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Amino acid sequence of the ‘pathogenesis-related’ leaf protein p14
from viroid-infected tomato reveals a new type of structurally

unfamiliar proteins
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Communicated by H.L.Singer

We have established the complete sequence of the 130 amino
acid residues of the pathogenesis-related (PR) protein p14
accumulating in tomato leaves infected with the viroid of the
spindle tuber disease of potato (PSTV) and partial sequences
of the PR protein 1a which accumulates in tobacco mosaic
virus-infected tobacco leaves. Both PR proteins are closely
related to each other. However, no homology could be found
between the sequence of p14 and any of the 3061 published
protein sequences compiled in the protein sequence database
at present. Thus, p14 represents not only the first completely
sequenced PR plant protein but also a new type of structurally
unfamiliar proteins whose biological function in the diseased
plant remains to be elucidated.

Key words: disease-stimulated protein/pathogenesis-related pro-
tein/plant protein/tomato leaf protein

Introduction

Upon infection of tomato plants with either viroids, or two con-
ventional viruses or the leaf mold Cladosporium fulvum, a basic
leaf protein with an apparent mol. wt. of 14 000 accumulates
to become the most abundant acid-extractable tomato leaf pro-
tein. This ‘pathogenesis-related’ (PR) protein, referred to as p14,
is also found in trace amounts in healthy, especially aging leaves.
Its accumulation in infected, symptom-bearing leaves has been
shown to be a general pathophysiological but pathogen-unspecific
response of the tomato plant to infection (Camacho Henriquez
and Sénger, 1982a, 1982b, 1984). The accumulation of such host-
encoded soluble leaf proteins has been first described for tobacco
plants infected with tobacco mosaic virus (TMV) (van Loon and
van Kammen, 1970; Gianinazzi et al., 1970, 1977). Since their
appearance could at first only be related to a pathological con-
dition they were named ‘pathogenesis-related’ or ‘PR’ proteins
(Antoniw et al., 1980; van Loon et al., 1983), a term which has
largely replaced the name ‘b’ proteins also used in the past (Giani-
nazzi et al., 1970). Thus far, PR proteins have been detected
in leaves of 16 different plant species from which they are prefer-
entially extracted at an acid pH value and the mol. wt. of all
of them range between 10 000 and 20 000 (reviewed by van
Loon, 1985). It should be noted, however, that the accumulation
of proteins with an electrophoretic behaviour similar to the one
of the PR proteins can also be induced artificially in healthy plants
by plasmolysis (Wagih and Coutts, 1981), by the application of
a variety of chemicals (reviewed by van Loon, 1983a, 1983b,
1985), by high concentrations of various plant hormones (van
Loon, 1977, 1983a, 1983b; Antoniw et al., 1981) and by culture
filtrates from a pathogenic fungus (Maiss and Poehling, 1983)

© IRL Press Limited, Oxford, England.

and from a bacterium (Leach et al., 1983). Such proteins even
appear spontaneously in healthy plants when they start to flower
(Fraser, 1981) and also during the natural aging of their leaves
(Conejero et al., 1979; Camacho Henriquez and Sénger, 1982b).
Although all these findings show that the name PR proteins is
not quite appropriate it is, nevertheless, convenient to adhere to
this term as long as their nature and biological function remains
unclear.

The lack of any information on the structure and structural
relatedness of PR proteins prompted us to establish the complete
amino acid sequence of the PR protein p14 from viroid-infected
tomato plants and the partial sequence of the tobacco PR protein
la. Because of their similarity in electrophoretic mobility, their
apparent mol. wt. and their origin in related solanaceous plant
species, both proteins have been assumed to be closely related.
The comparison of their sequences presented here shows that this
is, in fact, the case. Moreover, sequence comparison also revealed
that these two PR proteins have no precedent amongst the 3061
proteins whose sequence is known at present.

Results
Sequence analysis of pl4

The PR protein pl4 starts to appear in the newly developing and
fully expanded leaves of ‘Rutgers’ tomato plants 3 weeks after
mechanical inoculation with potato spindle tuber viroid (PSTV)
and it accumulates during the fourth week after inoculation (p.i.)
to become the most abundant leaf protein in acetic acid leaf ex-
tracts (Figure 1). Therefore p14 was isolated from PSTV-infected
leaves 4 weeks p.i. by acid extraction and separated from all other
acid-extractable leaf proteins by ammonium sulfate precipitation
and ion-exchange chromatography on sulfopropyl-Sephadex and
DEAE-cellulose as previously described (Camacho Henriquez
and Sénger, 1984). Direct sequencing of the purified p14 was
unsuccessful because no amino acid derivatives were released
from the amino terminus after Edman degradation. All attempts
to deblock the N terminus of p14 with the enzyme pyroglutamic
acid aminopeptidase (Podell and Abraham, 1978) failed. How-
ever, this procedure worked successfully on a cyanogen bromide
fragment which contained the blocked N terminus thus identify-
ing the blocking group as pyroglutamic acid, i.e., pyrrolidone
carboxylic acid (PCA), a cyclisation product of glutamine
which lacks a free a-amino group (Abraham and Podell, 1981).
After removal of PCA the sequence of the first 20 amino acids
could be established. For further sequence analysis, p14 was first
denatured by mercaptolysis and S-carboxymethylation (SCM) at
the cystine residues which were known to be present from the
amino acid composition. Then fragments of SCM-pl4 were
generated by enzymatic digestion with different proteases and
by chemical cleavage methods according to established proced-
ures. The resulting cleavage products were isolated by gel
permeation chromatography and/or reversed-phase h.p.l.c. and
sequenced manually or with an automatic sequenator (Edman and
Begg, 1967), as will be described in detail elsewhere. The indi-
vidual fragments were then aligned according to their overlap-
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Fig. 1. Electrophoretic analysis of acid-extractable proteins from healthy (H)
and PSTV-infected (I) tomato leaves demonstrating the accumulation of the
pathogenesis-related (PR) protein p14 during the progress of viroid infection.
Four weeks after inoculation (p.i.) pl4 has accumulated to the most
abundant acid-extractable leaf protein. Bands of minor PR proteins are
indicated by arrows. The extraction of the proteins, their electrophoretic
separation on a 20% SDS-polyacrylamide gel and their staining with
Coomassie Brilliant Blue were performed as previously described (Camacho
Henriquez and Sanger, 1984).

ping sequences thus yielding the complete amino acid sequence
as shown in Figure 2.

Inspection of the established sequence shows that the polypep-
tide chain of p14 consists of 130 amino acid residues resulting
in a calculated mol. wt. of 14 225, which corresponds well with
the mol. wt. of 14 000 estimated from electrophoretic analysis
on SDS-polyacrylamide gels (Camacho Henriquez and Séinger,
1982b, 1984). The 16 basic amino acids (10 Arg, 3 Lys, 3 His)
versus only eight acidic amino acids (6 Asp, 2 Glu) found to be
present in pl4 could at least partly explain the basic nature of
p14 as reflected in its isoelectric point of 10.7 (Camacho Henri-
quez and Sénger, 1984). The six half-cysteine residues of p14
at positions 44, 85, 91, 102, 107 and 116 are believed to partici-
pate in disulfide linkages, because iodoacetate treatment of the
native non-reduced protein did not identify free sulfhydryl groups
as S-carboxymethylated cysteine. When the acid hydrolysate of
pl4 was analysed with an amino acid analyser programmed to
detect amino sugars no glucosamine or galactosamine residues
were found, which are the most frequent carbohydrate compon-
ents of glycosylated proteins. We therefore believe that p14 is
unglycosylated, an assumption which is supported by the absence
of the sequences Asn-X-Ser and Asn-X-Thr because the Asn resi-
due in those sequences is usually N-glycosylated (Schachter,
1981). Finally, an N-terminal methionine characteristic for
primary translation products is absent in p14 which indicates that
it represents a processed protein.

Sequence comparison and prediction of secondary structure of
pl4

To establish possible sequence homologies between p14 and other
proteins of known sequence, a search was carried out using the
release 4.0 of the protein sequence database of February 1985
(Barker et al., 1985) and the corresponding ‘search’ program
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1 10 20
PCA-AsN-SER-PRO-GLN-AsP-TYR-LEU-ALA-VAL -H1s-ASN-ASP -ALA-ARG-ALA-GLN-VAL -GLY-VAL -

21 30 40
GLy-PRO-MET-SER-TRP-ASP-ALA -ASN-LEU-ALA-SER-ARG-ALA-GLN-ASN-TYR-ALA-ASN-SER-ARG-

a 50 60
ALA-GLY-Asp Cys-AsN-Leu-1LE-His -SER GLy-ALA-GLY-GLU-ASN-LEu-ALAa-Lys-6Ly-GLy-GLy -
61 70 80
AsP -PHE - THR-GLY-ARG-ALA-ALA-VAL -GLN-LEU-TRP-VAL -SER-GLU-ARG-PRO-SER-TYR-ASN-TYR-
81 90 100
ACA-THR-ASN-GLN-Cys-VAL-GLY-GLY-Lys-Lys-Cys-ARG-HIS-TYR-THR-GLN-VAL-VAL-ARG-LEU-
101 10 120
GLY-Cys-GLy-ARG-ALA-ARG-Cys-AsN-AsN-GLY-TRP-TRP -PHE - [ LE -SER-Cys -ASN-TYR-AsP-PRo-

121 130
VAL-GLY-AsN-TRP-1LE-GLY-GLN-ARG-PRO-TYR

Fig. 2. Amino acid sequence of pl4 from the leaves of PSTV-infected
tomato plants as established by standard methods. PCA at the N terminus
denotes pyrrolidone carboxylic acid. The sequence of positions 1 —20 was
obtained by cyanogen bromide cleavage of reduced and alkylated protein at
the single methionine residue Met-23 followed by enzymatic removal of the
amino terminal blocking group PCA from the smaller cyanogen bromide
fragment (positions 1—23). Positions 24 —56 were elucidated by sequencing
the larger cyanogen bromide fragment (positions 24 — 130). Positions 54 — 70
and 75 —87 were identified by sequencing fragments obtained upon
proteolytic cleavage after Glu-53 and Glu-74, respectively, with S. aureus
protease. Positions 58 —76 were obtained by sequencing a fragment
generated by proteolytic cleavage after Lys-57 with endoprotease Lys-C.
Positions 16 —25, 93 —99 and 107 — 121 were determined from sequence
analysis of tryptic peptides and positions 86 —94 and 98 — 110 from the
analysis of peptides generated by digestion with thermolysin. Positions
120— 130 were determined by the sequence analysis of a fragment obtained
by cleavage between Asp and Pro using mild acid.

(Orcutt et al., 1985). Several sequence similarities were found,
but none of them exceeded a stretch of > 10 residues. A closer
comparison of these sequences with a computer program designed
to relate sequences and to evaluate the statistical reliability of
homologies (George et al., 1985) failed to substantiate a relation-
ship between pl14 and any of the proteins sequenced heretofore,
amongst which are a large variety of such diverse plant proteins
as peroxidases, cytochromes, lectins, protease inhibitors, storage
proteins, histones and virus inhibitors.

To prepare pl4 for crystallographic analysis the protein was
subjected to a series of different conditions under which various
other proteins have been found to crystallize appropriately, but
all attempts to crystallize p14 have failed so far. This failure and
the lack of any proteins whose structural features could be adapted
to pl4 prompted us to apply the computer-aided prediction of
the hydropathy and the secondary structure of this unfamiliar pro-
tein although we are fully aware of the limitations of such predic-
tions (Nishikawa, 1983). Figure 3a clearly shows that pl4 is
characterized by five regions (i.e., positions 15—20, 42 —48,
66 —72, 94 — 101 and 108 — 114) in which hydrophobic amino
acid residues predominate. The prediction of the secondary struc-
ture of pl4 derived from four different sets of calculations as
described by Rawlins er al. (1983) is shown in Figure 3b. From
these plots it becomes evident that p14 has hydrophobic domains
distributed over the molecule so that it could well interact with
or span plant cell membranes.

Partial sequence of the tobacco PR protein la and its relation-
ship to the sequence of pl4

Amongst the PR proteins from TMV-infected tobacco leaves,
three major proteins designated as PR-1a, PR-1b and PR-1c were
of particular interest because the possibility existed that they are
related to p14. Tobacco belongs to the same family (Solanaceae)
as tomato and electrophoretic analysis had shown that the apparent
mol. wts. of the three tobacco PR proteins are ~ 14 200 (An-
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Fig. 3. Diagram plots of the hydropathy and of the joint prediction of the secondary structure of p14. (a) The relative hydropathy index of each residue of
pl4 plotted against the residue number. The indices were obtained by summing up the plotted values according to the rules of Kyte and Doolittle (1982), and
the values from the contact number plot according to Nishikawa and Ooi (1980). The location of the five hydrophobic domains of the molecule are graphed
above the midpoint line and indicated by numbers, whereas the hydrophilic regions are below the midpoint line. (b) Prediction of the secondary structure of
pl4 as derived from four different plots according to Rawlins e al. (1983). The calculations for the individual plots were made according to the rules and
algorithms of the following authors: B, Burgess er al. (1974); C, Chou and Fasman (1978, 1979); N, Nagano (1977); R, Robson and Suzuki (1976). PRE
shows the plot of the secondary structure of pl4 as plotted when three of the four calculations gave predictions in agreement. ¥, alpha-helix; AW, beta-sheet;
ru, beta-turn structure and —, random coil. The amino acid residues are denoted in the single letter code (IUPAC-IUB Commission, 1968).

toniw ef al., 1980), i.e., in the same size range as that of p14.
Therefore we also started to sequence the PR-1a protein from
TMV-infected tobacco leaves which had been purified and kindly
provided for our analysis by Dr L.C.van Loon, Wageningen,
The Netherlands.

As in the case of pl4, the N terminus of the PR-1a protein
was also found to be blocked by PCA. Cyanogen bromide frag-
ments were produced and the one which contained the blocked
terminus was treated with pyroglutamic acid aminopeptidase
which then allowed the sequence analysis of this N-terminal frag-
ment F1. Fragment F2, also generated by cyanogen bromide
cleavage, and fragment F3, produced as a side reaction by mild
acid hydrolysis, were also sequenced. The sequence derived from
these three fragments comprises altogether 81 amino acid residues
which corresponds to more than half of the total sequence of the
PR-1a protein. The 11 acidic versus three basic amino acids pres-
ent in the partial sequence are in accordance with the previously
reported acidic nature of the PR protein 1a as reflected in its
estimated isoelectric point of 4.0 (Pierpoint, 1983a). Although
both PR proteins differ remarkably in charge the sequence com-
parison revealed (Figure 4) that the partial PR-1a protein se-
quences obtained could be aligned with the pl4 sequence in a
co-linear way without introducing any deletions or insertions and
that, so far, ~60% of the sequences of both proteins are ident-
ical. This close structural relationship is further substantiated by
the amino acid analysis of the S-carboxymethylated PR-1a pro-
tein which showed that, like p14, it contains six half-cysteine
residues. Moreover, in the alignment the location of the two half-
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Fig. 4. Alignment of the sequences of pl4 from PSTV-infected tomato
leaves with PR-1a from TMV-infected tobacco leaves in the single letter
code (IUPAC-IUB Commission, 1968) and using the pl4 numbering as in
Figure 2. In the identification of PR-1a sequences, positions 1 —40 were
obtained by sequence analysis of an N-terminal CNBr fragment F1 after
enzymatic removal of the N-terminal blocking group pyrrolidone carboxylic
acid (Z). The PR-1a sequences of positions 70 —98 were determined by
sequence analysis of the CNBr fragment F2. PR-1a sequence positions
119—130 were obtained from analysis of fragment F3 obtained after
cleavage using mild acid. The amino acids in parenthesis were deduced by
the corresponding cleavage method employed, i.e., cleavage after Met with
CNBr. and between Asp and Pro using mild acid.

cysteine residues present in the sequenced fragments of the PR-1a
protein corresponds to the ones in position 85 and 91 in p14 sug-
gesting a similar disulfide bridge in the two proteins. The par-
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tial PR-1a sequence also contains three of the five hydrophobic
stretches where alignment with the p14 sequence would predict
them. Moreover, as with p14, no amino sugars could be detected
in the PR-1a protein, which indicates that it is also non-glyco-
sylated.

From these data and from the finding that the PR proteins 1a,
1b and Ic are related to each other by amino acid composition
(Antoniw et al., 1980) and by serology (Matsuoko and Ohashi,
1984; Antoniw et al., 1985), we conclude that p14 from tomato
leaves and the three tobacco leaf proteins are members of the
same family of PR proteins. This is further substantiated by recent
immunological studies in which a p14 antiserum was found to
cross-react with the three PR proteins from tobacco leaves
(Nassuth and Sénger, 1985).

Discussion

The established sequence of p14 and its structural similarity to
PR proteins from a different plant species warrants a reconsider-
ation of the previously assumed nature and function of PR pro-
teins in general. Since the PR proteins are unrelated to the 3061
proteins whose sequence and function are presently known, no
conclusions can be drawn about the function of pl4. However,
the sequence of p14 clearly invalidates the assumption that the
pl4-related PR proteins from tobacco and other plant species are
partially identical to the interferons from animal cells, as has been
deduced from certain chromatographic and other physico-
chemical analogies (Antoniw et al., 1980; Redolfi, 1983; Pier-
point, 1983a, 1983b; Abad et al., 1985). Moreover, pl4 and
the related PR proteins neither resemble the two putative protein-
aceous inhibitors of virus replication (IVR) (Loebenstein and
Gera, 1981) nor the presumed anti-viral factor (AVF) from virus-
infected plant tissue which is thought to be a phosphorylated
glycoprotein (Sela, 1981). Moreover, p14 is not related to the
disease-associated host-encoded protein with a mol. wt. of
140 000 which is found in tomato leaves after infection with four
viroids and a satellitt RNA (Galindo et al., 1984). Finally, it
is not clear whether p14 and the related PR proteins are similar
to the so-called ‘heat-shock proteins’. However, a dramatic ac-
cumulation of p14 as a response to supra-optimal temperatures
has not been observed in tomato cell cultures (Scharf and Nover,
1982; Nover and Scharf, 1984). In fact, heat-shock proteins are
rapidly synthesized upon an increase in temperature, remain
inside the cell and usually disappear when adaptation has occur-
red (Schlesinger et al., 1982). Thus they clearly differ in this
respect from the PR proteins which seem to have a rather low
rate of turnover (Pierpoint, 1983a) and which accumulate in the
intercellular space (Parent and Asselin, 1984). Nevertheless, the
accumulation of p14 and similar disease-stimulated proteins in
infected, symptom-bearing and especially necrotizing leaves could
well reflect a particular type of response of the host plant to the
permanent stress which is imposed upon the plant by any estab-
lished infection and perturbs the metabolism of the diseased foliar
tissue continuously.

In conclusion, despite the wealth of phenomenological, physio-
logical and genetic data and the different hypotheses deduced from
them (see reviews by Redolfi, 1983; Antoniw and White, 1983;
van Loon, 1983a, 1983b, 1985; Gianinazzi and Ahl, 1983; Pier-
point, 1983b) the function of the PR proteins, and especially their
presumed involvement in acquired systemic resistance (Fraser,
1982; Fraser and Clay, 1983) are still unresolved. Since the un-
familiar sequence of a PR protein presented here has also failed
to contribute to an understanding of their role, new experimen-
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tal approaches are now required to unravel their presumed bio-
logical function in the diseased plant.

Materials and methods

Purification of p14

The acidic extraction of pl4 from PSTV-infected tomato leaves and its subse-
quent purification by ammonium sulfate precipitation and ion-exchange
chromatography on sulfopropyl-Sephadex and DEAE-cellulose was carried out
as previously described (Camacho Henriquez and Singer, 1984).

Analysis of the amino acid sequence

Chemical and enzymatic cleavage and modification of p14, the tobacco PR pro-
tein la and the subsequent sequence analysis of the overlapping fragments was
carried out manually (Chang, 1981) or with an automatic sequenator (Edman
and Begg. 1967) according to established methods and will be reported elsewhere
in detail.

Sequence comparison

The comparison of the sequence of pl4 with the published sequences of other
proteins was performed with the aid of the Sequence Database Programs of the
Protein Identification Resource of the National Biomedical Research Foundation,
Georgetown University, Medical Center, Washington, D.C. in its site-specific
computer-adapted version. In particular, Version 3.2 of the Search Program (Orcutt
et al., 1985), Version 2.0 of the Program for Detecting Distant Relationships
(George et al., 1985) and Release 4.0 of the Protein Sequence Database (Barker
et al., 1985) were used in combination.

Prediction of hydropathy and secondary structure

The hydropathy plot was obtained by plotting the relative hydropathy index of
each residue of pl4 against the residue number. The hydropathy indices were
obtained by summing up the plotted values according to the rules of Kyte and
Doolittle (1982) and the values from the contact number plot according to Nishi-
kawa and Ooi (1980). The prediction of the secondary structure of pl4 was ob-
tained by the procedure of Rawlins er al. (1983).
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Note added in proof

Our sequencing data have contributed to new experimental approaches to the PR
protein problem in that they were used by Hooft van Huijsduijnen er al. (EMBO
J., 4.2167-2171, 1985) to construct DNA primers which allowed identification
of cDNA clones of mRNAs for the PR proteins 1a, 1b and 1c in a cDNA library
from TMV-infected tobacco. and to apply Northern blot analysis. It revealed that
the low level of mRNAs for PR proteins already present in healthy tobacco is
increased more than 100-fold upon TMV-infection, indicating that synthesis of
the PR proteins is regulated at the level of transcription.

Amino acid sequence of the tomato PR protein p14

2749




