Biotechnology & Biotechnological Equipment

ISSN: 1310-2818 (Print) 1314-3530 (Online) Journal homepage: https://www.tandfonline.com/loi/tbeq20

Taylor & Francis

Taylor &Francis Group

Comparative analyses of phytochelatin synthase
(PCS) genes in higher plants

Ertugrul Filiz, Ibrahim Adnan Saracoglu, Ibrahim llker Ozyigit & Bahattin
Yalcin

To cite this article: Ertugrul Filiz, Ibrahim Adnan Saracoglu, Ibrahim llker Ozyigit &
Bahattin Yalcin (2019) Comparative analyses of phytochelatin synthase (PCS) genes
in higher plants, Biotechnology & Biotechnological Equipment, 33:1, 178-194, DOI:
10.1080/13102818.2018.1559096

To link to this article: https://doi.org/10.1080/13102818.2018.1559096

8 © 2018 The Author(s). Published by Taylor &
Francis Group on behalf of the Academy of
Forensic Science.

ﬁ Published online: 10 Jan 2019.

\]
CJ/ Submit your article to this journal &

||I| Article views: 2193

A
& View related articles &'

@ View Crossmark data ('

£
=2

oy

Citing articles: 23 View citing articles

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tbeq20


https://www.tandfonline.com/action/journalInformation?journalCode=tbeq20
https://www.tandfonline.com/loi/tbeq20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/13102818.2018.1559096
https://doi.org/10.1080/13102818.2018.1559096
https://www.tandfonline.com/action/authorSubmission?journalCode=tbeq20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tbeq20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/13102818.2018.1559096
https://www.tandfonline.com/doi/mlt/10.1080/13102818.2018.1559096
http://crossmark.crossref.org/dialog/?doi=10.1080/13102818.2018.1559096&domain=pdf&date_stamp=2019-01-10
http://crossmark.crossref.org/dialog/?doi=10.1080/13102818.2018.1559096&domain=pdf&date_stamp=2019-01-10
https://www.tandfonline.com/doi/citedby/10.1080/13102818.2018.1559096#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/13102818.2018.1559096#tabModule

BIOTECHNOLOGY & BIOTECHNOLOGICAL EQUIPMENT
2019, VOL. 33, NO. 1, 178-194
https://doi.org/10.1080/13102818.2018.1559096

Taylor & Francis
Taylor &Francis Group

8 OPEN ACCESS ‘ N Checkforupdates‘

Comparative analyses of phytochelatin synthase (PCS) genes in

higher plants

Ertugrul Filiz%, Ibrahim Adnan Saracoglu®, Ibrahim llker Ozyigit“® and Bahattin Yalcin®

®Department of Crop and Animal Production, Cilimli Vocational School, Duzce University, Duzce, Turkey; IDDepartment of Chemistry,
Faculty of Science and Arts, Marmara University, Istanbul, Turkey; “Department of Biology, Faculty of Science and Arts, Marmara
University, Istanbul, Turkey; “Department of Biology, Faculty of Science, Kyrgyz-Turkish Manas University, Bishkek, Kyrgyzstan

ABSTRACT

Plants employ various defence strategies to ameliorate the effects of heavy metal expo-
sures, leading to re-establishment of metal homeostasis. One of the strategies includes
the biosynthesis of main heavy metal detoxifying peptides phytochelatins (PCs) by phyto-
chelatin synthase (PCS). In the present study, 14 PCS homologues were identified in the
genomes of 10 selected plants. The size of these PCSs was 452-545 amino acid residues,
with characteristic phytochelatin and phytochelatin_C domains. The N-terminal site of the
proteins is highly conserved, whereas the C-terminal site is less conserved. Further, the
present study also identified fully conserved Cys residues involved in heavy metal bind-
ing reported earlier. In addition, other preserved cysteines, with minor substitutions
Cys(C)—Ser(S) or Tyr(Y) or Trp(W), were also identified in the PCS sequences that might
be associated with metal binding. The reported catalytic triad residues from Arabidopsis,
Cys56, His162 and Asp180, are all conserved at the respective sites of PCSs. A clear mono-
cot/dicot separation was revealed by phylogenetic analysis and was further corroborated
by the exon-intron organisations of the PCS genes. Moreover, gene ontology terms, co-
expression network, cis-regulatory motif and miRNA analyses indicated that the complex
as well as dynamic regulation of PCSs has significant involvement in different metabolic
pathways associated with signalling, defence, stress and phytohormone, in addition to
metal detoxification. Moreover, variations in protein structure are suggested to confer

ARTICLE HISTORY
Received 13 August 2018
Revised 26 November 2018
Accepted 11 December 2018

KEYWORDS
phytochelatin; metal
homeostasis; heavy metal;
bioinformatics

the functional divergence in PCS proteins.

Introduction

Beginning from the mid-20th century, the anthropo-
genic heavy metal pollution, from traffic, metal indus-
tries and mining, has been reported to pose serious
threats to all living organisms [1]. Further, plants are
exposed to heavy metals, particularly in contaminated
environments [2]. However, plants utilize their defence
strategies to ameliorate the effects of these adver-
sities. This in turn helps plants to re-establish their
homeostasis and progress with their stages of devel-
opment [3]. Some strategies constitute the formation
of complexes with organic molecules to reduce heavy
metal availability [4]. These organic molecules include
organic acids, malate, citrate, low molecular weight
protein, metallothionein (MT), low molecular weight
peptides, phytochelatins (PCs) and glutathione (GSH)

[4,5]. Phytochelatins are heavy metal-binding peptides
in plants with a (y-Glu-Cys)n-Gly structure (n=2-11)
[6]. However, in some plants, the C-terminal Gly can
be replaced by serine as (y-Glu-Cys)n-Ser, glutamine as
(y-Glu-Cys)n-GIn, glutamate as (y-Glu-Cys)n-Glu and
alanine as (-y-Glu-Cys)n-B-Ala [7]. They are enzymati-
cally synthesized from GSH by phytochelatin synthase
(PCS) (Figure 1). PCS proteins demonstrate high simi-
larity in their N-terminal domains, whereas their C-ter-
minal domains are less conserved. The N-terminal core
domain has been reported to confer the PCS activity,
whereas C-terminus ensures improved protein stability,
higher PCS activity and broader heavy metal spec-
trum [6,9,10].

PCS is constitutively expressed; however, heavy
metals are major inducers for its activity [11]. PCs are
easily induced when exposed to heavy metal ions
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Figure 1. Phytochelatin (PC) biosynthesis molecular pathway in higher plants (Modified from Inouhe [8]). GSH is synthesized by
two sequential enzymatic reactions by YEC synthetase and GSH synthetase from precursors, glutamine, cysteine and glycine.
Subsequently, PC synthase catalyses the biosynthesis of PCs from GSH. PCs are related to glutathione (GSH) with a (y-Glu-Cys)n-
Gly structure. However, in some plants, C-terminal Gly can be replaced by serine as (y-Glu-Cys)n-Ser, glutamine as (y-Glu-Cys)n-
Gln, glutamate as (y-Glu-Cys)n-Glu and alanine as (-y-Glu-Cys)n-B-Ala.

such as cadmium (Cd), nickel (Ni), copper (Cu), zinc
(Zn), silver (Ag), mercury (Hg), lead (Pb) and arsenic
(As). Actually, Cd is one of the most effective activa-
tors for PC [9]. It was first proposed that the variable
C-terminal site could bind the heavy metals via con-
served Cys residues and translocate them to the cata-
lytic N-terminal domain [12]. Also, Cd-binding assays
revealed five conserved Cys residues in the N-terminus
of AtPCS1, involved in the Cd** binding, which is
essential for PCS activity [13]. Later, another model
suggested that the protein does not directly bind to
Cd*" but instead forms a PCn-heavy metal thiolate
complex as an acceptor molecule [11]. Site-directed
mutagenesis demonstrated three conserved residues
(Cys56, His162 and Asp180) in the N-terminal site and
their substitutions resulted in the complete loss of
AtPSC1 activity [6,11,14].

PCS genes have been identified from various plant
species and some microorganisms. These include
Triticum aestivum [15], Oryza sativa [16], Arabidopsis
thaliana [17], Brassica juncea [18], A. halleri [19],
Thlaspi caerulescens [11], Schizosaccharomyces pombe
[20] and Caenorhabditis elegans [21]. Multiple earlier
studies have demonstrated the role of PCS in heavy
metal detoxification (reviewed in [5]). For instance,
AtPCST shows slightly higher expression under Cd
exposure during the early stages of development [22].
A similar expression pattern is reported for TaPCS1 in
the roots of 4-day-old wheat seedlings under Cd treat-
ment [20]. One-week Cd applications in adult plants
cause a significant rise in AtPCST expression [23].
Transgenic Indian mustard (B. juncea) with moderate
AtPCS1 expression has indicated significantly higher
tolerance to Cd and Zn stresses. However, they
showed lesser accumulation than wild types in both
shoot as well as root tissues [24]. In the model legume
Lotus japonicus, alternatively spliced variants of PCSs,
LjPCS1-3  show variable responses towards Cd

treatments [25]. The overexpressed PCS (NtPCST) cause
elevation in the tolerance to Cd and arsenite in trans-
genic tobacco plants [26]. In addition to metal detoxi-
fication activity, new functions have been also
reported for both the PCS and the PC [19]. PCs could
be involved in Zn-sequestration [27] and long-distance
transport of Cd*" [28]. The catabolism of GS conju-
gates in plants has been linked to the peptidase as a
second enzymatic activity of PCS [29,30]. Further,
another study suggests that AtPCS1 is involved in the
plant innate immunity [31].

The prospect of preventing plant-based heavy
metal toxicity and utilising plants for the bioremedi-
ation of heavy metal polluted sites is an emerging
issue [32]. Thus, exploration and understanding of the
molecular basis of major genes involved in heavy
metal detoxification were the primary tasks of the pre-
sent study. In this sense, this work attempted to
understand the PCS gene, which is responsible for the
biosynthesis of one of the main heavy metal detoxify-
ing peptides-PCs—in plants. Moreover, potential PCS
genes were identified at genome-wide scale in 10 dif-
ferent plant species and were comparatively investi-
gated at the primary, secondary and tertiary level.

Materials and methods
Sequence analyses of PCSs

Two known Arabidopsis PCSs, PCS1 (Q957Z3) and PCS2
(Q9ZWB?7), were obtained from the UniProt [33] data-
base to be exploited as reference. These references
were queried against the proteome datasets of 10
selected higher plants in the plant genomic resource
Phytozome v11 [34,35] database. The studied species
included A. thaliana, Populus trichocarpa, Solanum lyco-
persicum, Medicago truncatula, Cucumis sativus,
Phaseolus vulgaris, Brachypodium distachyon, Sorghum
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Figure 2. Multiple sequence alignment of PCS proteins in 10 plant species. Sequences are aligned by ClustalW, and identical and
similar residues are shaded as black and grey, respectively, with a very strict (100%) threshold. Highlighted red and yellow col-
umns show, respectively, the strictly conserved Cys residues and catalytic triad (Cys56, His162 and Asp180 in Arabidopsis [6].
Highlighted green columns also show the conserved Cys residues but some amino substitutions are observed such as
Cys(C)—Ser(S)/Tyr(Y)/Trp(W). Blue and purple lines below sequences indicate the approximate locations of Phytochelatin
(PF05023) and Phytochelatin_C (PF09328) domains, respectively.
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Figure 3. Block diagram representation of the most conserved 10 motifs in PCS protein sequences. Motifs were more uniformly distrib-
uted in the N-terminal site of the enzyme. Motif 1 is indicated with red, motif 2 with cyan, motif 3 with light-green, motif 4 with pur-
ple, motif 5 with gold, motif 6 with green, motif 7 with blue, motif 8 with pink, motif 9 with orange and motif 10 with yellow.
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Figure 4. Gene ontology (GO) enrichment of PCS sequences. The x-axis shows the GO terms such as ‘Cellular components’, ‘Molecular
functions’ and ‘Biological processes’ with blue, red and green columns, respectively. The y-axis indicates the number of GO terms.

bicolor, Zea mays and Oryza sativa. Subsequently, the
sequences were retrieved by application of a Hidden
Markov Model search for protein domains verification
by Pfam [36,37] (Figure 2). The physicochemical

properties of the PCS proteins were determined by
using the ProtParam tool [38]. The CELLO server was
utilized further to predict the subcellular localisations
[39]. The MEME tool [40] was exploited to perform a
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Table 1. Putative phytochelatin synthase (PCS) genes in 10 plant species and their gene/protein features.

Species Transcript ID (Phytozome)  Exon no. Protein domains (Pfam) Length (aa) MW (kDa) pl Cellular localisation
A. thaliana AT5G44070.1 9 Phytochelatin, Phytochelatin_C 485 54.47 6.18  Cytosol

A. thaliana AT1G03980.1 9 Phytochelatin, Phytochelatin_C 452 51.55 6.58  Nucleus/cytosol

P. trichocarpa Potri.014G195800.1 8 Phytochelatin, Phytochelatin_C 503 55.81 591  Cytosol

P. trichocarpa Potri.014G195900.1 8 Phytochelatin, Phytochelatin_C 496 54.98 5.95  Cytosol

S. lycopersicum  Solyc099072620.2.1 10 Phytochelatin, Phytochelatin_C 545 60.38 6.60  Cytosol/nucleus

C. sativus Cucsa.348980.1 8 Phytochelatin, Phytochelatin_C 487 54.29 535  Cytosol

M. truncatula Medtr7g097190.1 7 Phytochelatin, Phytochelatin_C 501 5535 6.19  E. cellular/nucleus

M. truncatula Medtr7g097200.1 7 Phytochelatin, Phytochelatin_C 497 55.04 5.54  E. cellular/P. membrane
P. vulgaris Phvul.001G162700.1 8 Phytochelatin, Phytochelatin_C 501 55.80 5.29  Cytosol

B. distachyon Bradi1g44650.1 6 Phytochelatin, Phytochelatin_C 502 55.55 6.09  E. cellular/cytosol

S. bicolor Sobic.003G024200.1 6 Phytochelatin, Phytochelatin_C 507 56.01 6.00 E. cellular/nucleus

S. bicolor Sobic.003G024300.1 6 Phytochelatin, Phytochelatin_C 523 57.55 599 E. cellular

Z. mays GRMZM2G091228_T01 6 Phytochelatin, Phytochelatin_C 507 56.15 6.17  Nucleus

0. sativa LOC_0s06g01260.1 6 Phytochelatin, Phytochelatin_C 502 55.88 5.87 E. cellular/nucleus

PF05023: Phytochelatin domain, PF09328: Phytochelatin_C domain.

search for conserved protein motifs [41] with the fol-
lowing parameters: max number of motifs to find, 10;
and min/max width of motifs, 6-50 (Figure 3).
ClustalW was used for alignment of protein sequences
[42]. Further, the phylogenetic tree was generated by
using MEGA 7 [43] with the maximum-likelihood (ML)
method that was based on the JTT matrix-based
model [44] for 1000 bootstraps [45]. Initial tree(s) for
the heuristic search were generated automatically by
application of Neighbour-Join and BioNJ algorithms to
a matrix of pairwise distances. The distances were esti-
mated using a JTT model. This was followed by selec-
tion of topology with the help of superior log
likelihood value. The analysis involved 14 amino acid
sequences. All positions containing gaps and missing
data were eliminated. There were a total of 438 posi-
tions in the final dataset. Gene ontology (GO) terms
such as cellular component, molecular function and
biological process were retrieved based on the prede-
fined ‘Templates’ using InterMine interface in the
Phytozome database (Figure 4).

Gene structure and promoter analyses

Exon/intron structures of PCS genes were extracted
from Phytozome v11 database. From the transcription
start site (TSS), 1000 bp upstream regions of PCSs were
retrieved from Phytozome, where the database has an
internal option to allow retrieving up- or down-stream
regions of a given gene. Further, they were delivered to
the PlantCARE database for promoter analysis [46,47].
PCS coding sequences were scanned for putative
miRNA targets in the psRNATarget database [48,49]. We
employed a maximum expectation score of 5 for higher
prediction coverage.

Co-expression network of Arabidopsis PCS

A co-expression network analysis was performed in
order to understand the PCS genes in a complex cell

environment at the molecular level. The network was
constructed for gene AtPCST using ATTED-ll server
v8 [50,51]. KEGG (Kyoto Encyclopedia of Genes and
Genomes) data of connected genes were extracted
from the gene network. ATTED-Il is a co-expression
database for plant species using multiple co-expres-
sion data sets and network analysis tools [51,52]. For
Arabidopsis, the database included 20,836 genes from
microarray (15,275 samples) and 25,296 genes from
RNA-seq (1401 samples) data.

Homology modelling of PCSs

Three-dimensional (3D) models were predicted using
the Phyre? server [53,54] at intensive mode. The crys-
tal structure of AIr0975 (2BTW, structures of transfer-
ase from Nostoc sp. PCC 7120) was used in homology
modelling with resolution of 2.0 A. The model quality
was checked by Ramachandran plot analysis [55]. We
used the VADAR 1.8 server [56] for secondary structure
analysis [57]. Structural overlap percentage was calcu-
lated using the CLICK server based on the alpha-car-
bon superposition of models [58,59].

Results and discussion
Sequence analysis of PCSs

Using two known Arabidopsis AtPCS1 and AtPCS2
sequences as references, 15 putative PCS homologues
were identified in the genomes of 10 selected plant
species with high e='®" value (Table 1). Genome-
wide search revealed that A. thaliana, P. trichocarpa,
M. truncatula and S. bicolor harbour two PCS homo-
logues in their genomes, whereas S. lycopersicum,
C. sativus, P. vulgaris, B. distachyon, Z. mays and O. sativa
only contain a single PCS gene. All PCS proteins were
characterized with both Phytochelatin (PF05023) and
Phytochelatin_C (PF09328) domains (Figure 2). They are
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Figure 5. Phylogenetic tree showing 14 protein sequences of PCS from 10 higher plants. (A) Tree was constructed by MEGA7
using ML method based on the JTT matrix-based model and bootstrap consensus tree was generated with 1000 replicates. (B)
Exon-intron organisations of PCS genes obtained from Phytozome database. Pink boxes and thin grey lines indicate the exons

and introns, respectively.

452-545-residue proteins with molecular weight in the
range of 51.55-60.38kDa and pl values in the range of
5.29-6.60. The transcripts of PCS genes included 6-10
exons (Figure 5A-B). Interestingly all grass species pos-
sessed six exons, suggesting that PCS gene structures
might be well conserved in the monocots during the
evolutionary history of the PCS genes. In variations of
exon-intron organisations, three main mechanisms have
been proposed, including exon-intron gain/loss, exoni-
sation/pseudoexonisation and insertion/deletion [60]. In
addition, alternative splicing is also considered to be
another important factor responsible for tissue localisa-
tion differences or stress responses [61]. A recent study
reported alternatively spliced transcripts of rice OsPCS2
gene to be involved in alleviation of Cd and As stresses
in a tissue-specific way [62]. In another recent work,
four rice OsPCST transcript variants and one OsPCS2
were isolated and their expression in PCS-deficient
Arabidopsis and Schizosaccharomyces pombe mutants
revealed PCS activity in response to Cd and As in the
longest PCST variant, OsPCSTfull [63]. In this regard, it
was quite possible that the evolutionary forces could
attribute exon-intron variations between monocot and
dicot species. Then, a detailed search in NCBI's RefSeq
database was conducted to gain insights about the PCS
orthologues in various other plants. Some entries
included S. tuberosum (451-503 aa), Glycine max
(437-498 aa), Beta vulgaris (416-541 aa), Camelina sativa
(452-485 aa), Tarenaya hassleriana (488 aa), Nelumbo
nucifera (456-510 aa), Eucalyptus grandis (398-505 aa),
Musa acuminata (498-500 aa), Nicotiana tomentosiformis
(501 aa), Pyrus x bretschneideri (489-509 aa), Brasica rapa
(492 aa), Phoenix dactylifera (418-505 aa), Vigna angula-
ris (497-499 aa), Malus domestica (476-497 aa), C. melo

(337-549 aa), N. tabacum (492-501 aa), Prunus mume
(497-575 aa), Arachis duranensis (226-497 aa), Ziziphus
jujube (371-506 aa), O. brachyantha (494-505 aa),
Ricinus communis (494-502 aa), Citrus sinensis (452-523
aa), Gossypium raimondii (435-505) and Populus euphra-
tica (496-503 aa). The above-database entries and find-
ings of the present study confirmed that PCS isoforms
were fairly similar in length among different plant spe-
cies. Moreover, a similarity search was also performed
between identified Arabidopsis and other PCSs using the
blastp algorithm. AtPCST (AT5G44070.1) and 2
(AT1G03980.1), respectively, showed highest similarity to
poplar (Potri.014G195800.1) with 67% and 64%,
Medicago (Medtr7g097190.1) with 64% and 61% and
tomato (Solyc09g9072620.2.1) with 64% and 60%. On the
other hand, they had lowest similarity with Sorghum
(Sobic.003G024300.1) with 53% and 49%, respectively.
This might point to the presence of a monocot/dicot
divergence in terms of PCS sequences. Besides, even
two PCS variants in the same genome demonstrated
relatively less identity in Arabidopsis (78%), P. trichocarpa
(62%), M. truncatula (60%) and S. bicolor (76%). This
implicated that PCS homologues could have different
functional roles in additon to heavy metal
detoxification.

Conserved motif/domain analysis

PCS proteins were multiple-aligned to figure out the
potential conserved residues or domains that were
involved in the enzyme activity and stability. The strict
shading of the identical and similar residues on
the alignment revealed highly conserved residues
(Figure 2). Further, PCS proteins have been reported
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Figure 6. Co-expression network of AtPCST (At5g44070; yellow node). The network was constructed by using microarray and
RNA-seq datasets in the ATTED-II server. In the network, grey circles represent the nodes or genes, whereas interconnecting black
lines show the edges or associations. Based on KEGG pathway (ID: ath04626), small red circles show the plant-pathogen inter-

action with two genes (At4g09570 and At4g26090).

to have high similarity in their N-terminal domains,
whereas C-terminal domains remained less conserved
as confirmed in earlier studies. The N-terminal core
domain is also reported to confer the PCS activity,
whereas the C-terminus provides improved protein
stability, higher PCS activity and broader heavy metal
spectrum [9,10]. In addition, conserved Cys residues at
N- (five in AtPCS1) and C-terminal regions have been
observed to be involved at the sites of the heavy
metal (e.g. cd*h) binding [12,13]. Moreover, studies
from site-directed mutagenesis revealed three con-
served residues, Cys56, His162 and Asp180, as a cata-
lytic triad at the N-terminal site of the enzyme.
Substitution of these residues caused the complete
loss of AtPSC1 activity [6,11,14]. In light of the above
facts, alignment analysis showed that the N-terminal
site of the studied PCS proteins was highly conserved,
whereas the C-terminal site turned out to be less con-
served (Figure 2). Six columns of fully conserved Cys
residues including five in the N-terminus and one in
the C-terminus (red highlights on alignment) were
identified in the aligned sequences. In addition, other
near full columns of Cys residues but with some sub-
stitutions Cys(C)—Ser(S) or Tyr(Y) or Trp(W) were also
present in the PCS sequences (green highlights on
alignment). These minor substitutions at Cys residues
might be associated with the metal-binding properties
of sequences, considering the roles of conserved Cys
residues during heavy metal binding [12,13].

Moreover, reported catalytic triad residues (Cys56,
His162 and Asp180 in Arabidopsis) were also fully con-
served in the corresponding sites of all sequences (yel-
low highlights on alignment). The approximate
locations of the PCS domains such as phytochelatin
(PF05023) and phytochelatin_C (PF09328) also indi-
cated the sequences given below with the blue and
purple lines, respectively, where the catalytic triad
localized in the phytochelatin domain. Thus, inferring
from the above-given studies, the presence of the
catalytic triad and the conserved Cys residues implied
that they may be somehow involved in PCS activity
and heavy metal binding.

Furthermore, most conserved 10 motif sequences in
PCS proteins were analysed using the MEME tool
(Figure 3). The identified motifs 1-6 were 50 amino
acids in length, whereas motifs 7-10 were 15-29
amino acids in length. Motif 1 comprised of sequences
‘FKQTGTGHFSPIGGYHAGQDMA  LILDVARFKYPPHWVPLTLL
WEAMNTID’, motif 2 of ‘QNGTMEGFFRLISYFQTQSE
PAYCGLASLSMVLNALAIDPGRKWKGPWRW’, motif 3
of ‘FDESMLDCCEPLDKV KA KGITFGKVACLAHCNGA
KVQAFRTNQSTIDDFR!, motif 4 of TGQHRGFMLISRHH
RAPSILYTVSCRHESWKSMAKYCMEDVPNLLKSENV’, motif 5
of ‘PANFNNFIK WVA EVRRQEDGNQSLSKEEKGRLAIKENV
LKQVRDTRLFKH’, motif 6 of ‘DVLTVLLL ALHPHTWSG
IKDEKLKAEFQSLISTENLPPLLQEEILHLRRQ', motif 7 of
‘KHVIRCSSS QDCHMISSYHRG', motif 8 of ‘MAM
AGLYRRVLPSPP’, motif 9 of ‘DGYCCRETCV KCWNANG
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Figure 7. Cis-regulatory elements distribution at + 1000 bp upstream regions of the 14 PCS genes. Many regulatory elements
were revealed in promoter sites of PCS genes but they were broadly categorized as cis-acting elements (dark blue segment), light
responsive elements (red segment), hormone-responsive elements (green segment), tissue-specific elements (purple segment) and

stress-responsive and other elements (light blue segment).

DNPKTVISGTW' and motif 10 of ‘DSLTYIAASVCCQ
GAEMLTGN'. Motifs 1-6 were related with the phyto-
chelatin domain (PF05023) structure, motifs 9-10 with
the phytochelatin_C domain (PF09328), whereas motifs
7-8 did not relate to the domain structures. Particularly,
motifs 1 and 2 were of significance due to the localisa-
tion of the catalytic triad in these motifs. The patterns
of distributed motifs along sequences were also rela-
tively more uniform at the N-terminal site. This also cor-
roborated the earlier reports [9,10]. In addition, all 10
motifs were also available in all the PCSs and were dis-
tributed along the sequences. This confirmed that the
PCSs were well conserved in higher plants.

GO annotations of PCSs

GO terms, ‘cellular component’, ‘molecular function’
and ‘biological process’ provide the controlled vocabu-
lary for genes or gene products. These are quite
essential for the understanding of the diverse molecu-
lar functions of proteins [64]. Herein, enrichment of
the PCSs with GO terms was performed using the
InterMine interface of the Phytozome database (Figure
4), The inferred ‘Molecular functions’ included
‘glutathione gamma-glutamylcysteinyltransferase activ-
ity’ (GO:0016756), ‘metal ion binding’ (GO:0046872),
‘cadmium ion binding’ (GO:0046870), ‘zinc ion binding’

(GO:0008270), ‘copper ion binding’ (G0:0005507),
‘phytochelatin  transmembrane transporter activity’
(GO:0071992), ‘catalytic activity’ (GO:0003824) and

‘arsenite-transmembrane transporting ATPase activity’
(GO:0015446). In particular, ‘glutathione gamma-gluta-
mylcysteinyltransferase activity’ and ‘metal ion bind-
ing’ terms as molecular function have been identified
for all PCS sequences. For ‘biological process’, the PCS
sequences were inferred with the terms ‘response to
metal ion’ (GO:0010038), ‘phytochelatin biosynthetic
process’ (GO:0046938), ‘MAPK cascade’ (GO:0000165),
‘protein  targeting to membrane’ (GO:0006612),
‘response to cold’ (GO:0009409), ‘detection of biotic
stimulus’ (GO:0009595), ‘salicylic acid biosynthetic pro-
cess’ (GO:0009697), ‘defence response, incompatible
interaction’ (GO:0009814), ‘salicylic acid mediated sig-
nalling pathway’ (GO:0009862), ‘jasmonic acid medi-
ated signalling pathway’ (GO:0009867), ‘response to
chitin’ (GO:0010200), ‘regulation of hydrogen peroxide
metabolic process’ (GO:0010310), ‘regulation of plant-
type hypersensitive response’ (GO:0010363), ‘arsenite
transport’ (GO:0015700), ‘photosynthesis, light reac-
tion’ (GO:0019684), ‘negative regulation of defence
response’ (GO:0031348), ‘indole glucosinolate catabolic
process’ (G0:0042344), ‘defence response to bacter-
ium’ (GO:0042742), ‘regulation of multi-organism pro-
cess’ (GO:0043900), ‘response to arsenic-containing
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substance’ (GO:0046685), ‘response to cadmium ion’
(GO:0046686), ‘defence  response to  fungus’
(GO:0050832) and ‘defence response by callose depos-
ition in cell wall’ (GO:0052544). However, the catego-
ries of ‘response to metal ion’ and ‘phytochelatin
biosynthetic process’ as biological processes were
common in the all the PCS sequences. As for the
‘cellular components’, only some sequences were
inferred with terms ‘chloroplast’ (GO:0009507) and/or
‘cytosol’ (GO:0005829).

Overall, the presence of terms related to phytoche-
latin biosynthesis and metal-binding activities in the
studied PCSs was reasonably understandable.
However, ontology terms associated with different
functions, such as signalling, defence, stress and phy-
tohormone, indicated that PCSs could also have some
other functions in addition to heavy metal detoxifica-
tion. This was in agreement with some recent studies,
suggesting novel functions for PCS and PC [19,65,66].
For example, PCs could be involved in Zn-sequestra-
tion [27] and long distance Cd*" transport [28]. The
catabolism of GS conjugates has recently been linked
to the peptidase as a second enzymatic activity of PCS
[29,30]. In another study, AtPCS1 was suggested to be
involved in the plant innate immunity [31]. All these
observations implicated that PCSs could also be
involved in various other metabolic processes.
Therefore, further elucidation in terms of better under-
standing of their roles in metal homeostasis/detoxifica-
tion is awaited.

Phylogenetic analysis of PCS proteins

Another major objective of the present study was to
comparatively analyse the phylogenetic distribution of
PCS proteins. A phylogenetic tree was constructed by
MEGA 7 with the ML method (Figure 5A). The tree
demonstrated two major clusters as groups A and B,
and was based on the clustering topology. Group A
was further subdivided into two subgroups, A1 and
A2. Group A (A1 and A2) only contained dicot species,
whereas group B had monocots. Subgroup A1
included the sequences of both Arabidopsis PCSs, pop-
lar (Potri.014G195800.1), tomato (Solyc099072620.2.1)
and Medicago (Medtr7g097190.1), whereas subgroup

A2 had poplar (Potri.014G195900.1), Medicago
(Medtr7g097200.1), common bean and cucumber
sequences. However, all  monocots including

Brachypodium, Sorghum, maize and rice sequences
were clustered in group B. Thus, a clear monocot/dicot
separation was apparent in the analysed sequences.
This divergence was also obvious in the exon-intron

organisations of the PCS genes where all monocots
included a fixed number of six exons (Figure 5B).
These variations between monocots and dicots might
also be the results of exon-intron gains or losses dur-
ing the time of monocot/dicot divergence. Ramos
et al. [25] reported that phylogenetic tree with 20 PCS
sequences showed separate clades for cyanobacteria,
yeasts, nematodes, ferns and higher plants, as well as
with divergence of monocots and dicots. Further,
monocot-dicot divergence of 27 PCS protein sequen-
ces from bacteria and eukaryotes was identified with a
higher bootstrap value. Moreover, AtPCS1 and AtPCS2
were grouped together [29]. In addition, PCS homo-
logues of the same species, Medicago and poplar,
were distributed in separate clusters. One variant was
observed in subgroup A1 and another in subgroup
A2. This suggested that in addition to metal homeo-
stasis/detoxification, PCSs could also participate in dif-
ferent metabolic processes. Inferred PCS GO terms
associated with signalling, defence, stress and phyto-
hormones as well as some reports [19,27,28,30,31]
support this suggestion.

Co-expression analysis of PCS genes

To understand the interactions of PCS genes in the
complex cell environment, a co-expression network
analysis was performed. The network was constructed
for the AtPCST (At5g44070) gene using the microarray
and RNA-seq datasets in ATTED-Il (Figure 6). Six genes
directly connected with AtPCST on the network were
identified, including syntaxin of plants 121
(At3g11820), S-adenosyl-L-methionine-dependent
methyltransferases superfamily protein (At1g55450),
HOPZ-ACTIVATED RESISTANCE 1 (At3g50950), seven-
transmembrane MLO family protein (At1g11310), cal-
cium-dependent protein kinase 4 (At4g09570) and
Ypt/Rab-GAP domain of gyplp superfamily protein
(At3g49350). The syntaxin family proteins played
important roles in vesicle sorting, docking and fusion
in the secretory pathway [67]. The vesicle-trafficking
protein SYP121 (SYR1/PEN1) was associated with ion
channel control at the plasma membrane of stomatal
guard cells [68]. Plant S-adenosyl-.-methionine-
dependent methyltransferases (SAM-Mtases) were the
major enzymes in the phenylpropanoid, flavonoid and
many other metabolic pathways [69]. Plant resistance
(R) proteins involved in the plant defence against
potential pathogens, e.g. Arabidopsis R protein HOPZ-
ACTIVATED RESISTANCE 1 (ZAR1; At3g50950) [70]. The
seven-transmembrane domain proteins were homo-
logues of barley mildew resistance locus o (MLO) and



BIOTECHNOLOGY & BIOTECHNOLOGICAL EQUIPMENT 187

uone|suel| NN255N25nNNYNdNNSNIYYNNN VYDNOVYNIOVYYIOVYVYYYVYONNOVYY yeeL-coel €l 1'09¢1069050 D01 J-eLzgylw-eso
abenes|) N22N52N932N>N330N229D YHOVYIOYHOHOOYVYIHDID9DD L6l-LL1 L=l 1'0921069050 D01 6185Ylw-eso
abened)) JD2NN5N522NONYINIDVYIN VOYVYIVYIDOYOHNYOYYONNDD syl-scl L= 1'09¢1069050 D01 rSsylw-eso
uonejsuel) NOAYOYYOONYIONNYNOVY VYOVNDNNDOVYYNNYYNSIVYN 1374 74 0z-L 1'0921069050 D01 dg-g60zy1w-eso
abenes|) Y¥Y2N22N92N533N2N220N DYHYHOHYHOYIOHOYHNHHHD 00¢-181L 0z-L 1'09¢1069050 D01 q'egsgLyiw-eso
uonejsuel) 5N25523953355NN23NN2D N¥YN3255353350v¥555v9HD (4933 0z-1 1'0921069050 D01 dg-porgLylw-eso
abened|) 5IDNOYVYIOYIVNIVNYONY ¥955NOVYNSINDNYONNNIVYN L¥6-CC6 0z-L 1'09¢1069050 D01 de-yz91yiw-eso
uonejsuel] JN5N22955N95YVYI990NND 552v5530NN2NN55NYVD PeE-GLE 0z-L L0L 8ZT1609TNZNYD dg-ug9LyIw-ewz
uone|suel| NN2955N35N25NdNNSNIOVYYN VYYDNOVYNOVYIOVYNYVYYYONND L8EL-L9¢EL (Yol 1'00€%¢05€002190S d'eLzgyiw-iqs
uonejsuel| 2v¥2N5NJO¥YIONN555NNYINIDOVD SNOHHIYONYOVY-NNYYNOVYYHOD 865-S/S €1l L'00£¥209€0071q0S dg-gzzoyiw-iqs
uolne|suel| 5NN25NYINNDDDHOYININN JNVYHIYNONNIONIINVYYOYD 199-1¥9 lz-1 1'00€¥#¢05€002190S de-gzzoyiw-iqs
uonejsuel] NY2955YHOVYNYYIVYNIINND vYNS2ONNYNYYNNNSS5YND LLY—-8SY 0z-1 L'00£¥709€0071q0S dg-0zzodIw-Igs
uone|suel| NNY9HDIYHINIINNIDIDNID YYNN25N25VYIYOINDIVDD S-Sty lz-1 1'00€¥¢05€002190S ds->p95syIW-1gs
uonejsuel] DYVYONNYYIVNYIDIN-DYOOY JNN9OYNNOYYOHSOYDINIIN ceL-¢coel L=l 1'00€¥#205€002190S q6SLylw-1qs
uonejsuel) NN255N35N2NNdNNDNDOVYN YYDNIOYNIOYYYVYNYYYYONND LTEL-L0EL L= 1'00Z¥#205€00190S aLzgylw-iqs
abenes|) NNNYSYY5NN5N5nNNVNSYY YYONOYNIOYVYOVNYVYYYONN L-LTL 0z-L 1°00Z705€007!q0S d'elzgyiw-iqs
abenea|) YONOYIVYIVYNONIHINYINND NOYNNSYOHNOIYOHIONNOVYND ¥69-¥/9 (Yo} 1'00Z#¢05€002190S ds-z6€diw-iqs
abenes|) 25ND>N92N55VYI550NNID SNYHS-DYIINNDINOVYOY £T€-80€ 6L-1 L'0597¥OLIpeIg dg-08/41w-1pq
uone|suel| NYY29599vYHIONYNYONDID JNND222NON5YNYNONNDD oLL-G/LL 0z-L L'0S9r¥DLIpeIg 1'ds-9//291w-1pq
abenes|) JNN3525NY9223-¥oNdNYD HYVYHHONYNIOOOVYNOYOYHD 617-00% Lz-1 L'0597¥OLIpeIg de-zzLodiw-ipq
abenea)) N2NNJVYI-¥Y5NNNIONNS5D NOYVYONONNNOHOYOOYYIND £85-69S 0z-L L'0597¥DLIpeIg de-dseeyiw-1pq
abenes|) NN2Y2Y5NNNIONNO9ONNYD Y¥Y5N5NNN5HOSOYYININYDHD G85-999 Lz-1 L'0597¥OLIpeIg de-psegHiw-pq
abened)) N9OYYOHNYYNONONINDNON ¥2IO¥NIONNOIYOYNDINIV cLel-esel 0z-1L 1"002£606.1pa de->-epsssyiw-nw
abenes|) N5NN5N2NNNDNDVYIIOYNND NNYDIYOHOYYOYONOYINYND vol-vLL lz-1 L"002£606.1p3W q‘eezzSyIw-nw
abenea|) SYYVOHONYYYVYOYNOONIID 2NNNN2YONNNJOYYIHHON SET9LC 0z-L 1"002£606/13p3N
abenes|) Y¥YDNDONYIOVYYVYNONYOVNY 5NNNSYNIINNNYIONNNYN 6€L1-0CLL 0z-1 1"00Z£606/13p3N Ly9zyiw-nw
abenea)) 5OYONYONONYIVYVYINNIN JDON5YNI5OVNNNNYYYYDD L6-€56 0z-1L L"002£6006.1p3W J-eglozylw-hw
uone|suel| 5Nv¥YNN2NN5NN5NdNNNdN VYONNYYOVVYIIVNVIVYYYY oz-¢€8l 0z-L 1"00Z£606/13p3N 2909ZyIw-1w
uone|suel| YYVY9ONYOYNNNNYYYOVYID NNNN2YNOVYYYONNNNONDD 780L—-€90L 0z-L L'061£606.1pa ds-869./yIw-nw
uone|suel| v¥225NNYONYovYoNNvynynn NOOYOYNOYNYNOYVYOVNOY 918-L6L 0z-1L L'061£6006/1p3 pg6zsyiw-nw
abenea)) N2NY235NNYINYIVYONNYNYNN NOYNOOYOYNOVYNYNOYVYOVNOY 618-L6L €L L'061£6006.1pa >'qgezsyiw-nw
uone|suel| YoNvY2NNVYYOYYONNNNYYN NYYN55YNNYNONYYOYNNY 8€8-618 0z-L L"061£606/13p3N
abenea|) NONNYNYOVYNDOVYYONDIVOYD YONYOYNINYONNOONONINN LSpl-levl lz-1 1"061£606/13p3
abenes|) Y2N5NdNNNN2NIONONDIV N252VY55YOYOVYNOYIVYIIN 186-C96 0z-1 L"061£606/13p3N dqzTSyIw-hw
uone|suel| 55YIOVYHOONNYNDOVYOVYHD JDN2NN32N2NN3ONdNNDD L€6-8L6 0z-L L'061£6006.1pa q'egL9TYIW-IW
uonejsuel| N9YSNONOVYNYNNNISNYID YNNDVYHHD-YOVYVYONONDD €69-v.9 6l-L L"061£606/13p3N ysoTyiw-nu
abenea)) DYONNOVYNIOYYVYOVIVOVYD JNHOYOHNI55NNNINNYINND CloL-z66 L= L'061£606.1pa de-£80zyIw-nw
uonejsuel| 5N2NNNNI3-N2ONONDDVIY N9OYOYYDHIVYOOHOIVYIDNDD 8/6-096 0z-1 L"061£606/13p3N J-ep9Lylw-nw
abenes|) Y255N2DVVHOHOVYNYIVIID N523N952N220N5NYNDID 9/9-£59 0z-1L L'061£600.1pa o'p'q'eg9Lyiw-1w
abenes|) Yv¥2N5ndNNNN-2Nd22N5N5S NNOYIOYOYVYOVYNYOYDHODIYD 786-196 L=l L"06 12606233 dg-695 1 yiw-nw
abenes|) ¥Y¥2NNNJNNDNIYNONININND NNDYIYDOVYOY-NYDYOYDIYD S08-v8L. lz-1 1'7°0292£06602410S 2-e9G Lyw-A|s
uonejsuel| SY>NNdNNYYNSNNdONNNSD JNHYYHOONNNDOYOHOVYYIN Yr-S0t 0z-1L 1'0065615%10°1430d egpeyiw-0d
abened)) NYYNJIOYYYONNIONYYYOND YNYYHINONIOYDIONNNNON IrLL-9CLL L= 1'0085615%10'14130d L9v941w-23d
abenes|) Y2NNdNSNNNNNYI95NSNN VVYDOOVYIVVYYYNDOIVNYY 186796 0z-L 1'0085615%10'1430d dg-ozoy9yiw-o1d
uone|suel| DHYVYVYOONYYVYOOYHOHONID N2NNNJ25¥YDNOONIIDVNY [ 374w 4 ¥4 0z-L 1'0085615%10'14130d de->zgpyiw-o1d
abenes|) 5NN5N2NNON25ND¥YINNOND NOVYIVOYVYOYD-YONOVYOIIYD 0/11-0SLL 0z-1 1'086€09L1Y dg-1-egg L yiw-yie
abened)) VYYYVDOYYOHNOYNOYYOONIN NNNN2NNDNYINNONNDIVIVY 66C—6LC L-1 L'0L0¥¥OS1Y 8egyIw-he
uonejsuel] NYSNNOOYVYYVYIVYONYYOD vNovo5nnNdNNSnNN35nnnd 9L11-£SLL 0z-L L'0L0¥¥OS1Y ds-zggyiw-yie
uone|suel| J9YVYHOONNNINNIVYYYNND N2NNJONI2VYYNYONNNYDD 96S-LLS 0z-L L'0L0¥¥OS1Y ds-oegyiw-yie
uonejsuel) YYVYONYHOOYINDONYIVYOV NNNS5YNN22v¥53NNNNSNIN 66C1-08Z1L 0z-1 L'0L0¥¥OS1Y de-qe//Hiw-yre
abened)) YY9HION-YHONIOVYYONYOD NNNSYNN22Y5INNNNDNDON ¥1£-969 0z-L L'0L0¥¥OS1Y de-qezsyiw-yre
abenes|) VYNN555N5YIVYI2-NvNNdN NnY5N22v¥dN5N95NINYYHD 686-LL6 0z-L L'0L0¥¥OS1Y dg-6g95yIw-yre
abenea|) VYOVYVYDHOVYYONNNYN-DYVYID N2NNNJONDIOVYYYIHIONNDD LEL6LL 0z-L L'0L0¥¥OS1Y ds-peezHIw-ye
adfy juswbely paubije 1961 juswbely paubije yNYIw pua-uels yi1bua) SDd 19bie] 9dA] yYNYIw
uoniqiyuj 19618 VNYIw

'sadA1 uoniqiyul pue suopisod Hunabiel ‘sydudsuesy §H4 10} SYNHIW dARINg 7 3]qel



188 (&) E.FILIZET AL

were localized in the plasma membrane [71]. The MLO
gene family has been reported to be crucial in the
resistance to the powdery mildew disease [72].
Calcium-dependent protein  kinases have been
reported to be present in all plants. They are con-
firmed in an earlier study to play important roles in
metabolism, osmosis, hormone response and stress
signalling pathways [73]. Ypt/Rab proteins modulate
the vesicular protein transport in all eukaryotic cells
[74]. In addition, based on KEGG pathway data, AtPCST
is connected to the plant-pathogen interaction path-
way with two genes (At4g09570 and At4g26090). The
primary interaction partners of AtPCST were associated
with various pathways including defence, stress, sig-
nalling, secondary metabolite production and vesicle
trafficking, indicating that PCS proteins might also par-
ticipate in different metabolic processes, in addition to
their metal detoxification activities. Some reports from
recent studies also corroborated this, but further stud-
ies under various perturbations are essential to gain
further insights into the PCS proteins.

Promoter site analyses

The promoter sequence analysis was performed to
obtain insights about the regulation of identified PCS
genes. The 1000 bp upstream flanks of PCSs from the
transcription start site (TSS) were supplied to the
PlantCARE database for cis-regulatory element analysis
(Figure 7). A number of cis-regulatory elements were
revealed in the promoter sites of PCS genes and were
broadly categorized as cis-acting elements, light
responsive elements, hormone-responsive elements,
tissue-specific elements, stress-responsive elements
and other elements. Ten different types of cis-acting
elements were present in PCS promoters including
CAAT-box, TATA-box, 5UTR Py-rich stretch, TA-rich
region, AT-rich element, AT-rich sequence, Box Il
CCAAT-box, OBP-1 site and A-box. However, all PCS
genes shared CAAT- and TATA-box motifs. The light
responsive elements formed the largest number of cis-
regulatory motifs in the PCS promoters with 27 mem-
bers. The seed germination, seedling photomorpho-
genesis, shade-avoidance and photoperiod responses
are some light-regulated processes. In addition, recent
genomic studies also revealed that light induces mas-
sive reprogramming in the plant transcriptome with
involvement of various transcription factors [75].
Therefore, this provided some clues about the pres-
ence of a high number of light responsive motifs in
the promoter regions of the genes. Eleven types of
identified hormone-responsive elements included

CGTCA-motif, TGACG-motif, TCA-element, ERE, TGA-
element, AuxRR-core, ABRE, motif llb, P-box, TATC-box
and GARE-motif. They were associated with plant hor-
mones, methyl jasmonate, salicylic acid, ethylene,
auxin, abscisic acid and gibberellin. Phytohormones
have been reported to be involved in the regulation
of numerous metabolic processes, e.g. seed germin-
ation, flowering, senescence, stress response and fruit
ripening [76]. Therefore, it appeared that PCS genes
might be modulated by various internal and external
factors. Five types of tissue-specific elements were
identified in the PCS promoters including CCGTCC-box,
CAT-box, GCN4_motif, Skn-1_motif and as-2-box.
These regulatory elements were associated with meri-
stem, endosperm and shoot tissues. In addition, PCS
promoters also included stress-responsive elements
related with drought, fungal elicitor, low temperature,
wound and cold. Heavy metals in plants could cause
oxidative stress, leading to cellular damage via lipid
peroxidation, protein oxidation and DNA damage. PCs
are one of the major molecules chelating heavy metals
for detoxification [77]. Herein, the existence of various
types and number of stress-responsive elements in
PCS promoters indicated that PCS genes might also
play important roles in stress conditions. Taken
together, the presence of diverse cis-regulatory ele-
ments connected with various metabolic processes
confirmed the complex as well as dynamic regulation
of PCS genes in the plant genomes.

Predicted miRNA-PCS targets

MicroRNAs (miRNAs) are non-coding endogenous
RNAs, often consisting of 21-25 nucleotides. They
function either by suppressing the translation of a tar-
get gene or by degrading the target mRNAs post-tran-
scriptionally. miRNAs play important roles in many
metabolic activities such as morphogenesis, signal
transduction, various biotic/abiotic stresses, cell devel-
opment and differentiation [78,79]. In the present
study, a total of 53 miRNA types were identified for
the adopted search parameters (described in Materials
and methods). Further, their distribution per species
was as follows: one for S. lycopersicum and Z. mays,
four for P. trichocarpa, five for B. distachyon, seven for
O. sativa, eight for A. thaliana, nine for S. bicolor and
18 for M. truncatula (Table 2). MtPCS were found to be
targeted by 18 miRNAs. On the other hand, SIPCS and
ZmPCS were targeted by a single miRNA. Ding et al.
[80] reported that miR156, 166, 168, 171 and 390 were
involved in rice plants in response to Cd stress.
miR395 was involved in Cd detoxification in Brassica
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Table 3. Distribution of secondary structure elements, o-helices, B-sheets, coils and turns in PCS proteins.*

Species Transcript ID (Phytozome) a-helices (aa/%)’ B-sheets (aa/%) Coils (aa/%) Turns (aa/%)
A. thaliana AT5G44070.1 187/38 50/10 248/51 108/22
A. thaliana AT1G03980.1 188/41 54/11 210/46 96/21
P. trichocarpa Potri.014G195800.1 191/37 56/11 256/50 108/21
P. trichocarpa Potri.014G195900.1 168/33 59/11 269/54 116/23
S. lycopersicum Solyc09g072620.2.1 206/37 34/6 305/55 128/23
C. sativus Cucsa.348980.1 144/29 60/12 283/58 132/27
M. truncatula Medtr7g097190.1 156/31 48/9 297/59 112/22
M. truncatula Medtr7g097200.1 173/34 68/13 256/51 116/23
P. vulgaris Phvul.001G162700.1 149/29 71/14 281/56 104/20
B. distachyon Bradi1g44650.1 181/36 44/8 277/55 116/23
S. bicolor Sobic.003G024200.1 199/39 50/9 258/50 132/26
S. bicolor Sobic.003G024300.1 182/34 63/12 278/53 104/19
Z. mays GRMZM2G091228_T01 174/34 65/12 268/52 108/21
O. sativa LOC_0s06901260.1 193/38 57/11 252/50 116/23

1'aa’ stands for amino acids and indicates the number of amino acid residues in the given secondary structure. ‘%’ stands for percentage and indicates

the percentage of residues in the given secondary structure.

*The percentage of secondary structure elements was calculated by using the VADAR 1.8 server.

napus [81]. In a different study, miR396, 397, 398 and
408 were identified as related to Cd exposure in B.
napus [82]. In radish (Raphanus sativus), Cd-responsive
conserved microRNAs such as miR156, 159, 160, 164,
167, 169, 395, 397 and their target genes were identi-
fied in Cd-free (CK) and Cd-treated (Cd200) libraries
from radish roots. These authors also proposed that
target genes of Cd-responsive miRNAs were phytoche-
latin synthase 1 and iron and ABC transporter proteins
[83]. In two soybean genotypes (Huaxia3 and
Zhonghuang24), gma-miR397a was observed to be a
cadmium tolerance-associated miRNA [84]. Huang
et al. [85] reported that the expression levels of
bnamiR393 in leaves, bna-miR156a, bna-miR167a/c in
roots and leaves, and bna-miR164b and bna-miR394a/
b/c in all tissues of rapeseed (Brassica napus) under Cd
exposure showed increase. The above-reported
miRNAs from Cd treatments were one of the most
effective activators for PC [9]. Thereby, PCS were also
identified for targeting some PCS sequences:
Arabidopsis (AT1G03980.1) was targeted by ath-miR156a-
i-5p with cleavage, Solanum was targeted by sly-
miR156a-c with cleavage, Medicago (Medtr7g097190.1)
targeted by mtr-miR156g-5p and mtr-miR160a,b,d,e with
cleavage, and by mtr-miR164a-c with translation, Populus
(Potri.014G195900.1) targeted by ptc-miR395a with
translation, Brachypodium targeted by bdi-miR395d-
3p and bdi-miR395p-3p with cleavage, Sorghum
(Sobic.003G024200.1) targeted by sbi-miR397-5p with
cleavage and Sobic.003G024300.1 targeted by sbi-
miR159b with translation, Zea targeted by zma-
miR169n-3p with translation and Oryza targeted by
osa-miR167h-3p with cleavage. The above observa-
tions suggested that the regulation of PCS genes in
heavy metal detoxification is a very dynamic process.
Moreover, it is transcriptionally controlled by variable
miRNAs either by suppressing the translation of the

target gene or by degrading the target mRNAs. Also,
various miRNA types implied a highly complex regu-
lation of metal homeostasis at a species-dependent
level [86,87].

Secondary and tertiary structures of PCSs

Finally, PCSs were investigated at secondary and ter-
tiary structural levels to gain further insights about the
functional forms of proteins. It is well documented
that divergence of protein structures was observed
less in comparison to sequence divergence. This indi-
cated that selective constraints favoured to preserve
the protein structure [88]. In addition, many studies
show relation of the protein structural information to
the amino acid replacement process, thereby resulting
in protein divergence or evolution. For example,
Goldman et al. [89] reported that there is a significant
relationship between secondary structure environment
and amino acid replacement process. Another study
introduced an evolutionary model combining the
protein secondary structure and amino acid replace-
ment [88]. In another study on protein structural infor-
mation, transmembrane proteins were employed for
evolutionary inference [90]. In the present study, the
secondary structures of PCS proteins ranged from 29
to 41% for a-helices, from 6 to 14% for B-sheets, from
46 to 59% for coils and from 19 to 27% for turns
(Table 3). Although the above secondary structure
entities did not show much divergence, some varia-
tions were also present. Considering the reports from
earlier studies, as well as the findings of this work,
PCSs were suggested to play different metabolic roles
in the plants. Therefore, it is quite reasonable to claim
that these variations in secondary structures might
account for the functional diversities of PCS proteins.
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Figure 8. Predicted 3D models of PCS proteins in 10 different plants. Models were generated by using the Phyre2 server at inten-
sive mode. Blue and yellow colours, respectively, show the a-helices and B-sheets, whereas other structures such as turns and

coils are represented in grey.

Moreover, using the Phyre2 server at intensive
mode for all 14 PCS sequences, we generated 3D
models of the PCS proteins in the present study.
Template 2BTW’ from structures of transferase from
Nostoc sp. PCC 7120 with resolution of 2.0 A was used
in homology modelling (Figure 8). The qualities of

generated models were satisfactorily verified by
Ramachandran plot analysis where >90% of residues
were in the allowed region. The models of Arabidopsis
AtPCS1 (AT5G44070.1) and 2 (AT1G03980.1) were then
superimposed with models of other PCSs on the basis
of the alpha carbon superposition in order to figure



out the degree of conservancy, thereby protein evolu-
tion. The superposed structural overlaps ranged from
41.44 to 56.91% for AtPCS1 and 45.58 to 60.84% for
AtPCS2. The highest structural overlap (60.84%) was
between dicot AtPCS2 and monocot ZmPCS, whereas
the lowest value (41.44%) was noticed between dicots
AtPCS1 and MtPCS (Medtr7g097200.1). Interestingly,
contrary to the general acceptance that suggested
divergence of protein structures occurs much less rap-
idly in comparison to divergence of protein sequences
[88], in the present work, the 3D structures of PCS
proteins were relatively less conserved when com-
pared with primary protein sequences (refer to
‘sequence analysis’ section). So, it could be speculated
that these variations in protein folding state/conform-
ation might be somehow related to the diverged pro-
tein functions, however further experimental analysis
is required to confirm this.

Conclusions

The present study identified 14 putative PCS homo-
logues in the genomes of 10 selected plant species (A.
thaliana, P. trichocarpa, S. lycopersicum, M. truncatula,
C. sativus, P. vulgaris, B. distachyon, S. bicolor, Z. mays
and O. sativa) responsible for the biosynthesis of one
of the main groups of heavy-metal detoxifying pepti-
des phytochelatins (PCs) in plants. PCS proteins
showed variations in protein length and some differ-
ences in the C-terminal site, indicating functional
diversities of PCSs in plants. In addition, vital residues
such as Cys56, His162 and Asp180 are well conserved
in PCSs, and PCSs were found to be related to many
metabolic pathways, proving the importance of PCS
genes in plant metabolism as well as metal detoxifica-
tion. Thus, this study was an initial, theoretical step
that can provide a basis for future studies into the PCS
genes in higher plants.
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