.D. Spangfort,
X-ray and NMR structure of Betvl, the origin of birch pollen
allergy, Nat. Struct. Biol. 3 (1996) 1040—-1045.

[2] D.J. Bowles, Defense-related proteins in higher plants, Annu.
Rev. Biochem. 59 (1990) 873-907.

[3] J. Rigden, R. Coutts, Pathogenesis-related proteins in plants,
Trends Genet. 4 (1988) 87—89.

[4] S.C. Lo, J.D. Hipskind, R.L. Nicholson, cDNA cloning of a

sorghum pathogenesis-related protein (PR-10) and differential

expression of defense-related genes following inoculation with

Cochliobolus heterostrophus or Colletotrichum sublineolum,

Mol. Plant-Microbe Interact. 12 (1999) 479-489.

L.C. van Loon, A. van Kammen, Polyacrylamide disc electro-

phoresis of the soluble leaf proteins from Nicotiana tabacum

var.’Samsun’ and ‘samsun NN’ II. Changes in protein constitu-

tion after infection with tobacco mosaic virus, Virology 40 (1970)

199-211.

[6] L.C. van Loon, Pathogenesis-related proteins, Plant Mol. Biol. 4
(1985) 111-116.

[7] L.C. van Loon, W.S. Pierpoint, T. Boller, V. Conejero, Recom-
mendations for naming plant pathogenesis-related proteins, Plant
Mol. Biol. Rep. 12 (1994) 245-264.

[8] K. Hammond-Kosack, J.D.G. Jones, Response to plant patho-
gens, in: B. Buchanan, et al. (Ed.), Biochemistry and Molecular
Biology of Plants, American Society of Plant Physiologists, 2000,
pp. 1102-1156.

[9] L.LE. Somssich, E. Schmelzer, P. Kawalleck, K. Hahlbrock, Gene
structure and in situ transcript localization of pathogenesis-
related protein 1 in parsley, Mol. Gen. Genet. 213 (1988) 93-98.

[10] B. Fristensky, D. Horocitz, L.A. Hadwiger, cDNA sequences for
pea disease response genes, Plant Mol. Biol. 11 (1988) 713-715.

[11] M.H. Walter, J.W. Liu, C. Grand, C.J. Lamb, D. Hess, Bean
pathogenesis-related (PR) proteins deduced from elicitor-induced
transcripts are members of a ubiquitous new class of conserved
PR proteins including pollen allergens, Mol. Gen. Genet. 222
(1990) 353-360.

[12] D.N. Crowell, M.E. John, D. Russel, R.M. Amasino, Character-
ization of a stress-induced, developmentally regulated gene family
from soybean, Plant Mol. Biol. 18 (1992) 459—-466.

[13] D.P. Matton, N. Brisson, Cloning, expression, and sequence
conservation of pathogenesis-related gene transcripts of potato,
Mol. Plant-Microbe Interact. 2 (1989) 325-331.

[14] S.A. Warner, R. Scott, J. Draper, Characterization of a wound-
induced transcript from the monocot asparagus that shares
similarity with a class of intracellular pathogenesis-related (PR)
proteins, Plant Mol. Biol. 19 (1992) 555-561.

[5

]

[15] J.C. Huang, F.C. Chang, C.S. Wang, Characterization of a lily
tapetal transcript that shares sequence similarity with a class of
intracellular pathogenesis-related (IPR) proteins, Plant Mol. Biol.
34 (1997) 681-686.

[16] N.S. Jwa, Ganesh G.K. KumarAgrawal, R. Rakwal, C.H. Park,
V.P. Agrawal, Molecular Cloning and characterization of a novel
jasmonate inducible pathogenesis-related class 10 protein gene,
JIOsPR10, from rice (Oryza sativa L.) seedling leaves, Biochem.
Biophys. Res. Commun. 286 (2001) 973-983.

[17] H. Breiteneder, K. Pettenburger, A. Bito, R. Valenta, D. Kraft,
H. Rumpold, O. Scheiner, M. Breitenbach, The gene coding for
the major birch pollen allergen Betvl, is highly homologous to a
pea disease resistance response gene, EMBO J. 8 (1989) 1935—
1938.

[18] G.P. Moiseyev, J.J. Beinterma, L.I. Fedoreyeva, G.I. Yakovlev,
High sequence similarity between a ribonuclease from ginseng
calluses and fungus-elicited proteins from parsley indicated that
intracellular pathogensis-related proteins are ribonucleases,
Planta 193 (1994) 470-472.

[19] B. Bantignies, J. Séguin, I. Muzac, F. Dédaldéchamp, P. Gulick,
R. Inrahim, Direct evidence for ribonucleolytic activity of a PR-
10-like protein from white lupin roots, Plant Mol. Biol. 42 (2000)
871-881.

[20] G.P. Moiseyev, L.I. Fedoreyeva, Y.N. Zhuravlev, E. Yasnetslaya,
P.A. Jekel, J.J. Beintema, Primary structures of two ribonucleases
from ginseng calluses new members of the PR-10 family of
intracellular pathogenesis-related plant proteins, FEBS Lett. 407
(1997) 207-210.

[21] 1. Swoboda, O. Scheiner, E. Heberle-Bors, O. Vicente, cDNA
cloning and characterization of three birch genes, members of the
Betvl gene family of pollen allergens, that encode pathogenesis-
related proteins, Plant Cell Environ. 18 (1995) 865-874.

[22] M.H. Walter, J.W. Liu, J. Wunn, D. Hess, Bean ribonuclease-like
pathogenesis-related protein genes (Yprl0) display comlex pat-
terns of developmental, dark-induced and exogenous-stimulus-
dependent expression, Eur. J. Biochem. 239 (1996) 281-293.

[23] C.J. Liu, P. Heinstein, X.Y. Chen, Expression pattern of genes
encoding farnesyl diphosphate synthase and sesquiterpene cyclase
in cotton suspension-cultured cells treated with fungal elicitors,
Mol. Plant—Microbe Interact. 12 (1999) 1095—1104.

[24] P. Luo, Y.H. Wang, G.D. Wang, M. Essenberg, X.Y. Chen,
Molecular cloning and functional identification of (4 )-8-cadi-
nene-8-hydroxylase, a cytochrome P450 monooxygenase
(CYP706B1) of cotton sesquiterpene biosynthesis, Plant J. 28
(2001) 95-104.

[25] X.Y. Chen, Y. Chen, P. Heinstein, V.J. Davisson, Cloning,
expression, and characterization of (+)-d-cadinene synthase: a
catalyst for cotton phytoalexin biosynthesis, Arch. Biochem.
Biophys. 324 (1995) 255-266.

[26] D. Alfandari, T. Darribere, A simple PCR method for screening
cDNA libraries, PCR Meth. Appl. 4 (1994) 46—49.

[27] X.P. Tan, W.Q. Liang, C.J. Liu, P. Luo, P. Heinstein, X.Y. Chen,
Expression pattern of (+)-6-cadinene synthase genes and bio-
synthesis of sesquiterpene aldehydes in plants of Gossypium
arboreum L, Planta 210 (2000) 644—651.

[28] J. Fétterer, A. Gisel, V. Iglesias, A. Klogi, B. Kost, M.O. Scheid,
G. Neuhaus-Url, M. Schrott, R. Schillito, G. Spangenberg, Z.Y.
Wang, Standard molecular techniques for the analysis of trans-
genic plants, in: I. Protrykus, et al. (Ed.), Gene Transfer to Plants,
Springer, Berlin, 1995, pp. 215-263.

[29] U.K. Laemmli, Cleavage of structural proteins during the
assembly of the head of bacteriophage T4, Nature 227 (1970)
680—685.

[30] S. Barik, Site-directed mutagenesis by double polymerase chain
reactions, in: B.A. White (Ed.), Methods in Molecular Biology,
15, PCR Protocols, Humana Press Inc, Totowa, NJ, 1993, pp.
277-286.



636 X.-J. Zhou et al. | Plant Science 162 (2002) 629636

[31] B. Barna, W.D. Ibenthal, R. Heitefuss, Extracellular RNase
activity in healthy and rust infected wheat leaves, Physiol. Mol.
Plant Pathol. 35 (1989) 151-160.

[32] A. Bufe, M.D. Spangfort, H. Kahlert, M. Schlaak, W.M. Becker,
The major birch pollen allergen, Bet v 1, shows ribonuclease
activity, Planta 199 (1996) 413—415.

[33] M. Saraste, P.R. Sibbald, A. Wittinghofer, The P-loop-a common
motif in ATP-and GTP-binding proteins, Trends Biochem. Sci. 15
(1990) 430-434.

[34] B.C. Meyers, A.W. Dickerman, R.W. Michelmore, S. Sivaramak-
rishnan, B.W. Sobral, N.D. Young, Plant disease resistance genes
encode members of an ancient and diverse protein family within
the nucleotide-binding superfamily, Plant J. 20 (1999) 317-332.

[35] I. Swoboda, K. Hoffmann-Sommergruber, G. O’Riordain, O.
Scheiner, E. Heberle-Bors, O. Vicente, Betv 1 proteins, the major
birch pollen allergens and members of a family of conserved
pathogensis-related proteins, show ribonuclease activity in vitro,
Physiol. Plantarum 96 (1996) 433-438.



	A cotton cDNA ŁGaPR-10Ł encoding a pathogenesis-related 10 protein with in vitro ribonuclease activity
	Introduction
	Materials and methods
	Plant material
	cDNA clone isolation and sequence analysis
	Treatment of plants with elicitors and chemicals
	RNA analyses
	Expression of GaPR-10 in E. coli
	Site-directed mutagenesis of GaPR-10
	Assay of ribonuclease activity

	Results and discussion
	Isolation and analysis of G. arboreum PR-10 cDNA
	RNase activity of bacterially expressed GaPR-10
	Expression pattern of GaPR-10

	Acknowledgements
	References


