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Abstract

Plants are constantly under the threat of various biotic and abiotic stress conditions and to

overcome these stresses, they have evolved multiple mechanisms including systematic

accumulation of different phytohormones, phytoalexins and pathogenesis related (PR) pro-

teins. PR proteins are cluster of proteins with low molecular weight which get incited in

plants under different stresses. In this paper, in-silico approaches are used to compare the

physico-chemical properties of 6 PR proteins (PR1, PR2, PR5, PR9, PR10, PR12) of Arabi-

dopsis thaliana and Oryza sativa. Topological analysis revealed the presence of transmem-

brane localization of PR2 and absence of transmembrane domain in PR10 of both model

plants studied. Amino acid composition shows the dominance of small aliphatic amino acids

i.e. alanine, glycine and serine in both plants studied. These results highlights the similarities

and differences between PRs of both model plants, which provides clue towards their diver-

sified roles in plants.

Introduction

Ever increasing human population and drastic climate change being observed in recent

decades continue to pose serious threat to growth and productivity of agricultural crops. The

latter encounter different types of environmental stresses, mainly categorized as biotic or abi-

otic. The abiotic stresses include salinity, cold, heat, drought, floods, heavy metals etc. whereas,

biotic stresses include attack by pathogens (bacterial, fungal, viral). Both biotic and abiotic

stresses are detrimental to plant growth and development because they are known to cause sev-

eral metabolic dysfunctions in plants and in extreme cases can also cause death of the plant [1,

2]. During the course of evolution, plants have evolved a broad range of defense mechanisms

for survival under various stressful conditions. These mechanisms involve the responses like

activation of Reactive Oxygen Species (ROS); accumulation of different phytohormones like

abscisic acid (ABA), ethylene (ET), jasmonic acid (JA), methyl jasmonate (MeJA) and salicylic
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acid (SA); production of pathogenesis related (PR) proteins and accumulation of phytoalexins.

Out of these, PR protein production and accumulation in plants during biotic and abiotic

stresses is very crucial. They are not only induced by different stresses but also accumulate in

plant tissues during different developmental stages like flowering, senescence etc.. First PR

protein was isolated from tobacco leaves but now its presence is reported in many plants. Ini-

tially PR proteins were classified into 17 families based on their serological relationships, bio-

logical or enzymatic activity and sharing of amino acid sequences [3]. Among them, many PRs

are antifungal (PR1, PR2, PR3, PR4, PR5, PR7, PR12, PR13 and PR14); a few possess endochi-

tinase activity (PR8 and PR11); whereas two others are oxalate oxidases (PR15 and PR16).

PR17 proteins are basic secretary proteins [4–7]. Custers et al., [8] characterized a class of car-

bohydrate oxidases with a defensive role in higher plants, later on these were categorized as

PR18 [9]. Sooriyaarachchi et al., [10] purified new antimicrobial protein from Pinus Sylvestris
and categorized them as PR19. The present study is focused on PR1, PR2, PR5, PR9, PR10 and

PR12; with diverse functions as mentioned below.

PR1 is the first discovered class of pathogenesis related proteins with molecular weight

ranging from 14–17 KDa. The first PR1 protein was isolated from tobacco after which PR1

proteins were identified in number of plant species including Arabidopsis, barley, maize, pep-

per, tomato, wheat, rice etc. [11]. Gamir et al., [12], for the first time described mode of action

of PR1 proteins which were shown to inhibit the sterol-auxotrophic pathogenic microorgan-

isms by binding and sequestering sterols. PR1 proteins are known to have antifungal activity

and their increased expression is considered as hallmark for activation of SA mediated signal-

ing pathway [11, 13]. PR2 proteins are low molecular weight proteins in the range of approxi-

mately 6–43 KDa. They have been identified in various plants species such as tomato, barley,

rice etc. [14–16]. PR2 proteins are strong anti-fungal proteins, possessing β-1, 3-glucanase

activity, catalyzing hydrolytic cleavage of β-1,3-glucosidic linkages present in the β-1,3-glucan,

resulting in breakdown of fungal cell wall [17]. They have role not only in providing defense

against the pathogen attack but also in different developmental processes like pollen germina-

tion, embryogenesis, fruit ripening, seed germination and development etc. [18]. PR5 proteins

are thaumatin like proteins (TLPs) because of their sequence similarity with thaumatin, which

is sweet protein from Thaumatococcus danielli, a west African shrub. They have diverse roles

in managing biotic and abiotic stresses and have antifungal, antipest, antifreeze activities and

also exhibit tolerance to osmotic stress [19]. PR9 proteins are peroxidases with molecular

weight ranges from 32–42 KDa involved in lignification of plant cell wall [20]. PR10 proteins

are ribonuclease like proteins having antibacterial activity against number of bacterial species

including those of Pseudomonas, Agrobacterium, Serratia etc. [3, 21, 22]. They are also known

to possess antiviral activity. Their role in abiotic stress management has been demonstrated in

rice and maize [23, 24]. PR12 (defensins) are small antimicrobial peptides with very low

molecular weight ranging from 3–5 KDa. They provide protection against wide range of

microbial pathogens including bacteria and fungi. They have role in management of abiotic

stress like cold, drought, heavy metals etc. [25]. Many PR proteins are induced through the

action of many phytohormones like JA, SA and ET and the level of these hormones is also

known to increase at the site of infection in a plant [6]. It is clear that PR proteins are associ-

ated with resistance against various kinds of stresses (abiotic and biotic); and plant develop-

ment and morphogenesis related signaling pathways but the mechanism of their action is yet

to be elucidated. Hence, the detailed analysis of their varied physico-chemical properties could

throw light on their useful multiplicity.

Apart from different experimental methods, many in-silico methods and online tools are

available for the analysis and characterization of protein sequences. Bioinformatics tools offer

researchers a quick and cost effective information on the physico-chemical properties of
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proteins that is useful in planning laboratory experiments.. Different physico-chemical proper-

ties like protein length, amino acid composition, molecular weight, aliphatic index, extinction

coefficient, isoelectric point, half-life, instability index and grand average of hydropathicity

can be analyzed. Several studies have shown the presence and expression of PR genes in vari-

ous plants including Arabidopsis thaliana and Oryza sativa. In our earlier study, we compared

cis-elements in the promoter regions of PR proteins using in-silico tools [26]. To the best of

our knowledge, there is no report on physicochemical properties and topology of various PRs

of A. thaliana and O. sativa. Hence, the present study was planned to analyze and compare

physicochemical properties and topology of 6 PR (PR1, PR2, PR5, PR9, PR10 and PR12) pro-

teins of each of the two model plants. This study will aid in understanding the occurrence of

diversification in different PR proteins of A. thaliana and O. sativa. Further, it will also throw

light on the similarities and differences between A. thaliana and O. sativa PR protein

sequences.

Materials and methods

Retrieval of protein sequences

Six PR protein sequences viz. PR1, PR2, PR5, PR9, PR10 and PR12 of A. thaliana and O. sativa
were downloaded from UniProt (http://www.uniprot.org) [27] in FASTA format for further

analysis.

Analysis of physico-chemical properties of PRs

Physico-chemical properties of PR1, PR2, PR5, PR9, PR10 and PR12 of A. thaliana and O.

sativa were computed using ExPASy ProtParam tool (https://web.expasy.org/protparam/)

[28]. Cellular localization of PR proteins was predicted by using web servers like: CELLO v.2.5

(http://cello.life.nctu.edu.tw/) [29]; WoLF PSORT (http://wolfpsort.seq.cbrc.jp/) [30]; and

EuLoc (http://euloc.mbc.nctu.edu.tw/) [31]. For detection of signal peptides, PrediSi (http://

www.predisi.de/) [32] and SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/) [33]

were used.

Topological analysis

Topological analysis of each PR protein of A. thaliana and O. sativa was carried out using

online tools viz. TMpred (http://www.ch.embnet.org/software/TMPRED_form.html) [34];

TMAP (http://www.bioinformatics.nl/cgi-bin/emboss/tmap) [35]; PHDhtm (https://npsa-

prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_htm.html) [36]; DAS (http://www.

sbc.su.se/~miklos/DAS/) [37], HMMTOP (http://www.enzim.hu/hmmtop/) [38]; TMHMM

(http://www.cbs.dtu.dk/services/TMHMM/) [39]; Phobius (http://phobius.sbc.su.se/) [40];

WHAT (http://saier-144-21.ucsd.edu/barwhat.html) [41] and MEMBRAIN (http://www.

csbio.sjtu.edu.cn/bioinf/MemBrain) [42].

Secondary structure prediction

Secondary structures of PR proteins were predicted with online Expasy SOPMA tool (Self-

Optimized Prediction Method and Alignment) (https://npsa-prabi.ibcp.fr/cgibin/npsa_

automat.pl?page=/NPSA/npsa_sopma.html) [43]. This tool provides details about different

conformations of proteins from the given sequences such as percentages of α-helices, β-sheets,

turns, extended strands and random coils.
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Results

The results on different PR proteins of Arabidopsis thaliana and Oryza sativa viz. PR1, PR2,

PR5, PR9, PR10 and PR12 with respect to their accession numbers, physico-chemical proper-

ties, cellular localization, topology and signal peptides are presented in Tables 1–3.

Physico-chemical properties

Physico-chemical properties like protein length, molecular weight, isoelectric point (pI), total

number of negatively and positively charged residues, extinction coefficient, instability index

(II), aliphatic index (AI) and grand average of hydropathicity (GRAVY) for PRs of A. thaliana
and O. sativa were computed using ExPASy ProtParam tool (Table 1). Among all PRs of both

species; A. thaliana and O. sativa, minimum length was observed in AtPR12 and OsPR12 (80)

while maximum length was observed for PR2 (339 in AtPR2 and 334 in OsPR2). Accordingly

minimum molecular weight for PRs of both plants was observed for PR12 (8709.22 for

AtPR12 and 8784.33 for OsPR12) whereas, maximum molecular weight was observed for PR2

(37338.92) in case of A. thaliana and PR9 (42889.77) for O. sativa. On the basis of computed

Table 1. Physico-chemical properties of Pathogenesis Related proteins of A. thaliana and O. sativa computed using ProtParam tool.

PR Accession no. Length M.Wt. pI (-) R (+) R Eca II AI GRAVY

At Os At Os At Os At Os At Os At Os At Os At Os At Os At Os

PR1 P33154 Q6YSF8 161 168 17676.94 17534.13 9 4.55 10 17 16 8 38765 43930 25.57 46.09 73.85 59.94 -0.288 -0.176

PR2 P33157 Q94CR1 339 334 37338.92 35682.43 4.85 9.40 39 23 27 31 41830 40800 48.07 31.95 81.68 85.96 -0.266 -0.061

PR5 P50700 Q7XST4 244 278 26632.76 29863.03 6.08 7.98 18 21 17 24 34920 42285 44.2 46.81 59.63 63.53 -0.295 0.040

PR9 P0DI10 Q7F1U0 325 317 35624.39 42889.77 9.35 5.77 31 23 44 20 23420 11960 35.32 30.35 97.17 83.56 -0.049 0.028

PR10 Q93VR4 Q9LKJ9 155 158 17045.5 16656.91 5.09 4.95 23 24 17 16 19940 16180 21.89 30.69 92.45 83.42 -0.163 -0.118

PR12 P30224 Q6K209 80 80 8709.22 8784.33 8.47 9.08 4 6 7 12 8980 500 27.49 47.84 75.5 65.88 0.339 -0.041

At = A. thaliana Os = O. sativa.

M.wt. = Molecular weight; pI = Isoelectric point; (-) R = total number of negatively charged residues; (+) R = total number of positively charged residues; Eca =

Extinction coefficient (aunits of M-1 cm -1at 280 nm measuring in water); II = Instability index; AI = Aliphatic index; GRAVY = Grand average of hydropathicity.

https://doi.org/10.1371/journal.pone.0239836.t001

Table 2. Subcellular localization of PR proteins predicted by different tools.

Tool PR Cello Euloc Wolfpsort

PR1 At Extracellular Extracellular Extracellular/Vacuole

Os Extracellular Vacuole Extracellular

PR2 At Vacuole Vacuole Vacuole/Extracellular

Os Vacuole Vacuole Chloroplast

PR5 At Extracellular Vacuole Chloroplast

Os Extracellular Extracellular Extracellular

PR9 At Extracellular Extracellular Extracellular

Os Extracellular Extracellular Chloroplast

PR10 At Cytoplasmic Cytoplasmic Cytoplasmic

Os Cytoplasmic Cytoplasmic Cytoplasmic

PR12 At Extracellular Extracellular Extracellular

Os Extracellular Extracellular Extracellular

At: Arabidopsis thaliana; Os: Oryza sativa.

https://doi.org/10.1371/journal.pone.0239836.t002
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pI values, three PR proteins of A. thaliana (AtPR2, AtPR5 and AtPR10) were found to be acidic

while other three (AtPR1, AtPR9 and AtPR12) were basic in nature whereas in case of O.

sativa, OsPR1, OsPR9 and OsPR10 were acidic and OsPR2, OsPR5 and OsPR12 were basic in

nature. In case of AtPRs, number of positively charged residues were more as compared to

negatively charged residues for PR1, PR9 and PR12, whereas, in case of OsPRs, more positively

charged residues were observed for PR2, PR5 and PR12. Extinction coefficient (EC) values

ranged from 8980 (AtPR12) to 41830 M-1 cm -1 (AtPR2) for AtPRs and 500 (OsPR12) to 43930

M-1 cm -1 (OsPR1) for OsPRs. Instability index of four PRs of A. thaliana (AtPR1, AtPR9,

AtPR10 and AtPR12) and three PRs of O. sativa viz. OsPR2, OsPR5 and OsPR12 was less than

40, which means that they are stable. AI values ranged from 59.63 (AtPR5) to 97.17 (AtPR9)

for A. thaliana PR proteins and 59.94 (OsPR1) to 85.96 (OsPR2) for O. sativa PR proteins.

GRAVY score of five (PR1, PR2, PR5, PR9, PR10) of the six PR proteins analyzed in A. thali-
ana was found to be negative with range from -0.049 to –0.295 with the exception of AtPR12

whose GRAVY score was 0.339. GRAVY score of OsPR proteins was found to be negative

(-0.061 to -0.176) for OsPR2, OsPR12, OsPR10, OsPR1 and score was positive for OsPR5

(0.040) and OsPR9 (0.028). Amino acid composition of PR proteins of A. thaliana and O.

sativa, with respect to aromatic, polar, non-polar, positively and negatively charged amino

acids, is given in Fig 1. S1 Fig shows the comparison of percentage of each amino acid in differ-

ent PR proteins of A. thaliana and O. sativa. Heat map representation of the comparison of

amino acid composition of PR proteins of A. thaliana and O. sativa is shown in Fig 2.

Three different tools (Cello, Euloc and Wolfpsort), used to determine subcellular localiza-

tion of different PR proteins in A. thaliana and O. sativa, revealed the extracellular localization

of PR12 in both A. thaliana and O. sativa, PR5 in O. sativa and PR9 in A. thaliana. PR10 pro-

tein was found to be localized in cytoplasm of both the plants as predicted by all the three

tools. Variable results were observed for PR1 and PR2 in both A. thaliana and O. sativa; PR5

in A. thaliana and PR9 in O. sativa, with regard to their localization (Table 2). The tools, Pre-

diSi and SignalP 4.1 predicted the presence of signal peptides in all PR proteins of A. thaliana
and O. sativa except PR10 protein i.e. AtPR10 and OsPR10.

Topological analysis

Comparative topological analysis of different PR proteins of A. thaliana and O. sativa using

various online tools indicated the presence of transmembrane domains in all PR proteins

Table 3. Comparative topological analysis of PR proteins of A. thaliana and O. sativa indicating the presence or absence of transmembrane domains using different

online tools.

PR protein

TOOL

PR1 PR2 PR5 PR9 PR10 PR12

At Os At Os At Os At Os At Os At Os

TMHMM 0 0 1 1 1 0 1 1 0 0 1 0

Phobius 0 0 1 1 0 1 1 1 0 0 0 0

HMMTOP 1 0 1 1 1 0 1 1 0 0 1 1

TMpred 1 1 1 1 1 1 1 1 0 0 1 1

PHDhtm 1 1 1 1 1 1 1 1 0 0 1 1

TMAP 1 1 1 1 1 1 1 1 0 0 1 1

DAS 1 1 1 1 1 1 1 0 0 0 1 1

MEMBRAIN 1 0 1 1 0 1 0 1 0 0 1 1

Various tools predicting the percentage of transmembrane domains 75 50 100 100 75 75 87.5 87.5 0 0 87.5 75

At: Arabidopsis thaliana; Os: Oryza sativa (0-absent; 1-Present).

https://doi.org/10.1371/journal.pone.0239836.t003
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Fig 1. Comparison of amino acid composition of PR proteins of A. thaliana (A) and O. sativa (B) with respect to their number of each amino acid

in their respective class.

https://doi.org/10.1371/journal.pone.0239836.g001
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studied except PR10 (Table 3). 100% of the tools used in the study predicted the presence of

transmembrane domains in PR2, whereas, 87.5% tools for PR9 and 75% for PR5 indicated the

presence of transmembrane domains for both species, A. thaliana and O. sativa.

Secondary structure prediction

SOPMA tool was used to predict percentage occurrence of secondary structure features (alpha

helices, extended strands, beta turns and random coils) of PR proteins of A. thaliana and O.

sativa (Figs 3 and 4).The analysis revealed occurrence of maximum frequency of random coils

in PR1 and PR5 of both A. thaliana and O. sativa, whereas, alpha helices were found to be

maximum in PR2, PR9 and PR12 proteins of both the plants. In case of PR10 protein, number

Fig 2. Heat map representation showing the comparison of amino acid composition of PR proteins of A. thaliana and O. sativa.

https://doi.org/10.1371/journal.pone.0239836.g002
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of extended strands was maximum in A. thaliana, whereas alpha helices were found to be max-

imum in O. sativa.

Discussion

The present study focused on in-silico analysis of physico-chemical properties of 6 PR proteins

(PR1, PR2, PR5, PR9, PR10, PR12) w.r.t various parameters including their subcellular locali-

zation, topology and detection of signal peptides. Comparison of protein length and molecular

weight of each type of PR in both species (A. thaliana and O. sativa) showed little variation.

However, protein lengths and molecular weights of different PRs (PR1, PR2, PR5, PR9, PR10

and PR12) within each plant were significantly different. Subcellular localization, interactions

and solubility depend upon isoelectric point and number of positively and negatively charged

residues. pI is the pH value at which proteins carry no charge or the sum of negatively and pos-

itively charges is equal. pI value more than 7 was observed for PR12 of both the species; PR1

and PR9 of A. thaliana; and PR2 and PR5 of O. sativa. For PR10 of both the plants, the pI

value was less than 7. This study is in line with some of the earlier studies which show that PR1

and PR2 can either be acidic or basic in nature [6, 44]. The acidic nature of PR10 observed for

both the species studied is in confirmation with an earlier study which also showed PR10 to be

acidic [45]. The EC value of a protein solution is an important parameter based on amount of

light absorbed per mole of protein at a certain wavelength, most commonly 280 nm wave-

length is used. EC value of protein is calculated from the number of tryptophan, tyrosine and

cysteine residues per molecule because these residues contribute significantly to measured

optical density of denatured protein at 276–282 nm range [28, 46, 47]. In the present study,

minimum EC value (500 M-1 cm -1) was observed for OsPR12 which is mainly due to four cys-

tine amino acids (two cysteines joined by disulphide bond form cystine). For, AtPR12 rela-

tively higher value of EC (8980 M-1 cm -1) was observed which is due to the presence of 1

tryptophan and 2 tyrosine residues in addition to four cystines (8 cysteines). Among different

PR proteins analysed, PR2 of both the species was found to be tyrosine rich and PR5 was cys-

tine rich.

Fig 3. Percentage occurrence of secondary structural features.

https://doi.org/10.1371/journal.pone.0239836.g003
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Instability index (II) indicates about the protein stability under both in-vivo and in-vitro
conditions. Proteins with instability index (II) <40 are considered to be stable and those with

II value>40 are referred to as unstable [48]. Instability index of PR9 and PR10 of both species

studied; and PR1 and PR12 of A. thaliana only were found to be less than 40 indicating their

stable nature. PR5 of both plants; PR2 of A. thaliana only; PR1 and PR12 of O. sativa only had

stability index of more than 40, indicating them to be unstable proteins. Apart from instability

index (II), aliphatic index (AI) is another parameter to check the stability of the proteins. For a

protein, AI can be defined as the relative volume captured by aliphatic side chains of amino

acids like A (alanine), V (valine), L (leucine) and I (isoleucine). Earlier a good correlation was

established between AI and thermostability of proteins by Ikai [49]. Among the PRs of A. thali-
ana and O. sativa, AtPR5 (59.63) and OsPR1 (59.94) have lower values of AI as compared to

other PRs of A. thaliana and O. sativa; indicating that they are less thermostable and have

more flexible protein structure. The high AI value indicates that under wide range of tempera-

ture conditions, the protein is stable. Apart from studying protein concentration and stability,

its hydrophobic or hydrophilic character is also analyzed with the GRAVY score. GRAVY

score for particular protein is calculated as the sum of hydropathy values of all amino acids

Fig 4. Comparison of secondary structure features of PR proteins of A. thaliana and O. sativa.

https://doi.org/10.1371/journal.pone.0239836.g004
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present in the protein, divided by the number of residues in that protein. Its value lies between

-2 to +2 where; negative score means hydrophilicity and positive score indicates hydrophobic-

ity [50]. Proteins with more negative GRAVY score are considered to be hydrophilic in nature

with good solubility and vice-versa. If a protein has GRAVY score more than 0.4, suggest its

hydrophobic nature and difficult to detect on 2-D gels [51].

In-silico approaches have been used to determine subcellular localization of proteins which

plays an important role to depict their function. Three different tools viz., Cello, Euloc and

Wolfpsort were used to determine subcellular localization of different PR proteins analysed in

this study. Cello tool is a two level support vector machine (SVM) classifier system and its pre-

diction regarding subcellular localization for a particular protein is considered accurate/

acceptable if its reliability/confidence value is at least 1 [52]. In our study, we observed mini-

mum confidence score of 1.5 in case of AtPR9 and 2.9 for OsPR10. Whereas, maximum score

of 4 was obtained for AtPR1, OsPR1, OsPR5, OsPR9 and OsPR12. Euloc is a hybrid tool that

integrates three different approaches like homology search, Hidden Markov Model and SVM

for detection of subcellular localization of proteins [31]. Wolfpsort predicts multi-site (nine

sites) localization of a protein. It is a Sequence-based prediction method which along with

homology/ functional motifs and sorting signals has greatly improved the accuracy of the pre-

diction of subcellular localization of proteins [53].

Subcellular localization of PR proteins as predicted by Cello and Euloc was similar for all

the PR proteins of A. thaliana and O. sativa except for PR1 of O. sativa and PR5 of A. thaliana.

The results obtained by Wolfpsort for PR1, PR2, PR5 and PR9 were different from either pre-

dicted by Euloc and Cello or both. Subcellular localization of PR10 or PR12 was found to be

cytoplasmic and extracellular, respectively and was uniformly predicted by all the three tools

used. PR1 is an important antifungal protein and is known to be localized in extracellular

space. Previously the localization of PR1 is detected in vacuoles, vesicles of cortical cytoplasm,

Endoplasmic reticulum bodies etc., using prolonged dark incubation in combination with sali-

cylic acid treatment of seedlings of A. thaliana by Pecenkov et al., [54]. In our study also, this

protein (PR1) was shown to be localized in vacuoles (Euloc in O. sativa and Wolfpsort in A.

thaliana). PR2 are group of proteins involved in number of developmental processes as well as

in defense against biotic stress. Many studies reported the difference in localization of PR2

proteins in potato cultivars susceptible or resistant to PVY infections. The level of PR2 was

found to be higher in cell walls, chloroplasts and vacuoles of susceptible cultivar [55]. In a

number of in vivo studies, PR5 proteins have shown anti-microbial activities [56, 57]. PR5 has

been shown to exhibit sequence similarity with a sweet tasting protein, thaumatin, which is

derived from Thaumatococcus daniellii, a shrub from South Africa. Hence, they are also called

as Thaumatin-like proteins (TLPs) [58]. Though PR5 proteins are called as TLPs, but none of

them have a sweet taste like thaumatin. Based on their molecular weight, TLPs have been

shown to fall into two categories viz. high molecular weight group with molecular weight

range between 22–26 kDa and low molecular weight group with range less than 18 kDa. High

molecular weight TLPs have been shown to get accumulated in cell vacuoles whereas, low

molecular weight TLPs are extracellular [59]. PR5 of Gossypium hirsutum (GhPR5) has been

shown to contain 242 amino acids with a signal peptide at the N-terminal end that facilitates

its secretion into the extracellular space and a signal peptide at C-terminal signal to transport it

to vacuoles [60]. In our study, PR5 proteins were found to be of high molecular weight with 26

kDa for A. thaliana and 29 kDa for O. sativa. Though being of high molecular weight PR5 of

O. sativa was predicted to be extracellular by three different tools used in the study. However,

one of the tools, Euloc indicated the localization of PR5 protein in the vacuoles of A. thaliana.

The extracellular location of PR5 is indicative of presence of signal peptide in the N-terminal

end of O. sativa as well as in A. thaliana as predicted by Cello tool. The vacuolar location of
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PR5 in A. thaliana as predicted by Euloc tool is the indication of presence of signal peptide at

C-terminal end of protein. PR9 are peroxidases and provide resistance against pathogens.

They are extracellular or transmembrane proteins playing an important role in plant cell wall

construction by catalyzing lignification [61]. Earlier the subcellular localization of peroxidases

from sweet potato (swpa4) using fluorescence microscopy was evaluated, and observed the

expression of swpa4 in the extracellular space of cell [62]. PR10 are localized in the cytoplasm

and are non-transmembrane proteins getting induced during several biotic and abiotic stresses

[63]. In our study, we also found localization of PR10 in the cytoplasm of A. thaliana and O.

sativa. Defensins are small and globular proteins belong to PR12 type of PR proteins present

in extracellular spaces of plant cells. They are known to provide first line of immunity against

pathogen attack [64, 65]. All the three tools used in the present study revealed the extracellular

localization of PR12 of both A. thaliana and O. sativa.

For the topological analysis, 8 different tools were used (Table 3). Out of these 8 tools, 3

tools viz TMpred, PHDhtm and TMAP gave similar results with respect to presence or absence

of transmembrane domains for all the 6 PR proteins in both the species. Whereas, other tools

showed variable results for one or the other PR protein. The tool TMHMM indicated the pres-

ence of transmembrane domain in AtPR5 as well as AtPR12 but not in OsPR5 and OsPR12.

This might be due to some prediction error of the tool itself [66] or may be the transmembrane

domain of OsPR5 and OsPR12 did not meet the cutoff of the tool [67].

Analysis of amino acid composition of all PR proteins of A. thaliana and O. sativa revealed

the dominance of amino acids with small aliphatic side chains (alanine, serine, glycine and

threonine). Glycine is the smallest amino acid without any side chains and is often found in

loop regions. The frequent presence of glycine has been reported in membrane proteins

mainly in the transmembrane helices, suggesting its structural role [68, 69]. In the present

study, among different PR proteins maximum percentage of glycine was observed for PR1

which has been shown to be transmembrane protein by 6/8 tools in A. thaliana and 4/8 tools

in O. sativa. PR10 protein has been localized in cytoplasm by three software’s used in the

study. However, it also shows high percentage of glycine amino acid in both plants. Alignment

of PR10 of A. thaliana and O. sativa revealed the presence of glycine motif (GXGGXG), which

is also known as RNA binding site. The glycine motif has been shown to be involved in differ-

ent enzymatic processes, membrane binding and transport, biosynthesis of secondary metabo-

lites, binding to phytohormones etc [70]. Side chain of alanine being non-reactive is not

directly involved in the function of the protein but has significant role in substrate recognition.

Serine and threonine have a fairly reactive hydroxyl group which forms hydrogen bonds with

number of polar substrates. Serine forms a catalytic triad along with histidine and aspartic acid

(Asp-His-Ser) in many hydrolases. In rare cases, serine is replaced by cysteine in catalytic triad

to fulfil same role. Proline has been shown to act like a molecular chaperon which provide pro-

tection against abiotic and biotic stresses by enhancing activities of some enzymes as well as

maintaining integrity of proteins [71].

Conclusion

PR proteins are defense related inducible proteins associated with resistance to various kinds

of biotic and abiotic stresses in plants. In the present study, several bioinformatics tools were

used to study the variations in the physicochemical properties and topology of 6 PRs each of A.

thaliana and O. sativa. The results of this study demonstrated that PR2 protein of both A. thali-
ana and O. sativa are the larger proteins with molecular weights of 37KDa and 35KDa, respec-

tively followed by PR9, in both species viz. A. thaliana (35KDa) and O. sativa (42 KDa).

Among A. thaliana and O. sativa PRs, maximum AI was observed for AtPR9 (97.17) and
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OsPR2 (85.96), respectively. For the subcellular localization prediction, we used 3 tools viz.

Cello, Euloc and Wolfpsort. All these tools gave similar results for almost all of the PRs except

for AtPR5, OsPR1 and OsPR2. This study throws light on the similarities and differences

among the physio-chemical properties, topology, amino acid composition and secondary

structure features of 6 PRs (PR1, PR2, PR5, PR9, PR10, PR12) of A. thaliana and O. sativa.

This study will help in understanding the occurrence of diversification and functional multi-

plicity of various PR proteins of A. thaliana and O. sativa.
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14. Cakir B, Gül A, Yolageldi L, Özaktan H. Response to Fusarium oxysporum f. sp. Radices lycopersici in

tomato roots involves regulation of SA- and ET-responsive gene expressions. European Journal of

Plant Pathology. 2014; 139: 379–391. https://doi.org/10.1007/s10658-014-0394-9.

15. Lauer JC, Cu S, Burton RA, Eglinton JK. Variation in barley (1–3, 1–4)-β-glucan endohydrolases

reveals novel allozymes with increased thermostability. Theoretical and Applied Genetics. 2017; 130:

1053–1063. https://doi.org/10.1007/s00122-017-2870-z PMID: 28239779

16. Mao B, Liu X, Hu D, Li D. Co-expression of RCH10 and AGLU1 confers rice resistance to fungal sheath

blight Rhizoctonia solani and blast Magnorpathe oryzae and reveals impact on seed germination. World

Journal of Microbiology and Biotechnology. 2014; 30: 1229–1238. https://doi.org/10.1007/s11274-013-

1546-3 PMID: 24197785

17. Taif S, Zhao Q, Pu L, Li X, Liu D, Cui X. A β-1,3-glucanase gene from Panax notoginseng confers resis-

tance in tobacco to Fusarium solani. Industrial Crops and Products. 2020; 143: 111947. https://doi.org/

10.1016/j.indcrop.2019.111947.

18. Balasubramanian V, Vashisht D, Cletus J, Sakthivel N. Plant β-1,3-glucanases: their biological func-

tions and transgenic expression against phytopathogenic fungi. Biotechnology Letters. 2012; 34:1983–

1990. https://doi.org/10.1007/s10529-012-1012-6 PMID: 22850791

19. Zhang J, Wang F, Liang F, Zhang Y, Ma L, Wang H, et al. Functional analysis of a pathogenesis-related

thaumatin-like protein gene TaLr35PR5 from wheat induced by leaf rust fungus. BMC Plant Biology.

2018; 18:76–87. https://doi.org/10.1186/s12870-018-1297-2 PMID: 29728059

20. Singh R, Tiwari JK, Sharma V, Singh BP, Rawat S. Role of Pathogen related protein families in defence

mechanism with potential role in applied biotechnology. International Journal of Advanced Research.

2014; 2: 210–226.

21. Xie YR, Chen ZY, Brown RL, Bhatnagar D. Expression and functional characterization of two pathogen-

esis-related protein 10 genes from Zea mays. Journal of Plant Physiology. 2010; 167: 121–130. https://

doi.org/10.1016/j.jplph.2009.07.004 PMID: 19682768

22. Jiang L, Wu J, Fan S, Li W, Dong L, Cheng Q. Isolation and characterization of a novel pathogenesis-

Related protein gene (GmPRP) with induced expression in soybean (Glycine max) during infection with

Phytophthora sojae. PLoS One. 2015; 10: e0129932. https://doi.org/10.1371/journal.pone.0129932

PMID: 26114301

23. Wu J, Kim SG, Kang KY, Kim JG, Park SR, Gupta R, et al. Overexpression of a Pathogenesis-Related

Protein 10 Enhances Biotic and Abiotic Stress Tolerance in Rice. The Plant Pathology Journal. 2016;

32:552–562. https://doi.org/10.5423/PPJ.OA.06.2016.0141 PMID: 27904462

24. Fountain JC, Chen ZY, Scully BT, Kemerait RC, Lee RD, Guo BZ. Pathogenesis-related gene expres-

sions in different maize genotypes under drought stressed conditions. African Journal of Plant Science.

2010; 4:433–440.

25. Sher Khan R, Iqbal A, Malak R, Shehryar K, Attia S, Ahmed T, et al. Plant defensins: types, mechanism

of action and prospects of genetic engineering for enhanced disease resistance in plants. 3 Biotech.

2019; 9:192. https://doi.org/10.1007/s13205-019-1725-5 PMID: 31065492

26. Kaur A, Pati PK, Pati AM, Nagpal AK. In-silico analysis of cis-acting regulatory elements of pathogene-

sis-related proteins of Arabidopsis thaliana and Oryza sativa. PLoS ONE. 2017; 12: e0184523. https://

doi.org/10.1371/journal.pone.0184523 PMID: 28910327

27. The UniProt Consortium. UniProt: the Universal protein knowledgebase. Nucleic Acids Research.

2017; 45: D158–D169. https://doi.org/10.1093/nar/gkw1099 PMID: 27899622

28. Gasteiger E, Hoogland C, Gattiker A, Duvaud S, Wilkins MR, Appel RD, et al.Protein Identification and

Analysis Tools on the ExPASy Server;(In) Walker John M. (ed): The Proteomics Protocols Handbook,

Humana Press. 2005; 571–607.

PLOS ONE Physico-chemical characterization of PR proteins

PLOS ONE | https://doi.org/10.1371/journal.pone.0239836 September 28, 2020 13 / 15

https://doi.org/10.1007/s11103-011-9791-z
http://www.ncbi.nlm.nih.gov/pubmed/21584858
https://doi.org/10.1016/j.tplants.2017.06.013
https://doi.org/10.1016/j.tplants.2017.06.013
http://www.ncbi.nlm.nih.gov/pubmed/28743380
https://doi.org/10.1111/tpj.13398
http://www.ncbi.nlm.nih.gov/pubmed/27747953
https://doi.org/10.1016/j.pbi.2019.03.007
http://www.ncbi.nlm.nih.gov/pubmed/31026543
https://doi.org/10.1007/s10658-014-0394-9
https://doi.org/10.1007/s00122-017-2870-z
http://www.ncbi.nlm.nih.gov/pubmed/28239779
https://doi.org/10.1007/s11274-013-1546-3
https://doi.org/10.1007/s11274-013-1546-3
http://www.ncbi.nlm.nih.gov/pubmed/24197785
https://doi.org/10.1016/j.indcrop.2019.111947
https://doi.org/10.1016/j.indcrop.2019.111947
https://doi.org/10.1007/s10529-012-1012-6
http://www.ncbi.nlm.nih.gov/pubmed/22850791
https://doi.org/10.1186/s12870-018-1297-2
http://www.ncbi.nlm.nih.gov/pubmed/29728059
https://doi.org/10.1016/j.jplph.2009.07.004
https://doi.org/10.1016/j.jplph.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19682768
https://doi.org/10.1371/journal.pone.0129932
http://www.ncbi.nlm.nih.gov/pubmed/26114301
https://doi.org/10.5423/PPJ.OA.06.2016.0141
http://www.ncbi.nlm.nih.gov/pubmed/27904462
https://doi.org/10.1007/s13205-019-1725-5
http://www.ncbi.nlm.nih.gov/pubmed/31065492
https://doi.org/10.1371/journal.pone.0184523
https://doi.org/10.1371/journal.pone.0184523
http://www.ncbi.nlm.nih.gov/pubmed/28910327
https://doi.org/10.1093/nar/gkw1099
http://www.ncbi.nlm.nih.gov/pubmed/27899622
https://doi.org/10.1371/journal.pone.0239836


29. Yu CS, Chen YC, Lu CH, Hwang JK. Prediction of protein subcellular localization. Proteins: Structure,

Function and Bioinformatics. 2006; 64: 643–65. https://doi.org/10.1002/prot.21018 PMID: 16752418

30. Horton P, Park KJ, Obayashi T, Fujita N, Harada H, Adams-Collier CJ, et al. WoLF PSORT: protein

localization predictor. Nucleic Acids Research. 2007; 35 (Web Server issue): W585–W587. https://doi.

org/10.1093/nar/gkm259 PMID: 17517783

31. Chang TH, Wu LC, Lee TY, Chen SP, Huang HD, Horng JT. EuLoc: a web-server for accurately predict

protein subcellular localization in eukaryotes by incorporating various features of sequence segments

into the general form of Chou’s PseAAC. Journal of Computer-Aided Molecular Design. 2013; 27:91–

103. https://doi.org/10.1007/s10822-012-9628-0 PMID: 23283513

32. Hiller K, Grote A, Scheer M, Munch R, Jahn D. PrediSi: prediction of signal peptides and their cleavage

positions. Nucleic Acids Research. 2004; 32(Web Server issue):W375–W379. https://doi.org/10.1093/

nar/gkh378 PMID: 15215414

33. Petersen TN, Brunak S, Heijne GV, Nielsen H. Signal1 4.01 discriminating signal peptides from trans-

membrane regions. Nature Methods. 2011; 8:785–786. https://doi.org/10.1038/nmeth.1701 PMID:

21959131

34. Hofmann K, Stoffel W. TMbase—A database of membrane spanning proteins segments. Biological

Chemistry Hoppe-Seyler. 1993; 374:166.

35. Persson B, Argos P. Prediction of transmembrane segments in proteins utilizing multiple sequence

alignments. Journal of Molecular Microbiology. 1994; 237: 182–192. https://doi.org/10.1006/jmbi.1994.

1220 PMID: 8126732

36. Rost B, Fariselli P, Casadio R. Topology prediction for helical transmembrane proteins at 86% accu-

racy. Protein Science. 1996; 7: 1704–1718. https://doi.org/10.1002/pro.5560050824 PMID: 8844859

37. Cserzo M, Wallin E, Simon I, Heijne GV, Elofsson A. Prediction of transmembrane alpha-helices in pro-

cariotic membrane proteins: the Dense Alignment Surface method. Protein Engineering. 1997; 10:

673–676. https://doi.org/10.1093/protein/10.6.673 PMID: 9278280

38. Tusnady GE, Simon I. The HMMTOP transmembrane topology prediction server. Bioinformatics. 2001;

17: 849–850. https://doi.org/10.1093/bioinformatics/17.9.849 PMID: 11590105

39. Krogh A, Larsson B, Heijne GV, Sonnhammer ELL. Predicting Transmembrane Protein Topology with a

Hidden Markov Model: application to complete genome. Journal of Molecular Biology. 2001; 305: 567–

80. https://doi.org/10.1006/jmbi.2000.4315 PMID: 11152613

40. Kall L, Krogh A, Sonnhammer ELL. A Combined Transmembrane Topology and Signal Peptide Predic-

tion Method. Journal of Molecular Biology. 2004; 338:1027–1036. https://doi.org/10.1016/j.jmb.2004.

03.016 PMID: 15111065

41. Zhai Y, Saier MH Jr. A web-based program (WHAT) for the simultaneous prediction of hydropathy,

amphipathicity, secondary structure and transmembrane topology for a single protein sequence. Jour-

nal of Molecular Microbiology Biotechnology. 2001; 3: 501–502. PMID: 11545267

42. Shen H, Chou JJ. MemBrain: Improving the Accuracy of Predicting Transmembrane Helices. PLoS

ONE. 2008; 3: e2399. https://doi.org/10.1371/journal.pone.0002399 PMID: 18545655
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