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Abstract

The family of pathogenesis-related (PR) 5 proteins have diverse functions, and some of them are classified as
thaumatins, osmotins, and inhibitors of a-amylase or trypsin. Although the specific function of many PR5 in
plants is unknown, they are involved in the acquired systemic resistance and response to biotic stress, causing
the inhibition of hyphal growth and reduction of spore germination, probably by a membrane permeabilization
mechanism or by interaction with pathogen receptors. We have constructed three-dimensional models of four
proteins belonging to the Rosaceae and Fagaceae botanical families by using the technique of comparative mol-
ecular modelling by homology. There are four main structural differences between all the PR5, corresponding to
regions with replacements of amino acids. Folding and the secondary structures are very similar for all of them.
However, the isoelectric point and charge distributions differ for each protein.

Index Entries: Pathogenesis-related proteins 5 (PR5); molecular modeling; protein structure.

INTRODUCTION

Plants have several active defence systems against
pathogen attacks, including the accumulation of antimi-
crobial secondary metabolites, cell wall reinforcement,
and expression of pathogenesis-related (PR) proteins.
Sixteen PR protein families have been characterized from
different species and classified according to their
sequence similarity, serological relationship, enzymatic
or biological activity, and structural similarities (1-3). In
recent years, several PR5 proteins have been isolated
from different species of plants, sequenced, and assayed
for antifungal activity. They are an important group of
human allergens (4-9), and their expression is regulated
in plants in response to stressors such as drought, freez-
ing temperatures, and infection by fungi, viruses, or bac-
teria (1,4,8,10). Because of their high sequence similarity
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with thaumatin, the intensely sweet-tasting protein that
accumulates in the fruit of Thaumatococcus danielli plants,
these proteins are usually called “thaumatin-like pro-
teins” (TLPs) (11). Several members of the PR5 group
from tobacco and other plant species were shown to dis-
play in vitro significant activity inhibiting hyphal growth
or spore germination of various fungi (7). Bioassay
results indicate that there is specificity between struc-
tures of the PR5 proteins and those of target microbe
organisms; therefore, their efficacy would depend on a
combination of isoforms and pathogenic species (12-14).
However, the mechanism of membrane permeabilization
or of interaction with pathogen receptors has not yet
been entirely identified (12). Although some PR5 proteins
are inhibitors of phytopathogens, other members of this
family are devoid of such activity, and the reason for the
differences is still poorly understood (15). We have con-
structed three-dimensional (3D) models of four PR5 of
the Rosaceae and Fagaceae botanical families, based on
the tertiary structure of the antifungal protein zeamatin
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(Protein Data Bank [PDB] code 1DU5) with the objective
of better understanding the relationship between struc-
ture and function.

MATERIALS AND METHODS

Molecular Modeling

The sequences of all proteins used in the modeling
process, including those of the possible templates
and of the four PR5, were obtained from the
National Center of Biotechnology Information (NCBI).
Accession numbers are as follows: Malus domestica
(Rosaceae: 1PR: Q9FSG?7), Castanea sativa (Fagaceae:
2PR: Q9SMH?2), Prunus avium (Rosaceae: 3PR: P50694),
and Pyrus pyrifolia (Rosaceae: 4PR: O80327). Models
were based on Zea mays (Fagaceae) antifungal protein
zeamatin (PDB code 1DUS5), found using Blastp (16,17),
as its structure had been solved to a 2.5-A resolution
(18). The amino acid sequence alignments were per-
formed with the ClustalW program (19), using the
BLOSUM matrix for scoring, and manually adjusted to
obtain optimal alignment. From the best alignment of
template structures to target sequences, the program
MODELLERG6v2 (20) was used to build protein models
according to the comparative protein modeling
methodology (21), to satisfy spatial restraints, and to
use standard and loop refinement protocols. The mod-
els were energy minimized with the AMBER 6.0 pack-
age (22). Finally, the best model for each protein was
evaluated and selected on the basis of the results
obtained by PROCHECK (23) and VERIFY-3D (24),
which verify the stereochemistry and evaluate the
environment of each amino acid residue in the model
as a function of the environment encountered in the
crystallographical structure that served as template.
The cycle of realignment, modeling, and structure vali-
dation was repeated until no further improvement of
the structure could be observed. The root mean square
deviation (RMSD) between the template and each
model was calculated, all figures drawn, and the mole-
cular surface derived using the Swiss PDB Viewer (25).

Phylogenetic Analysis

For the comparative analysis, the amino acid
sequences were also obtained from the NCBI. Accession
numbers are as follows: Avena sativa (Poaceae:
RST1AVESA: 1.39774; RST2AVESA: 1.39775; RST3AVESA:
L39776; RST4AVESA: L139777), Capsicum annuum
(Solanaceae: CAPANN_TLP: Q9ARGO), Castanea sativa
(Fagaceae: Q9SMH2), Hordeum vulgare (Poaceae:
HORVU1: CAB99485; HORVU3: P32938), Lycopersicum
esculentum (Solanaceae: LYCES1: P12670; LYCES2:
QIM3X2; LYCES3: CAA50059), Malus domestica
(Rosaceae: Q9FSG?7), Nicotiana tabacum (Solanaceae:
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OSMO_NICTABI: P14170; OSMO_NICTAB2: P25871),
Prunus avium (Rosaceae: 3PR: P50694), Pyrus pyrifolia
(Rosaceae: 4PR: 080327), Solanum commersonii (Sol-
anaceae: OSMOSOLCO1: P50701; OSMOSOLCO2:
P50702), Triticum aestivum (Poaceae: TRIAESI: P27357),
and Zea mays (Poaceae: ZEAMATIN: AAA92882).
Alignments were performed using ClustalW. They were
inspected, and manual changes made when necessary,
using GeneDoc 2.6 (26). Phylogenetic trees, based on pro-
portional distance among sequences, were obtained using
the neighbor-joining (NJ) method (27), available in the
MEGA program version 2.1 (28). In total, 1500 bootstrap
replicates were performed to determine the reliability of
each node of the tree.

RESULTS

Molecular Modeling

The amino acid sequences of the targets include a
signal peptide of 24 residues that was not modeled,
because a template does not exist for it. The degree of
identity between the sequences of the selected template
and of each of the four PR5 was approx 39%. The multi-
ple alignment (Fig. 1) shows high similarity among the
sequences. The degree of complete identity was 30%,
with 15% showing strong similarity and 16% showing
weak similarity.

All four target proteins have the signature of the
thaumatin family, which has a consensual pattern cor-
responding to G-x-[GF]-x-C-x-T-[GA]-D-C-x-(1,2)-G-x-
(2,3)-C (29). Ten models for each protein were initially
created, and they were analyzed using the PROCHECK
and VERIFY-3D programs, together with the values of
the RMSDs. The best models resulting from this initial
analysis were then submitted to an energy minimiza-
tion for optimization of the side-chain geometry. No
further improvement, however, was obtained (Fig. 2);
moreover, in 4PR the energy algorithm has not con-
verged. In the same way, the loop protocol that was
used in an attempt to increase the quality of the models
in the region 84-90 did not furnish the desirable effect
(data not shown). The Ramanchandran plots confirmed
the excellent quality of the initial models, with the per-
centage of residues in most favored and additional
allowed regions being no lower than 96.2%. The stereo-
chemical parameters are shown in Table 1. The RMSDs
between the backbones of the template and models
1PR, 2PR, 3PR, and 4PR were 0.36, 0.41, 0.39, and 0.41
A, respectively, where the differences in the loop
regions account for the largest differences. Together,
these data suggest that the models were stereochemi-
cally valid.

The 3D models obtained are shown in Fig. 3. Three
distinct domains are distinguished. The core domain (I)
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Fig. 1. Multiple alignment between the PR5 targets (1IPR-4PR) and the template (1DU5). Simbols: (*): complete identity
(67/222; 30%); (:): strongly similar (33/222; 15%); (.): weakly similar (36/222; 16%); no symbol: different (87/222; 39%).

presents two bundles of antiparallel strands of B-sheets
connected by loops to form a flattened B-sandwich, cor-
responding to the N-terminal part of the molecule; the
second domain (II) has a main o-helix associated to
shorter helical segments, whereas the third domain (III)
consists of B-strands linked by a loop. Domains I and II
together form a large central cleft, with stability of the
structure being maintained by disulfide bonds. The
total number of B-sheets varies between 14 and 18, 11 of
which form the sandwich, representing the core of the
protein.

The main structural differences between the four
models are localized at positions 30—42, 40-54, 143-157,
and 174-177, indicated in Fig. 3A-D, respectively. The
first and third differences can be explained by the fact
that no template is available for these regions.
Furthermore, nonsynonymous substitutions have
occurred there, causing structural changes. The second
and the fourth differences are caused by amino acid
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replacements. A B-strand structure begins at position 30
in 2PR and 4PR, but at position 36 in 1PR and 3PR; con-
sequently, these proteins have an extended loop in that
region (Fig. 4A). 2PR has three B-strands between posi-
tions 40 and 50, whereas the three others have one [-
strand there (Fig. 4). All PRs, except 1PR, have two
B-structures between positions 143 and 157 (Fig. 4B).
Finally, only 2PR has a helix in position 174 (Fig. 4). The
second and fourth differences are localized near the cleft
in all PR5 and it is probably for this reason that they are
the most important differences. The following substitu-
tions in 2PR are responsible for these differences: Thr40,
Gly42, and Lys48. And the helix in the position 174 of
2PR is formed by amino acid residues of Phel73,
Aspl74, Thr175, Alal76, and Argl77, which are absent
in the other PR5 (Fig. 4).

The molecular surface of these proteins is electrostat-
ically polarized (Fig. 5). There is a concentration of
acidic amino acids in the clefts in 1PR, 3PR, and 4PR
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Table 1

Quality of Main-Chain and Side-Chain Parameters of the Modeled PR5 Proteins

Comparison values

No. of
No. of Parameter Typical band width
Stereochemical parameter data pts value value Band width from mean
Main-chain 1PR 2PR 1PR 2PR 1PR 2PR 1PR 2PR 1PR  2PR
% residues in A, B, L 180 190 84.8 83.7 76.6 76.6 10.0 10.0 0.8 0.7
Omega angle SD 219 218 4.7 4.5 6.0 6.0 3.0 30 04 05
Bad contacts/100 residues 4 7 1.8 3.2 10.0 10.5 10.0 10.0 -0.9 -0.79
Zeta angle SD 202 205 1.6 1.4 3.1 3.1 1.6 1.6 -10 -1.1
H-bond energy SD 111 110 0.9 0.8 0.9 0.9 0.2 02 03 0.4
Overall G-factor 222 221 -0.3 -0.3 -0.6 -0.6 0.3 0.3 1.0 1.1
Side-chain
Chi-1 gauche minus SD 33 27 5.4 5.0 22.7 22.7 6.5 6.5 2.7 =27
Chi-1 trans SD 55 57 10.5 8.7 22.7 22.7 5.3 5.3 23 26
Chi-1 gauche plus SD 71 81 6.4 9.9 21.3 21.3 4.9 49 -3.0 23
Chi-1 pooled SD 159 165 7.9 8.8 22.0 22.0 4.8 4.8 29 27
Chi-2 trans SD 37 34 12.0 12.2 23.1 23.1 5.0 5.0 22 22
Main-chain 3PR 4PR 3PR 4PR 3PR 4PR 3PR 4PR 3PR  4PR
% residues in A, B, L 179 177 86.0 84.7 76.6 76.6 10.0 10.0 0.9 0.8
Omega angle SD 219 219 5.1 4.4 6.0 6.0 3.0 30 -03 -05
Bad contacts/100 residues 3 3 14 14 10.5 10.5 10.0 10.0 -0.9 -0.9
Zeta angle SD 201 194 1.5 1.8 3.1 3.1 1.6 1.6 -10 -08
H-bond energy SD 107 116 0.8 0.8 0.9 0.9 0.2 0.2 -0.6 -05
Overall G-factor 222 222 -0.3 -0.3 -0.6 -0.6 0.3 0.3 1.0 1.1
Side-chain
Chi-1 gauche minus SD 38 29 10.9 7.7 22.7 22.7 6.5 6.5 -1.8 2.3
Chi-1 trans SD 57 52 11.0 9.9 22.7 22.7 5.3 5.3 22 24
Chi-1 gauche plus SD 64 80 6.0 8.5 21.3 21.3 49 49 -3.1 2.6
Chi-1 pooled SD 159 161 9.2 9.0 22.0 22.0 4.8 4.8 26 27
Chi-2 trans SD 31 27 114 11.3 23.1 23.1 5.0 5.0 23 24
SD, standard deviation; pts, points.
(Fig. 5). The isoelectric point (pl) calculated for these DISCUSSION

proteins were 4.98, 4.84, and 5.07, respectively. How-
ever, in 2PR there is a concentration of positive residues
neighboring the cleft (Fig. 5), and the pl calculated
was 8.57.

Relationships of the Modeled PR5
With Other TLPs

The amino acid phylogenetic tree comparing the four
PR5 that have been modeled and other TLPs consists of
three main branches (Fig. 6). The first branch comprises
Solanaceae proteins, the second TLPs of the Poaceae,
and the third the Rosaceae and Fagaceae proteins,
which we have modeled. This pattern is similar to the
TLP relationships reported previously (15).

Cell Biochemistry and Biophysics

The data presented here show that the proteins that
have been modeled have a very high sequence identity
and the same overall 3D fold characteristic of TLPs (Fig.
3). In spite of these structural similarities, the proteins
differ by their surface properties (Fig. 5). PR5 can be cat-
egorized into three subclasses based on their isoelectric
point: acidic, neutral, and very basic members with
extracellular, extracellular, and vacuolar localization,
respectively (30). Previous studies have revealed that
the PRs modeled are apoplastic, because all of them pre-
sented a signal peptide and the absence of a C-terminal
extension, as found in vacuolar forms (31-34). It is inter-
esting to observe that unlike most basic PR proteins,
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Fig. 2. VERIFY-3D evaluation of the initial and minimized models.
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Fig. 3. (1) Ribbon representation of the superposition of
the three-dimensional structures of 1PR (black), 2PR (dark
gray), 3PR (gray), and 4PR (light gray) proteins, showing
the domains I, IT and III. The main differences are indicated
as: a, b, ¢, and d. (2) View of the zeamatin 3D structure.

mature 2PR is localized in the extracellular matrix, as
revealed by immunoelectron microscopy studies (32).
Three of the PR5 modeled exhibit function against
fungal pathogens (31-33), except 3PR. This cherry TLP
did not present antifungal activity in preliminary assays
(34). Because the high level of expression of this protein
has been observed in all varieties of cherries tested in
both Europe and North America, it is unlikely that it
arises as a pathogen reaction, and Fils-Lycaon et al. (34)
suggest that it may have a role in the ripening process.
The core structure of PR5 proteins is conserved in all
published 3D crystal structures and models, and the
presence of a long and deep cleft that traverses the sur-
face of the proteins is an important feature of these pro-
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teins (35). The proteins modeled in this work are com-
posed of three domains and have a similar fold to thau-
matin (36) and other PR5 proteins that have a known
structure, such as zeamatin (18), tobacco PR-5d protein
(14), and osmotin (30). The amino acid residues that are
localized at the cleft are part of the B-barrel and loops of
region II, and they are negatively charged. Because this
charge is conserved in both acidic and basic proteins,
the presence of a conserved region in the cleft of PR5
suggests that this particular area may be involved with
function (35). This acidic cleft could interact with posi-
tively charged membrane proteins involved in water or
ion transport across the fungal plasma membrane, caus-
ing disturbance of the water or ion flux (11). Besides, the
cleft is characteristic of the polysaccharide-binding site
of many glycoside hydrolases, so it could be a candidate
region for (1,3)-B-p-glucan binding, a type commonly
found in fungal walls (35). However, the role of this
acidic cleft in the antifungal properties of PR5 proteins
remains controversial because there are some proteins
without antifungal activity that also possess such a cleft,
like 3PR (TLP from cherry) (34) and Ban-TLP from
banana (15). Therefore, it is possible that the structural
differences not localized in the cleft encountered among
the models developed here (Fig. 3) can also be impor-
tant for the activity of these proteins.

The acidic residues involved in the formation of the
acidic cleft of the mature tobacco PR-5d are Arg45,
Glu85, Asp98, Asp103, and Aspl86, and these residues
are also found in 1PR (Arg50, Glu92, Asp105, Asp110,
and Asp203), 2PR (Arg50, Glu91, Asp104, Asp109, and
Asp202), 3PR (Arg50, Glu92, Asp105, Asp110, and
Asp203), and 4PR (Arg50, Glu92, Asp105, Asp110, and
Asp203). The most important structural differences
between the PR5 modeled here are localized in the
neighborhood of the acidic cleft (amino acids 40-54 and
174-177).

The extended extruding loops identified as possible
epitope regions on the surface of thaumatin (37),
which contain a sequence similar to the peptide sweet-
eners DAA (Asp-Ala-Ala) and DAG (Asp-Ala-Gly),
methyl esters important to determine the sweet taste
are not present in the PR5 modeled. Therefore, a site
for the peptide sweeteners cannot be formed on the
surface of those proteins and hence they are devoid of
any sweet taste.

The biological significance of the relationship
between PR5 isoforms and target microbes needs more
investigation. Many pathogen recognition genes, such
as the R-genes, undergo rapid adaptive evolution, pro-
viding evidence that these genes may play a critical role
in plant-pathogen coevolution. Nevertheless, according
to our previous studies, there is no evidence of the
occurrence of positive selection acting in the PR5 (38).
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Fig. 4. Ribbon representation of 1PR (1), 2PR (2), 3PR (3), and 4PR (4) models in the same orientation shown in Fig. 3.
The position of the amino acids 40-54 and 173-177 are labeled. Secondary structures are marked by different colors: light
gray = -sheets; black = a-helices, and dark gray = coil. In ‘a’ the presence of an extended loop in the 1PR and 3PR is indi-
cated. Absence of a B strand in 1PR is indicated in ‘b.”
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