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G. cundidwm was not transformed with any of the
plasmids tested. Several possible explanations such as
DNA degradation, DNA uptake problems, nonintegra-
tion of the plasmids, or even lethal homologous integra-
tion may be advanced. Degradation prior to uptake of
transforming DNA was ruled out because intact plas-
mids could be visualized on gels after incubation with
G. candidum protoplasts. Generally, fungal transforma-
tion systems employing protoplasts are much the same
with only minor variations, but it is possible that G.
candidum may require some as yet unidentified lactor
for successful transformation to occur.
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Pathogenesis-related protein 4 is structurally homologous
to the carboxy-terminal domains of hevein, Win-1 and Win-2
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Summary. The extracellular, acidic pathogenesis-related
protein, PR-4, was purified to homogeneity from leaves
ol Nicotiana tabuacuni infected with tobacco mosaic virus
(IMV)and characterized by partial amino acid sequenc-
g, Complementary DNA clones encoding PR-4 were
solated using an oligonucleotide probe based on the
sequence of one of the peptides. The deduced PR-4 pro-

in sequence was found to be related to a family of

proteins including hevemn and Win- 1. which have an ami-
no-terminal lectin domain and a carboxy-terminal do-
main of unknown function. PR~4 is homologous to the
carboxy-terminus of these proteins but does not contain
the fectin domain. Thus, the organization of the PR-4
family of proteins is similar to that of the plant chitinase
family. in that both contain structural subclasses charac-
terized by the presence or absence of an amino-terminal
leetin domain. This observation is consistent with the
proposal that the DNA encoding the lectin domain may
he capable of transposing to form new genes encoding
proteins of more complex, multi-domain structure. The
cupression of PR-4 mRNA was found to increase dra-
matically in response to TMV infection and the time

course of RNA accumulation was similar to that of

ather PR proteins.

Key words: ¢cDNA cloning  Tobacco

[ ecting

Defense genes

Introduction

When phytopathogenic bacteria. fungi or viruses inlect
plants, the plant may respond by forming a necrotic
lesion surrounding the infection site. The biochemical
basis of this hypersensitive reaction (HR) is unknown
but it functions to limit the systemic spread of the patho-
gen (Fritig etal. 1987; Van Loon et al. 1990). Along
with the HR, other cellular processes occur that may
reduce primary and secondary pathogen infections, in-

Offpring requests 10 1. Ryals

cluding the production of antibiotic metabolites (c.g.
phytoalexins) and the synthesis of extracellular and va-
cuolar proteins (Lamb et al. 1989). Among the newly
synthesized proteins are enzymes such as chitinase and
fi-13-glucanase that may act directly by hydrolyzing
components of the fungal cell wall (Boller 1988). and
other enzymes such as peroxidase that may act indirectly
by strengthening the plant cell wall, making the tissue
fess susceptible (o infection (Bowles 1990). Other newly
synthesized proteins. such as pathogenesis-related (PR)
protetns also accumulate in the extracellular spaces of
the infected tissue to levels approaching 1% of the total
celtular protein (Van Loon 1985; Bol et al. 1990: Carr
and Klessig 1990).

The PR-proteins were (irst described as acidic, extra-
cellular proteins of relatively low molecular weight that
accumulate in tobacco leaves reacting hypersensitively
to tobacco mosaic virus (TMV) infection (Van Loon and
Van Kammen 1970; Gianinazzi ¢t al. 1970). In tobucco,
10 PR-proteins, originally designated PR-ta. -1b. -1c,
-2,-NL-0O, <P, -Q0 =R and =S have been described, which
migrate with decreasing mobility on non-denaturing
polyacrylamide gels (Van Loon et al. 1983). Recently.
a change in nomenclature has been suggested based on
the serological relationships between the proteins (Van
Loon et al. 1987). The designations PR-Ta, PR-1b and
PR-f¢ remain the same: PR-2, -N and -O arc now
termed PR-2a, PR-2b and PR-2c, respectively: PR-P and
PR-Q become PR-3a and PR-3b, respectively: PR-R be-
comes PR-4; and PR-S becomes PR-5. In this report
we will refer to the proteins using this new nomenclature.
While no activity has been described for either the PR-1
or PR-4 proteins, it has been demonstrated that the PR-2
family of proteins have in vitro f-1,3-glucanase activity
(Kauffmann et al. 1987), PR-3 proteins have chitinase
activity (Legrand et al. 1987) and the PR-5 proteins are
structurally similar to an alpha-amylase/trypsin inhibi-
tor from maize (Cornelissen et al. 1986; Picrpoint et al.
1987 Richardson et al. 1987).

In recent years. cDNA and genomic clones encoding
PR-1, PR-2, PR-3 and PR-5 have been isolated. which
has [ucilitated studies of the molecular biology of the
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proteins they encode (Bol et al. 1990; Carr and Klessig
1990 for recent reviews). However, ncither cDNAs nor
genomic clones encoding the PR-4 proteins have been
described. Here, we report isolation of the PR-4 protein
and its characterization by partial amino acid sequenc-
ing. The structure of the PR-4 proteins, deduced from
¢DNA clones encoding two isoforms, was found to be
homologous to the carboxy-terminal end of both hevein,
a major protein constituent ol rubber tree latex (Broek-
aert et al. 1990) and Win-1 and Win-2, two wound-in-
ducible proteins from potato tubers (Stanford et al.
1989). These proteins have an amino-terminal, cysteine-
rich lectin domain that is missing in PR-4, supporting
the suggestion that DNA encoding the lectin domain
is capable of recombining into target genes to form mul-
ti-functional proteins (Shinshi et al. 1990).

Materials and methods

Plunt materials and virus infection. Nicotiana tabacum
cv. Xanthine plants were grown in a greenhouse and
inoculated with the common strain (U1) ol tobacco mo-
saic virus (TMV) or mock-inoculated as previously de-
scribed (Payne et al. 1990a).

Protein purification and amino acid sequencing. Intercel-
lular fluid (FCF) from TM V-infected plants was isolated
as deseribed by Parent and Asselin (1984). Concentrated
ICF was fractionated on a Vydac phenyl reverse phase
column with a linear 20 80% gradient of acctonitrile:
isopropanol (1:1) in 0.1% trifluoroacetic acid (TFA).
PR-4 co-cluted from this column with PR-1a, -1b, and
-Ic as determined by electrophoresis on native polyacryl-
amide gels. PR-4 was separated from PR-1a, -1b and
-1c using a Brownlee Labs AX-300 anion exchange col-
umn cquilibrated in 10 mM ammonium acetate, pH 7.0.
and eluted with a lincar gradient of ammonium acetate
(pH 7.0) from 10 to 350 mM. Proteins were analyzed
by electrophoresis under non-denaturing conditions us-
ing a 17 27% mini-Sepragel (Integrated Separation Sys-
tems) in TRIS-gtycine bufter, pH 8.3, and under dena-
turing conditions using a 10-20% Novex mini-gel in
TRIS-Tricine buffer. Novex wide range protein stan-
dards were used for the polyacrylamide gel clectrophore-
sis (SDS-PAGE) and proteins were visualized by Coo-
massie Brilliant Blue R (Sigma) staining.

Purified PR-4 was digested with either trypsin or en-
doprotease Asp-N  (Bochringer-Mannheim): peptides
were separated on a Brownlee Labs RP-300 reverse
phase column with a linear gradient of 0-60% acetonitri-
le:isopropanol (1:1) in 0.1% TFA. Automated Edman
degradations were performed using an Applied Biosys-
tems 470A sequencer. Phenylthiohydantoin (PTH) ami-
no acids were identified with an on-line Applied Biosys-
tems 120A PTH analyzer.

Isolation of ¢DNA clones encoding PR-4. A ¢cDNA li-
brary was prepared from RNA extracted from TMV-
infected tobacco leaves as described by Payne et al.
(1990a). Putative cDNA clones were identificd by plat-

ing the cDNA library and screening duplicate filters with
a mixed pool of oligonucleotides having 32-fold degener-
acy and the following design: S GG Y TTR T C
NGCRTCCCA 3 (where Y represents a pyrimidine,
R represents a purine and N represents a mixture of
all four bases). Oligonucleotides were synthesized using
p-cyanoethylphosphoramidite chemistry on the Ap-
plied Biosystems 380A DNA synthesizer and 5’ end-la-
beled with T4 polynucleotide kinase and [*?P]ATP
(>6000 Ci/mmol). The filters were hybridized and
washed under low stringency conditions (125 mM Nacl,
1% SDS, 40 mM sodium phosphate, pH 7.2, 1 mM
EDTA at 50° C) (Church and Gilbert 1984).

Inserts from the recombinant phage were amplified
via PCR using the GeneAmp kit from Perkin-Elmer/
Cetus as recommended by the manufacturer and sub-
cloned into the pBlueseript plasmid (Stratagene). The
DNA sequence of the inserts was determined by dideoxy
sequencing of double-stranded templates (Hattoni and
Sakaki 1986).

RNA and DN A hybridization. Total RNA was prepared
as described (Lagrimini et al. 1987) from TM V-intected
leaves or from leaves acropetal to the inoculated leaves
(sccondary leaves). Total DNA was extracted from (o-
bacco leaves according to Ausubel et al. (1987). RNA
and DNA blot analyses were performed as described
(Ausubel ctal. 1987) using the PR-4a ¢DNA insert as
probe.

Privier extension niapping. Primer extension reactions
were carried out on total RNA as described by Metraux
et al. (1989) using an oligonucleotide with the following
sequence: 5 GACGAGGCTTGTCGGCATC-3.

Results
Purification and characierization of PR-4 protein

A total protein extract of the interceliular fuid from
TMV-infected tobacco leaves was scparated by reverse
phase HPLC resulting in a single peak (Fig. 1A) that
contained the PR-1 and PR-4 proteins as determined
by their relative mobility in native polyacrylamide gels.
This peak was collected and PR-4 was further separated
using ion-exchange chromatography. The PR-4 protein
cluted as a single peak at 5 min (Fig. 1B) and was well
resolved from the other proteins in the mixture. The
PR-4 pcak was determined to be at least 90% pure by
clectrophoresis on native and SDS polyacrylamide gels
(Fig. 1C, D). However, in another experiment, in which
a preparation of PR-4 protein was chromatographed on
a reverse phase phenyl column, we obtained evidence
for the presence of cither two isoforms of PR-4 or a
second contaminating protein virtually co-eluting with
PR-4 (data not shown).

The purified protein was found to be blocked at the
amino terminus and did not yield an amino-terminal
sequence even after enzymatically deblocking the protein
with pyroglutamate aminopeptidase. Therefore, purificd
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Fig. 1A-D. Purilication of PR-4 protein. Intraceltukar fuid (ICT)
from TMV-infected tobaceo feaves was fractionated using reverse-
plise HPLC on a phenyl column (Panel A). The peak containing
PR-4 and PR-1a. -1b, and -1c¢ (indicated by the har under the
peak in panel A at 35 min) was collected and PR-4 was separated
from the PR-1 proteins by anion exchange HPLC (Panel B). Puri-
ficd PR-4 was electrophoresed on native (Pancl C) and denaturing
(Panel D) polyacrylamide gels. Panel €. Lane 1. ICF from TMV-
induced tobuceo leaves: Lane 2. the purificd PR-4 fraction. Pancl
D, Lanes 1 and 3, molecular weight markers (sizes in kDa): Lane
2. purified PR-4
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PR-4 protein was digested with the endoproteases Asp-N
and trypsin and the resulting peptides were separated
using reverse phase HPLC. Amino acid sequences were
obtained for six of the purified peptides and these data
are shown as the underlined residues in Fig. 2. In early
allempts at sequencing, reduction and pyridylethylation
were carried out to modify cysteine residues. However.,
much of the protein was lost in subsequent desalting.
and this step was omitted when the peptides were pre-
pared. Therefore. cysteine residues were not detected in
the peptide sequences.

Isolation of ¢DNA clones encoding PR-4

A 32-fold degenerate mixture of 17-base oligonucleo-
tides was used as a probe to screen a ¢DNA library
prepared using RNA isolated from TM V-infected tobac-
co leaves (Payne et al. 1990a). The oligonucleotide mix-
ture was designed (o be complementary to mRNA that
would encode the amino acid sequence WDADKP, de-
rived from a portion of the Tryp48.8 peptide. Approxi-
mately 300000 plaques were screened in duplicate and
twenty-four positively hybridizing plagues were isolated.
Seven of these phage were purified and the cDNA inseris
were subceloned and sequenced. Among the seven clones.
two types of cDNA sequences, designated PR-4a (3 of
7) and PR-dh (4 of 7) were found. The sequences of
these two types of cDNAs compiled Trom the complete
analysis of all 7 clones are shown in Fig. 2. PR-da and
PR-4b differed at only six nucleotide positions in the
predicted coding region. The amino acid sequences of
all of the peptides were found in the deduced amino
acid sequence. confirming that the ¢cDNA encodes the
PR-4 protein. The results of primer extension mapping
indicated that the tongest cDNA extends to within ap-
proximately 15-20 bascs of the 5 end of the mRNA
(data not shown).

The ¢cDNAs encoded proteins with 147 amino acid
residues. having caleulated molecular masses of 16222
for PR-4a and 16236 for PR-4b. The molecular m
of the mature PR-4 protein determined from SDS-
PAGE (Fig. 1 D) is about 13500. So, apparently the PR-
4 protein is synthesized as a pre-protein which includes
a signal peptide of about 25 residues. The first 25 amino
acids of the deduced protein have structural characteris-
tics similar to the signal peptides of other PR-proteins
(Mctraux ctal. 1989: Payne ct al. 1988, 19904, b: Pier-
point etal. 1987; Ward etal. 1991). and by analogy
cleavage of the putative signal should occur between
the alanine at position 25 and the glutamine at position
26. 11 this is the case, a pyroglutamate modification
could protect the protein from N-terminal Edman degra-
dation. which would be consistent with our failure to
obtain N-terminal protein sequences. However, it is not
clear why attempts at enzymatic deblocking were unsuc-
cessful. Assuming cleavage of a signal peptide, both ma-
ture proteins would have a calculated isoelectric point
of 6.28 and molecular masses of 13483 (PR-4a) or 13479
(PR-4b) which are in close agreement with the size esti-
mated from SDS-PAGE.
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1 AAAATGG}\GAGAGTTAATAATTATAAGTTGTGCGTGGCATTGTTGATCATCAGCATGGTG 60
M N Y K L C v a L L I I § M
M) v M)
61 ATGGCAATGGCGGCGGCACAGAGCGCCACAMCGTGAGATCGACGTATCATTTATATMC 120
M A M A A A Q S A T NV L Y N
Tryp45/52.1
121 CCACAGAACATTMCTGGGATTTGAGAGC}\GCAAGTGCTTTCTGCGCTACTTGGGATGCC 180
P Q N I N A A S A F C A T
| 7
b (?) 4
AspN44.5
181 GACAAGCCTCTCGCATGGCGCCAGARATATGGCTGGACTGCTTTCTGTGGTCCTGCTGGA 240
D K P L A W IR Q K Y G W T A TF C G P A G
—_—_— ey [ 2)
Tryp48.8 Tryp44/26.8
241 CCTCGAGGCCM(‘ATTCCTGT(‘(‘TAC}\TGCTT(‘AGGCTGA(‘GAA(‘AFA(‘(‘AACA(‘('A[\( T 300
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01 CRAACAACAGTGAGARATACTAGATCAATGCAGCAATGOAGGGOTTGATTTAGATOTAAAL 360
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_ L —
A spldG. 8 "
A Aoplid. 8 Fig. 2. Nuclcotide and deduced amino
acid sequences of PR-4 CDNA clones.
T T The DNA sequence was compiled rom
361 GTCTTTAACCAATTGUACACAAATGULAGTGLUUTATCAGUAAGGCCACCTTACTGTCAAL do0 3 independent isolates and represents the
vV F N L DT N G V G Y ¢ G H L T Vv M B
___.Q—‘ () o () PR-4u clone. The deduced amino acnd
sequence of the PR-4 protein s given
below the nucleotide sequence. The
- - INA <eanence Tor PR- a5 c ited
421 TATGARTTTGTCAACTGCAATGACTAATTAATCTGCTTCCAGATATATTARGTACCATCA  4gp LA sequence for PRo4b was compilec
Yy E F V N € N * from 4 independent isolates. Diflerences
between PR-4b and PR-4a are indicated
PAG B— in parentheses above (nucleotides) and
------------------------ ! OGO  (amine acids) the PR-4a se-
481 TAAAAARCCACAATAATTCATATATACTGGCATATCTTATTTTTAAGAGCC-——-— GrTT 540 Pelow (amino acids) the PR-dn se
quences. Numbers refer to the nucleo-
tide sequence. The stop codon at the
G AT A A CTCTA end of the coding region is marked with
541  ACAATAAGAAGGGG-CTGAGCTAGCTTTTAAT-GTGTAT--~~GGTAATTATCTGAAAGC 600 an asterish. Tryptic and Asp-N peptides
an k. E sp-!
isolated from digests of the PR-4 pro-
G G AG AC tein are indicated by the solid lines be-
601 TCTACATG CUUTTUAL TATTAATAGARTAAAAGCTTGTTUTTGTTGTTAARA 645 jow (he amino acid sequence. These se-
gnences e been deposited with Gen-
661 AAAAAAAARA 670 Bank

Three of
and PR-4b result in amino acid changes in the putative

the nucleotide differences between PR-4a

amino-terminal =
lectin domain is a highly conserved, cysteine-rich region

leetin domain

. which PR-4 lacks. The

signal peptide and the other three differences result in
amino acid changes in the mature protein sequence. The
peptide Tryp20.3 contained a threonine. indicating that
it was derived from the PR-4a protein; however, none
of the other peptides were from parts of the protein
that would allow a discrimination between the two
forms. Therefore, there is no positive proof that the PR-
4b protein co-purified with PR-4a.

The deduced amino acid sequence of PR-4 was found
to sharc approximately 75% identity (Fig. 3) with those
of two wound-induced proteins (Win-1 and Win-2) from
potato (Stanford ct al. 1989) and with hevein from rub-
ber tree latex (Brockaert ct al. 1990). However, these
proteins contain additional sequences that comprise an

of approximately 40 amino acids that is found in other
proteins including wheat germ agglutinin (Wright et al.
1984) and the basic, class [ chitinase from tobacco (Shin-
shi et al. 1990). Figure 4 schematically itlustrates the do-
main arrangements ol scveral of these proteins. The en-
zymaltic activities of the PR-4 protein and of the car-
boxy-terminal domains of hevein and the Win proteins
are not known.

Southern blot analysis of tobacco genomic DNA us-
ing PR-4 ¢cDNA as a probe was carried out to determine
the complexity of this gene family. Enzymes that do
not restrict PR-4 ¢cDNA were used in the analysis. The
data suggest that the PR-4 gene family is relatively small,
comprised of possibly 3-4 members (data not shown).
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This result is consistent with those for other tobacco
PR-proteins, which have been shown to be encoded by
eene families of similar size (Pfitzner and Goodman
FINTL Payne etal. 1990b: Ward et al. 1991; Bol ct al.
1990 and references therein).

Lxpression of PR-4 RN A

The expression profile of PR-4 mRNA was examined
by Northern blot analysis of RNA prepared from TMV-
infected tobacco plants. On day 0. a group ol plants
was inoculated on several leaves with a suspension of
I'MV. At various times after inoculation, the treated
leaves (primary) and leaves immediately acropetal (sec-
ondary) to the TMV-inoculated leaves were harvested
and RNA was isolated from samples pooled from 3
plants. The PR-4 mRNA began to accumulate by day

2in the primary leaves and reached its highest level
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N 1989). The three amino acid differences
found in PR-db are shown in parenihe-
sey. Only amino acids differing from the
heven sequence are shown. Asterisks
denote the end of the proteins
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Fig. SA, B. Timce course of the expression of PR-4 mRNA in TMV-
infected (170 Ay and uninfected (27, By tobaece ieaves. Fach Lane
contains 10 pg of otal RNA extracted at various times post-inocu-
lation. The RNA blots were probed with PR-4a ¢cDNA. A day
seven controb (C) ol mock-inocniated plants is included on the
biot of 17 tissuc. The numbers refer to days after infection

67 days after infection (Fig. SA). The accumulation of
mRNA in the secondary leaves occurred more slowly
and reached levels lower than those attained in the pri-
mary leaves (Fig. 5B). Previous experiments have shown
simitlar patterns of expression for other PR-proteins
(Ward et al. 1991 Ryals et al. 1991).

Discussion

In this report, we have detailed the purification and par-
tial amino acid sequencing of the PR-4 protein and the
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isolation of ¢cDNA clones encoding the protein. Two
forms of the PR-4 ¢cDNA, PR-4a and PR-4b, which were
98.6% identical in nucleotide sequence within the coding
sequence and 89.5% identical in overall structure, were
isolated in roughly equivalent numbers. The occurrence
of two isoforms of a particular protein in tobacco is
common because its genome is stably amphidiploid. It
has been suggested that the ancestral tobacco genome
was derived by sexual hybridization between N. romento-
siformis and N. sylvestris followed by chromosomal du-
plication (Goodspecd and Clausen 1928). Thus, cach of
the subgenomes may account for onc form ol the PR-4
protein in tobacco. The PR-4 family is similar to the
other tobacco PR-protein families, each of which is com-
prised of at least two members (Bol et al. 1990 Carr
and Klessig 1990). Interestingly. the caleulated isoelectric
point for PR-4 is about 6.3 and at pH 7.0 its caleulated
net charge is about —1. This low net acidic charge and
low charge-to-mass ratio probably accounts for the ob-
servation that the PR-4 protein routinely migrates as
a diffuse band of fow mobility in non-denaturing PAGL.

Plant chitinases have been grouped into at least three
distinet classes based on their protein structures. The
class 1 chitinase is a complex protein consisting of an
amino-terminal. cysteine-rich lectin domam and a car-
boxy-terminal catalytic domain (Shinshi ctal. 1990). The
cliss L chitinase is a smaller protein that contains the
catalytic portion of the protein but is missing the amino-
terminal leetin domain (Payne ctal. 1990a). Tt has been
suggested that the more complex class 1 chitinase evolved
from « proto-chitinasc by insertion of the DNA encod-
ing the lectin domain into the proto-chitinase gene.,
thereby adding a new carbohydrate-binding domain to
the enzyme (Shinshi ct al. 1990). The class 11 chitinase
was proposed to have then evolved from the class 1 gene
by excision of that DNA, leaving a 9 bp direct repeat
in the class 1T genc (Shinshi ctal. 1990). It was further
proposed that related fectins containing a homologous.
cysteine-rich region could have evolved by« stmilar
transposition mechanism (Shinshi et al. 1990). The data
presented here are consistent with this model in that
the PR-4 gene family including Win-1, Win-2 and hevein
have related carboxy-terminal domains with or without
associated amino-terminal lectine domains. The PR-4
lamily is. therefore, o structurally distinet example of
the phenomenon previously observed in chitinases. Pre-
sumably other gene families encoding still different activ-
itics. will be found which also have members distin-
guished by the presence or absence of the fectin domain.
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