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Zea mays is an essential staple food crop across the globe. Maize contains macro
and micronutrients but is limited in essential mineral micronutrients such as Fe
and Zn. Worldwide, serious health concerns have risen due to the deficiencies of
essential nutrients in human diets, which rigorously jeopardizes economic
development. In the present study, the systematic in silico approach has been
used to predict Fe and Zn binding proteins from the whole proteome of maize. A
total of 356 and 546 putative proteins have been predicted, which contain
sequence and structural motifs for Fe and Zn ions, respectively. Furthermore,
the functional annotation of these predicted proteins, based on their domains,
subcellular localization, gene ontology, and literature support, showed their roles
in distinct cellular and biological processes, such as metabolism, gene expression
and regulation, transport, stress response, protein folding, and proteolysis. The
versatile roles of these shortlisted putative Fe and Zn binding proteins of maize
could be used to manipulate many facets of maize physiology. Moreover, in the
future, the predicted Fe and Zn binding proteins may act as relevant, novel, and
economical markers for various crop improvement programs.
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1 Introduction

Good nutrition is the source of good health. Good nutrition includes a balanced diet
that fulfills our body’s needs for energy, carbohydrates, proteins, vitamins, and mineral
micronutrients. Metal micronutrients are essential elements for all organisms as are
involved in diverse biological and cellular functions (Crichton, 2020). Humans obtain
them from their diet, which primarily relies on plants. In the present scenario, a severe
threat to human nutrition may occur in many countries as the deficiencies of essential
micronutrients in crop plants are continuously rising and becoming a more serious
problem. The main reasons behind this threat are changing climate conditions such as
the elevation in temperature, CO,, salinity, and drought stresses which directly or indirectly
influence nutrient availability (Moreno-Jiménez et al., 2019; Soares et al., 2019). Out of the
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7 billion population of the world, more than 2 billion are suffering
from micronutrient deficiencies, particularly iron (Fe), zinc (Zn),
iodine, and vitamins ((IFPRI), 2016).

Fe plays a critical role in life-sustaining processes like DNA
synthesis, respiration, photosynthesis, hormone synthesis and
regulation, etc. (Zhang, 2014; Rout and Sahoo, 2015). Fe is not
rapidly available in plants due to the low solubility of its abundant
ferric (Fe®*) form in aerobic environments. Plants use various
strategies to convert the Fe** form into ferrous (Fe**) for their
bioavailability and uptake (Morrissey and Guerinot, 2009). The
deficiency of this critical element in crop plants led to a reduction in
vegetative growth, chlorosis, poor seed quality, and poor yield
(Kobayashi and Nishizawa, 2014). WHO estimates that the Fe
deficiency in humans is the most prevalent deficiency affecting
approximately 3.7 billion people worldwide. The global burden of
disease study, 2019 indicates that the global age-standardized point
prevalence rates for anemia and years lived with disability (YLDs)
were 23,176.2 and 672.4, respectively (Stevens et al., 2022). The
most vulnerable groups to Fe deficiency and anemia are pregnant
and lactating women, preschool children, and adolescents (Safiri
et al., 2021).

Zn is also an essential metal micronutrient cofactor of many
enzymes involved in the growth and development of plants and
animals. A deficiency of Zn leads to chlorosis, stunted growth, and
reduced tiller, leaves, and grain size which results in overall yield
reduction (Wissuwa et al., 2006). Worldwide, approximately 17.3%
of people are at risk of inadequate Zn intake (Wessells and Brown,
2012). Zn deficiency affects approximately 1/3 of the human
population, principally children and women, causing health
problems like growth retardation, impaired immune system,
diarrhea, eye and skin lesions, weight loss, and mental lethargy
(King et al,, 2015). Therefore, the significant challenge for the
scientific community is to feed the increasing population and
provide nutrient-rich food to the masses.

Cereal crops are the world’s paramount food grains rich in three
macronutrients (carbohydrates, proteins, and fats) but have
suboptimal micronutrients, mainly, Fe and Zn (Borrill et al,
2014). Zea mays (Maize) is the world’s third most important
staple food crop (Nuss and Tanumihardjo, 2010). The popularity
of the maize crop is due to its diverse functionality and multiple uses
in human and livestock consumption (Murdia et al., 2016; Shah
et al, 2016; Huma et al,, 2019). Maize provides both macro and
micronutrients vital for various metabolic activities in humans, but,
unfortunately, the quantity of some essential micronutrients (lysine,
tryptophan, vitamin-B, C, Fe, Zn, and iodine) are ill-balanced (Nuss
and Tanumihardjo, 2010; Shah et al., 2016). To combat
micronutrient deficiencies in developing countries, food
diversification, pharmaceutical supplementation, and post-harvest
food fortification interventions have been emphasized. However,
only some of these interventions were found to be sustainable.

Biofortification is a cost-effective, sustainable approach for
enriching agricultural crops. The biofortification-based
conventional breeding and genetic-engineering approaches
enhance the micronutrient level in various staple foods (Yunta
et al., 2013; Goudia and Hash, 2015). These biofortification-based
conventional breeding methods have met with only marginal
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success, resulting in two-three fold increase in the micronutrient
content, which needs to be increased to reach the required level.
Various efforts have also been made for the enrichment of Fe and
Zn in maize. A transgenic maize plant variety constructed by
Drakakaki et al. (2005) co-expresses recombinant soybean ferritin
and Aspergillus phytase, having high enzymatic activities to degrade
more endogenous phytic acid and significantly raising the uptake of
bio-available iron in its endosperm (Drakakaki et al., 2005). Single
nucleotide polymorphisms (SNPs) are the markers of choice in
genetic analysis and are effectively used in agricultural breeding
programs (Gupta et al, 2001). Hindu et al. (2018) conducted a
genome-wide association study on 923 inbred maize lines using
high-density SNPs to detect the marker-trait associated with high-
kernel Zn and Fe in maize and suggested them as precursors to
marker-based breeding for the biofortification of the maize (Hindu
et al., 2018). Earlier, a translational fusion of maize globin with
green fluorescent protein under transcriptional control of the maize
endosperm specific 27kDa y-zein promoter was also done to
construct a transformed variety of maize (Bodnar et al, 2013).
Expression of this transformed maize grain was evaluated in caco-
based cell lines result of which indicate that the transformed variety
have bioavailability similar to that of untransformed seeds (Bodnar
et al., 2013).

Currently, advancements in the field of omics offered the use of
oligo-directed mutagenesis, RNA-directed DNA methylation, gene
editing toolkits and availability of completely sequenced genomes of
staple foods which open up new rooms for biofortification (Akhtar
etal,, 2018). Further, the proteomic approaches act as excellent tools
to detect micronutrient deficiency and toxicity (Lopez-Millan et al,,
20135 Ali et al, 20205 Prusty et al, 2022). Most of the current
proteomic studies are focused on the detection of quantitative
changes and rely on comparative approaches using two-
dimensional gel electrophoresis (2-DE) followed by various mass
spectrometry (MS) analyses. The changes under iron deficiency/
sufficiency in the root proteome profiles of Solanum lycopersicum,
Cucumis sativus, Medicago truncatula, and Beta vulgaris have been
studied earlier using various proteomic techniques (Li et al., 2008;
Donnini et al., 2010; Rellan-Alvarez et al., 2010; Rodriguez-Celma
et al, 2011). The proteomic analysis of the sub-proteome such as
isolated organelles, phloem saps, and plasma membrane in
nutrient-deficit plants is also becoming popular at present time
(Laganowsky et al., 2009; Lan et al, 2011; Hopff et al., 2013;
Lattanzio et al., 2013). Proteomic studies have been published
earlier on the Fe-deficient root and thylakoid proteome of
Arabidopsis thaliana (Laganowsky et al., 2009; Lan et al., 2011).
The plasma-membrane proteome of maize under Fe-deficient and
excess conditions has also been studied earlier using nano-liquid
chromatography-tandem mass spectrometry (LC-MS/MS), and the
study indicated that the proteins involved in signaling and transport
are abundantly changed under these conditions (Hopff et al., 2013).
Moreover, the accessibility of bioinformatics techniques makes an
in silico approach realistic for identifying candidate metalloproteins
from the complete proteome of an organism (Sharma et al., 2017;
Verma et al., 2017; Sharma et al., 2018; Sharma et al., 2019a; Sharma
et al,, 2019b). Hence, the proposed study here will be designed to
explore the putative Fe and Zn binding proteins from the complete
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proteome of Zea mays, which could prove to be a better-starting
material, novel, economical, and reliable marker to expedite
bioavailability and biofortification as well as other crop
improvement programs worldwide.

2 Materials and methods
2.1 Data extraction

The whole proteome of Zea mays (Maize) was retrieved from
the RefSeq ftp server of the National Centre for Biotechnology
Information (NCBI). Iron binding and Zinc binding keyword
searches were done in the Uniprot database to construct Fe and
Zn binding proteins datasets (Consortium, 2019). The results
obtained from this search were shortlisted based on whether they
are manually annotated, i.e., from reviewed databases such as
(Swiss-Prot) or computationally annotated, i.e., unreviewed
(TrEMBL). Only the reviewed (Swiss-Prot) proteins were taken.
Furthermore, to reduce redundancy, the “UniRef100 database” was
used to cluster the shortlisted reviewed proteins. The local databases
of these selected reviewed Fe and Zn binding proteins from Uniprot
were created using Basic Local Search Alignment Tool (BLAST)
algorithm (Altschul et al., 1990).

2.2 ldentification of iron and zinc-binding
sequence motifs in the complete
proteome of Zea mays

To identify Fe and Zn binding sequence motifs in the complete
proteome of Zea mays, BLASTp search of the complete Zea mays
proteome was done against the local databases of Fe and Zn at
Expect value (e-value) of 0.00001. The proteins showed hits at e-
value of less than or equal to 0.00001, and identity more than or
equal to 50% was selected further for the second step. In the second
step, the MetalPDB database was used to retrieve Fe and Zn binding
protein datasets, and local BLASTp search of shortlisted proteins
from the first step was further performed with these selected
MetalPDB datasets at e-value of 0.00001 (Putignano et al., 2018).
The proteins showed hits with MetalPDB datasets at e-value of less
than or equal to 0.00001, and identity more than or equal to 50%
was putatively considered to have Fe binding or Zn binding
sequence motifs.

2.3 ldentification of iron and zinc binding
structural motifs

The selected Fe and Zn binding sequence motifs containing
proteins were modeled by Protein Homology/analogY Recognition
Engine V 2.0 (Phyre2) (Kelley et al., 2015). Further, the proteins
were shortlisted manually based on modeling confidence, query
coverage, and identity of more than or equal to 90, 50, and 30
percent, respectively. Energy minimization of these modeled
proteins was performed using GROningen MAchine for Chemical
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Simulations (GROMACS) (Abraham et al., 2015). Further, to
predict the structural Fe and Zn binding motifs, the PYMOL
server was used to perform the structural alignment of Fe and Zn
binding energy-minimized modeled proteins based on the
templates obtained from the MetalPDB BLASTp search
(DeLano, 2002).

2.4 Functional annotation, subcellular
localization prediction and gene ontology
analysis of putative Fe and Zn binding
proteins of Zea mays

The bioinformatics servers Pfam, InterProScan, and NCBI-CDD
were used for the functional annotation of shortlisted putative Fe and
Zn binding proteins of Zea mays (Jones et al., 2014; Marchler-Bauer
et al,, 2015; Finn et al., 2016). These tools help to predict functional
domains/families and further, the literature survey of predicted
domains/families was performed to support the broad classification
of shortlisted Fe and Zn binding proteins. Subcellular localization
identification aids in determining the functional role of proteins.
Therefore, cellular compartmentalization of putative Fe and Zn
binding proteins of Zea mays was also done using consensus of
three tools, i.e., LocTree3, pLoc-mPlant, and BUSCA (Goldberg et al,,
2014; Cheng et al,, 2017; Savojardo et al., 2018). Gene Ontology (GO)
is the formal computational representation of biological systems that
provide a set of concepts for explaining the function of genes and
gene products from all organisms (Ashburner et al, 2000). A
Cytoscape plugin ClueGO was used for Gene ontology prediction
of predicted Fe and Zn binding proteins (Shannon et al,, 2003; Bindea
et al,, 2009). Both GO networks, i.e., GO biological process and GO
molecular function were configured on a kappa score of more than or
equal to 0.4.The network nodes are represented as circle which
indicate particular GO biological or molecular terms. The
connections between the GO terms are based on their association
indicated by an edge.

3 Results and discussion

3.1 Iron and zinc binding sequence motifs
containing proteins in the complete
proteome of Zea mays

The complete proteome of Zea mays has a total of 58409
proteins. To search for Fe and Zn binding proteins among these
58409 proteins, both sequence- and structure-based search was
performed. The complete description of the study is shown in
Figure 1. The homology or sequence similarity search is the first,
most informative, effective, and reliable step used in finding the
regions of similarity or identity between two proteins which further
articulate their structural, functional, and evolutionary features
(Pearson, 2013). Generally, two proteins that share more than
30% identity during homology search are thought to be similar in
their structure and function (Pearson, 2013). In the first step of this
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FIGURE 1

The complete description of the study. The complete proteome of Zea mays
Biotechnology Information. The BlastP search of the complete proteome wa

was extracted from the RefSeq ftp server of the National Centre for
s done against iron and zinc-binding protein datasets from the UniProt

database. The shortlisted proteins were searched against iron and zinc datasets of MetalPDB. Further, the selected proteins were modeled by Phyre2
and energy minimization was done by GROMACS. The structural alignment of the scrutinized proteins was done using PyMol to find out the putative
metal (Fe or Zn) binding sites. A total of 356 Fe-binding and 546 Zn-binding proteins have been predicted from the complete proteome of Zea
mays. These proteins were functionally characterized based on functional domains, subcellular localization, and gene ontology.

study, BLASTp search of 58409 Zea mays proteins was done against
the local database of selected reviewed Fe and Zn binding proteins
from Uniprot at e-value of 0.00001 and identity > 50. A total of 2852
and 4593 proteins showed hits with Fe and Zn databases,
respectively, at e-value less than or equal to 0.00001 and identity
more than or equal to 50%. Further, to reduce false optimistic
predictions, the second check was also performed in which a local
BLASTYp search of shortlisted proteins was performed against the Fe
and Zn datasets of the MetalPDB database. Among 2852 proteins,
415 proteins showed hits with Fe binding proteins, and out of 4593
proteins, 946 proteins showed hits with Zn binding proteins from
the MetalPDB database at e-value less than 0.00001 and identity
more than or equal to 50%. These 415 and 946 proteins were
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putatively considered to have Fe and Zn binding sequence
motifs, respectively.

3.2 Iron and zinc binding structural motifs
containing proteins in Zea mays

The primary protein sequences fold to form 3D structures. Most
of the proteins that share similar sequences, opt similar structures
(Rost, 1999; Kosloff and Kolodny, 2008; Pearson, 2013). Thus, the
shortlisted 415 Fe and 946 Zn binding-sequence motifs containing
proteins were modeled by Phyre2. Out of 415 Fe binding, 367 and
out of 946 Zn binding, 635 proteins were shortlisted manually with
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modeling confidence, query coverage, and identity of more than or
equal to 90, 50, and 30 percent, respectively (Supplementary
Tables 1A, B). The energetic state of a protein is a key parameter
in determining its stability. Therefore, performing energy
minimization or finding the set of coordinates representing the
protein in the state of minimum energy and maximum stability is
critically important (Mackay et al., 1989; Gautam, 2020). Energy
minimization of shortlisted 367 Fe and 635 Zn binding modeled
proteins was performed using GROningen MAchine for Chemical
Simulations (GROMACS). To predict structural Fe and Zn binding
sites, the structural alignment of Fe (Fe ions (Fezﬁ Fe3+), heme, and
Fe sulfur cluster) and Zn binding energy minimized modeled
proteins was performed using PYMOL based on the templates
obtained from MetalPDB BLASTp search. A total of 356 proteins
out of 367 energy-minimized modeled proteins were found to have
both Fe binding sequence and structural motifs. Moreover, Fe-
containing proteins exists in three primary forms, ie., free iron
binding (Fe** and Fe’"), iron-sulfur cluster, and heme binding
(Kaplan and Ward, 2013). Among these 356 proteins which were
selected as putative Fe binding proteins, 135 proteins have free Fe
ions (Fe2+ and Fe3+) binding sites, 127 have iron-sulfur cluster sites,
and 134 have heme binding sites (134) (Supplementary Table 2A).
Secondly, 546 proteins among 635 energy-minimized modeled
proteins were found to have both Zn binding sequence and
structural motifs (Supplementary Table 2B). Further analysis
revealed that a total of 31 proteins shared both Fe and Zn
binding motifs (Supplementary Table 2C) which are concerned
with a previously known fact that some proteins have promiscuous
reactivity interaction with more than one metal ion (Eom and Song,
2019). Cystine, histidine, glutamic acid, and aspartic acid residues
are commonly found in the binding pocket of these putative Fe and
Zn binding proteins. The pattern of interacting residues was in
accordance with earlier studies which symbolize that transition
metal ions are usually bound to polar and negatively charged
residues (Cao et al.,, 2017). The pattern of interacting residues in

10.3389/fpls.2023.1166720

the binding pockets of predicted Fe and Zn binding proteins of Zea
mays is shown in Figure 2.

3.3 Functional domain annotation,
subcellular localization, and gene ontology
analysis of Fe binding proteins of Zea mays

The bioinformatics servers Pfam and InterProScan were used
for the functional annotation of Fe and Zn binding proteins of Zea
mays. Heme peroxidase was the most predominant domain in
predicted Fe binding proteins of Zea mays. 2Fe-2S and 4Fe-4S
ferredoxin-type, cytochrome subunits b and ¢, Cyt b5-like heme/
steroid-bd, aconitase, fatty acid desaturase type 2 (FADS2),
Phytanoyl-CoA dioxygenase, Fe/Zn purple acid phosphatase (Fe/
Zn PAP), carotenoid oxygenase, Gep-like domain, oxoglutarate/
iron-dependent dioxygenase, Non-haem dioxygenase (DIOX), Mn/
Fe superoxide dismutase (Mn/Fe SOD), succinate dehydrogenase/
fumarate reductase (SDR), and NADH: ubiquinone oxidoreductase
were other common domains found in Fe binding proteins of Zea
mays. Furthermore, based on the literature analysis of predicted
domains or families in Fe-binding proteins, the Fe proteome of Zea
mays was divided into five broad functional categories, namely,
metabolism, stress response, transport, gene expression and
regulation, and proteolysis. The dominant categories among them
were metabolism, stress response, and transport. A detailed
description of the functional domains among Fe-binding proteins
of Zea mays and their probable functions based on the literature
survey is given in Supplementary Table 3A and Figure 3A. Further,
we were able to predict the subcellular localization of approximately
73% of the putative Fe-binding proteins. The predicted Fe-binding
proteins of Zea mays were subcellularly found to be localized in
seven different localizations. Among them, most of the proteins
were found in chloroplast (23%), cytoplasm (18%), extracellular
space (14%), and mitochondrion (9.6%) (Supplementary Table 3A

Amino acid residues

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100

Number of amino acid residues

FIGURE 2

The pattern of amino acid residues in Fe- and Zn-binding proteins of Zea mays. Here, the X and Y axis indicate the number and name of amino acid
residues present in the binding sites of putative Fe- and Zn-binding proteins of Zea mays, respectively. Cys, His, Glu, and Asp amino acid residues

were found dominant in predicted Fe- and Zn-binding proteins of Zea mays.
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(A) Functional domain annotation of Fe-binding proteins of Zea mays. Here, the X-axis represents the name of a particular domain/family and Y-axis
indicates the number of proteins having the particular domain/family. The color of a particular column represents its broad functional class. The Fe-
binding proteins of Zea mays are divided into five broad functional classes, i.e., metabolism (yellow), stress response (red), transport (purple), gene
expression and regulation (green), and proteolysis (sky-blue). The dominant classes were metabolism, stress response, and transport. The Iron
proteome of Zea mays is found to be enriched in domains: Heme peroxidase, 2Fe-2S and 4Fe-4S ferredoxin-type, Cytochrome subunits b and c,
Cyt b5-like heme/steroid-bd, Aconitase, Fatty acid desaturase type 2, Phytanoyl-CoA dioxygenase, Fe/Zn purple acid phosphatase, Carotenoid
oxygenase, Gep-like domain, Oxoglutarate/iron-dependent dioxygenase, Non-haem dioxygenase, Mn/Fe superoxide dismutase, Succinate
dehydrogenase/fumarate reductase, and NADH. (B) Subcellular localization of Fe binding proteins of Zea mays. Here, the pie chart indicates the
subcellular localization of Fe-binding proteins of Zea mays. The cellular localization of nearly 27% of proteins remains unidentified and approximately
73% of proteins are predicted to be present in seven different locations. The subcellular compartments: chloroplast (23%), cytoplasm (18%), and
extracellular space (14%) are enriched in Fe-binding proteins followed by mitochondria (10%), endoplasmic reticulum (4%), nucleus (2%), and

peroxisome (2%)

and Figure 3B). The subcellular localization signifies the results of
functional domains analysis as most of the Fe-binding proteins
functional in metabolism was found to be localized in chloroplast
andcytoplasm. The Fe-binding proteins involved in the transport of
electrons were confined to mitochondria and chloroplast which is
also in line with the findings of previous studies (Lu, 2018). Heme
peroxidases proteins of Zea mays were subcellularly found to be
constrained in extracellular space, cytoplasm, and peroxisome.
Moreover, the GO biological process network of predicted Fe-
binding proteins of Zea mays was constructed on 13 Kappa score
groups having 84 GO biological process terms and 230 GO
connections (Supplementary Table 4A and Figure 4A). All these
13 groups were found to be significant in the network. The GO
molecular function network was also built on 13 Kappa score
groups with 33 GO molecular terms and 27 GO connections
(Supplementary Table 4B and Figure 4B). Both GO biological and
molecular networks are in accordance with a functional
classification which states that most of the predicted Fe-binding
proteins of Zea mays are involved in metabolic processes of energy
generation, transport of electrons, and response to stress.

The detailed analysis of Fe-binding proteins of Zea mays
presented evidence that the dominant functional categories
among them were metabolism, stress response, and transport. We
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have placed the proteins involved in the metabolic processes of
carbohydrates, amino acids, fatty acids, nucleotides, secondary
metabolites, energy generation, and destruction in the metabolism
category. Cyt b5-like heme/steroid-bd, aconitase, FADS2, Fe/Zn
PAP, Phytyl-CoA dioxygenase, carotenoid oxygenase, oxoglutarate/
iron-dependent dioxygenase (Fe/20G), and Cyt P450 were
common domains listed in the category of metabolism. Studies
on Cyt b5-like proteins in flowering plants provided evidence that
these are heme-binding proteins that are localized to the
endoplasmic membrane, act as redox components, and function
as an obligate electron shuttle in fatty acid hydroxylation, sterol
desaturation, hydroxylation, desaturation of sphingolipid long-
chain base, and Cyt P450-mediated reactions to control lipid,
sterol, and lignin metabolism (Kumar et al, 2012; Gou et al,
2019). Tkeyama et al. (2010) reported a cytoplasmic Cyt b5-like
heme/steroid-bd containing protein RLF in arabidopsis which
controls early cell division involved in lateral root formation and
plays an indispensable role in root architecture (Ikeyama et al,
2010). The role of iron-sulfur containing aconitase proteins of land
plants were earlier noticed in the TCA cycle for the reversible
isomerization of citrate to isocitrate (Wang et al., 2016). A study on
the repression of tobacco aconitase by nitric oxide suggested that it
has drastic effects on photosynthesis and fruit yield (Moeder et al.,

frontiersin.org
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(A) Gene Ontology Biological Process Network of Fe-binding proteins of Zea mays. The biological process network was configured by the
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2007). Additionally, plant aconitases are also known to mediate
other physiological processes like oxidative stress, lipid metabolism,
glyoxylate cycle, sucrose metabolism, and the regulation of cell
death (Wang et al., 2016). In previous studies, it is stated that FADS
enzymes contain conserved histidine-rich sequences in their active
sites as is present in verified divalent iron enzymes and catalyzes the
desaturation of fatty acids in various forms which help in the
regulation of fatty acid composition and maintenance of
membrane fluidity under abiotic and biotic stress conditions
(Zhao et al, 2019; Hajiahmadi et al, 2020). The PAPs enzymes
require binuclear chromophoric metal ions (Fe/Zn or Fe/Mn) for
their activity and are known to play vital roles in the maintenance of
Pi acquisition and utilization, cellulose and carbon metabolism,
fixation of nitrogen, reactive oxygen species (ROS) metabolism,
response to nutrients, and other environmental stresses and
pathogen defences (Olczak et al., 2003).

The non-heme iron enzymes carotenoid cleavage dioxygenases
(CCDs) are known to reside in different subcellular compartments
(cytoplasm or chloroplast) and play diverse roles in the biosynthesis
of various secondary metabolites and the production of
phytohormones, antioxidant, volatile and signaling molecules,
pigments, flavors, aromas, and defense compounds (Dhar et al,
2020). Earlier, the potential role of the CCDI gene in maize is
suggested to be responsible for the targeting and regulation of
provitamin-A content to combat global vitamin A deficiency
(Vallabhaneni et al., 2010). Previous reports also suggested that
higher plants’ genomes are rich in dioxygenases, mainly Fe/20G
and CytP450 (Mitchell and Weng, 2019). The non-heme Fe/20Gs
comprise one of the large dioxygenase superfamily in higher plants
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to catalyze reactions like the hydroxylation, dealkylation,
desaturation, epimerization, halogenations, cyclization,
epoxidation, formation of peroxide, and ring expansion or
contraction as well as play vital roles in the biosynthesis of
various primary and secondary metabolites, DNA repair, histone,
and cell wall protein modifications (Mitchell and Weng, 2019). The
Fe-dependent Phytyl-CoA dioxygenase which is also called
phytanoyl-CoA hydrolase is known to catalyze the o-
hydroxylation of phytanoyl-CoA to o-hydrooxyphytanoyl-CoA in
the o-oxidation pathway of phytanoyl degradation (Aratjo et al,
2011). The role of CytP450 hemoproteins is well elucidated in the
biosynthesis of secondary metabolites, fatty acid metabolism,
hormone regulation, xenobiotic metabolism, antioxidant
biosynthesis, and plant stress responses (Mitchell and Weng,
2019; Pandian et al., 2020). Further, it is well-stated that CytP450
enzymes are preferable candidates to engineer new abiotic and
biotic stress-resilient crop species (Pandian et al., 2020).

Heme peroxidase was the prime domain in the second
dominant category, i.e., the stress response of Fe-binding proteins
of Zea mays. The study found a high number of class III peroxidases
and a few class I haem peroxidases. The other common domains
listed in the class of stress response were Mn/Fe SOD, Glutaredoxin,
lipoxygenase, and PLAT/LH2. An earlier study documented that
class III peroxidases are hemoproteins of the secretory pathway in
higher plants that exist as large multigene families and are
biomarkers for metallic stresses (Jouili et al., 2011). They play
diverse roles in lignification, cell wall metabolism, shoot and root
cell elongation, hormonal metabolism, fruit growth and ripening,
ROS metabolism, plant defense, responses to hypoxia, abiotic and
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biotic stresses, wound healing, and seed germination via regulation
of their peroxidative, hydrolytic, and ROS activities (Jouili et al.,
2011; Shigeto and Tsutsumi, 2016; Hofmann et al., 2020). Further,
class 1 peroxidases are also known to play a major role in the
detoxification of ROS (Jouili et al., 2011). The role of Mn/Fe SOD
proteins has been stated previously in superoxide metabolic
processes, i.e., detoxification of ROS to respond to oxidative
stresses (Shiriga et al., 2014; Stephenie et al., 2020). Moreover, the
SOD proteins are already known as better target for improving
human health (Shiriga et al,, 2014; Stephenie et al, 2020). A
previous study has illustrated that Fe-S-containing protein
Glutaredoxins function in dynamic biological processes such as
redox signaling, ROS and iron homeostasis, defense responses,
hormone regulation, tolerance to salt, drought, temperature,
heavy metals, and other abiotic and biotic stresses which make
them a promising target for crop improvement to improve crop
tolerance for various stresses (Wu et al, 2017). The non-heme
lipoxygenases are extensively distributed in plants to catalyze
hydroperoxidation of lipids containing cis-1,4-pentadiene and
functions in various biological processes like seed germination,
senescence, fruit ripening, and plant defense responses against
biotic and abiotic stresses (Viswanath et al., 2020). Our study also
found cytoplasmic lipoxygenases containing PLAT/LH2 domain.
An earlier study elucidated that PLAT proteins could be attractive
targets in crop improvement to raise abiotic stress tolerance without
yield penalty. These proteins act as positive regulators of abiotic
stress tolerance and plant growth (Hyun et al., 2014).

The transport category contains the proteins involved in the
transport of electrons, ions, or any other molecules across the
membrane. 2Fe-2S ferredoxin-type, 4Fe-4S ferredoxin-type,
cytochrome subunits (Cytb6f, Cytb/b6, Cytb567, Cytc, Cytc 1A/
1B, Cytbcl, and Cytf), NADH dehydrogenase subunits (NADH
UqQ oxidoreductase 20, 55, and 75 and NADH quinone
oxidoreductase chain I), SDR, and Rieske 2Fe-2S domain-
containing proteins were commonly categorized in the transport
class of Fe-binding proteins of Zea mays. It is a well-known fact that
varying redox potential properties of Fe in Fe-S clusters play critical
roles in the transport of electrons during various fundamental life-
sustaining processes such as photosynthesis (in thylakoid
membranes) and respiration (in the inner mitochondrial
membrane) (Lu, 2018). In plants, Fe-S cluster proteins have been
distributed in four subcellular localizations, i.e., chloroplast,
mitochondria, nucleus, and cytoplasm (Lu, 2018). The 2Fe-2S
ferredoxin-type iron-binding proteins function mainly during
photosynthesis to transport electrons from Photosystem-I to
ferredoxin NADP" reductase for producing NADPH which is
consumed during Co, assimilation (Hanke and Mulo, 2013).
Additionally, the role of plant ferredoxins is also noted in other
metabolic processes such as chlorophyll, phytochrome and fatty
acids production, nitrogen and sulfur assimilation, and
maintenance of redox signaling and redox balance (Hanke and
Mulo, 2013). The role of Photosystem-I (Fe-S) proteins (PsaA,
PsaB, and PsaC) and Cytbf6 proteins having Riekse-type 2Fe-2S
domain has also been reported in the transport of electrons during
photosynthesis (Lu, 2018). Further, the function of Fe-S-containing
proteins, NADH UqQ oxidoreductase subunits 20, 55, and 75, and
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NADH quinone oxidoreductase chain I (Complex-I), SDR
(Complex-II) and Cytbcl (Complex-III), is well described in
respiratory electron transport (Lu, 2018). Moreover, NADH
quinone oxidoreductase also acts as an antioxidant enzyme that
protects plants from necrotrophic fungi and other oxidative
stresses, i.e., helps maintain plant homeostasis regarding cellular
redox states and defense signaling (FHeyno et al., 2013). A type-II
NADH quinone oxidoreductase is known to play a role in
prenylquinone metabolism and vitamin K1 accumulation (Piller
et al, 2011). A recent report on plant SDR provided evidence that
SDR (Complex-II) acts as a key regulator of mitochondrial stress
responses and cellular signaling as it influences the plant stress and
defense responses, stomatal opening, early seeding establishment,
and root elongation (Huang et al., 2019). The energy transducing
enzymes Cytbcl (Complex-IIT) contain Rieske Fe-S cluster which
acts as proton-exiting gate are the central component of the
respiratory electron chain, i.e., they help in the regulation of
electron flow and maintenance of redox or reactive oxygen
species signaling (Sarewicz et al., 2021).

A few numbers of proteins were found in the classes of gene
expression and regulation (Gep-like domain, Kael/TsaD domain,
and ABC RnaseL inhibitor) and proteolysis (Peptidase M24
methionine aminopeptidase). The role of Gep and Kael/TsaD
proteins is stated earlier in the development of the N6-
threonylcarbamoyl group on adenosine at positions 37 (t6A37),
ie, in tRNA threonylcarbamoyladenosine modification (Thiaville
et al, 2014). The Fe-S cluster-containing protein ABC RnaseL
inhibitor having ribosome dissociation activity is well known as
an endogenous suppresser of RNA silencing in plants and plays
critical roles in ribosome biogenesis, ribosome recycling, and
translation termination (Navarro-Quiles et al., 2018). The
cytoplasmic proteins Peptidase M24 methionine aminopeptidase
were listed in the proteolysis category. Previously, the role of M24
has been stated in N-terminal methionine removal which
significantly contributes to post-translational processes involved
in plant growth and development (Ghifari et al, 2019). Hence,
these findings showed that scrutinized Fe-binding proteins are
critically required by Zea mays for proper growth, development,
and survival.

3.4 Functional domain annotation,
subcellular localization, and gene
ontology analysis of Zn-binding proteins
of Zea mays

The functional domain analysis of Zn-binding proteins listed
that Zinc proteome of Zea mays was enriched in Zinc finger
transcription factors (PHD finger, CCCH-type, Ring, C2H2-type,
CW, TFIIS-type, LIM-type, Ring-H2, Znf-Chy, GRF-type, GATA-
type, and C3HC4) and Protein kinases (Ser-Thr/Tyr kinase),
Alcohol dehydrogenase, Alfin, Ubiquitin, Cyclophilin-type PPIase,
and carbonic anhydrase). Moreover, the broad classification based
study of domains/families, study the Zn proteome of Zea mays was
categorized into six classes, i.e., gene expression and regulation,
metabolism, protein folding, proteolysis, stress response, and
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transport. The detailed description of the functional domains
among Zn-binding proteins of Zea mays and their possible
functions based on literature are listed in Supplementary
Table 3B and Figure 5. Moreover, the predicted Zn-binding
proteins of Zea mays were subcellularly found to be localized in

-

o

nine different localizations. Among them, most of the proteins were
found in the nucleus (31%), cytoplasm (21%), chloroplast (12%),
mitochondrion (5%), and endoplasmic reticulum (3%)
(Supplementary Table 3B and Figure 6). The subcellular
localization signifies the results of functional domain analysis as
most of the proteins functional in DNA metabolism are localized in
the nucleus. The proteins involved in transcription, translation, and
other metabolic activities are putatively localized in the cytoplasm.
Further, the GO biological process network of putative Zn-binding
proteins was constructed on 26 Kappa score groups having 156 GO
biological process terms and 396 GO connections (Supplementary
Table 5A and Figure 7A). The GO molecular function network was
also built on 23 Kappa score groups with 73 GO molecular terms
and 72 GO connections (Supplementary Table 5B and Figure 7B).
Both GO biological and molecular networks are in accordance with
functional classification which state that most of the predicted Zn-
binding proteins of Zea mays are involved in gene regulation,
metabolism, and protein folding activities.

The detailed analysis of Zn-binding proteins of Zea mays
presented evidence that the dominant functional categories
among them were gene expression and regulation, metabolism,
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and protein folding. Most of the Zn-binding proteins functionally
involved in DNA replication, transcription, translation, RNA
processing, post-transcriptional and post-translational
modification, and regulation of cell cycle and cell signaling were
categorized in the gene expression and regulation category. The
common domain listed in this class were Zinc finger proteins (Znf
PHD finger, Znf CCCH-type, Znf ring, Znf C2H2-type, Znf CW,
Znf TFIIS-type, Znf LIM-type, Znf CHY-type, Znf GRF-type, Znf
GATA-type, and Znf C3HC4), Alfin, Ubiquitin, Protein kinases
(Ser-Thr/Tyr kinase, casein kinase II regulatory subunit, and MOB
kinase activator), U2 auxiliary factor small subunit (U2AF), RNA
recognition motif (RRM), Histone deacetylase, amino acyl-tRNA
synthetase class-II, anticodon binding, ribosomal subunits (S14/29,
S26e, S27a, S27e, L36, and L40e), SET domain, and PPM-type
protein phosphatase 2C family (PP2C). Several types of zinc finger
proteins are well described in the literature as transcription factors
that contain “finger” domains rich in cysteine and histidine and
play crucial roles in plant growth and development, stress
resistance, and signal transduction (Peng et al., 2012; Wang et al,,
2015; Sun et al,, 2019). A report on maize Znf PHD finger proteins
listed formerly that the majority of these proteins localized in the
nucleus and regulates transcription, chromatin structure, and
responses to multiple stresses (Wang et al., 2015). The Znf
CCCH-type proteins are RNA-binding proteins that perform
regulatory functions in mRNA processing, flower development,
embryogenesis, tolerance to salt, drought, pathogens, and other
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FIGURE 5

Functional domain annotation of Zn-binding proteins of Zea mays. Here, six-column graphs indicate the different broad functional classes of Zn-
binding proteins of Zea mays, i.e., (A) Gene expression and regulation (green), (B) metabolism (yellow), (C) protein folding (pink), (D) transport
(purple), (E) proteolysis (sky-blue), and (F) stress response (red) Here, the X-axis represents the name of a particular domain/family and the Y-axis
indicates the number of proteins having the particular domain/family. The color of the particular column represents its broad functional class. The
Zinc proteome of Zea mays is found to be enriched in Zinc finger transcription factors, Protein kinases, Alcohol dehydrogenase, Alfin, Ubiquitin,
Cyclophilin-type PPlase, Carbonic anhydrase, Peptidase M41, and Cu/Zn SOD
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FIGURE 7
(A) Gene ontology biological process network of Zn-binding proteins of Zea mays. The Biological process network was constructed using the

Cytoscape plugin ClueGO at a Kappa score > 0.4. The network consists of 26 significant groups. The node or GO Biological Process term of the
network was indicated in the form of a circle. The node color symbolizes the particular group they belong and the mixed color of the node specifies
that the node belongs to multiple groups. (B) Gene ontology molecular function network of Zn-binding proteins of Zea mays. The Molecular
Function Network was configured on the Kappa score > 0.4. The network has 23 significant groups. Here, each circle signifies the particular node or
GO Molecular Function term. The node color corresponds to the particular group they belong and the mixed color of the node indicates that the
node belongs to multiple groups. Both networks support the findings of functional domain classification.
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abiotic and biotic stresses (Peng et al., 2012). The functions of Znf
ring proteins are well documented previously in the regulation of
plant development processes such as photomorphogenesis,
flowering time, development of floral organs, roots, nodules,
leaves, and fruits, and plant stress resistance (Sun et al, 2019).
Znf LIM-type proteins play vital roles in the transcription
regulation of biological pathways, determination of organ size,
actin dynamics, pollen and fiber development, and plant
immunity (Srivastava and Verma, 2017). Znf GRF-type proteins
regulate stem elongation, cell expansion in leaf and cotyledon
tissues, and stress responses (Huang et al., 2021). The Znf GATA-
type proteins are known to regulate flowering time and flower
development, leaf growth, photoperiodism, and optical signal
transduction (He et al, 2018). Thus, the members of the Znf
family have the potential to act as appropriate targets for the
improvement of desired crop features. An earlier study
documented that the U2AF small subunit localized in the nucleus
contains RRM and two CCCH zinc fingers domains and plays
essential roles in mRNA splicing via splicesome which regulates
flowering time, leaf morphology, and flower and silique shape in
plants (Wang and Brendel, 2006; Park et al, 2019). The Alfin
proteins are also crucial in abiotic and biotic stresses (Zhou et al.,
2017). The ubiquitin proteins of plants help in protein binding and
regulation of protein stability, cellular processes, and signaling
pathways which play critical roles in mounting a coordinated
response to various environmental stresses (Miricescu et al., 2018).

The kinase proteins are known earlier to catalyze protein
phosphorylation which plays a vital role in signal transduction
pathways involved in growth, metabolism, differentiation, cell death
and responses to light, pathogens, hormones, nutrient deprivation, and
abiotic and biotic stresses (Stone and Walker, 1995; Chou et al., 2004;
Jia et al,, 2020). A study has also stated that the activity and localization
of the Ser-Thr/Tyr kinases have been implicated in response to
intracellular concentration (Chou et al., 2004; Jia et al, 2020). Jia
et al. (2020) recently reported a Ser-Thr/Tyr kinase-encoding gene
Kernal Number Row 6 which determines pistillate floret number ear
length and regulates maize grain yield (Jia et al., 2020). Further, the
casein kinase II, i.e., evolutionarily conserved Ser/Thr kinase is also
known to require Zn-binding motifs for their functional activity and to
influence several developmental stress-responsive pathways such as
light signaling, circadian rhythm, regulation of replication,
transcriptional, translational, recombination and cell cycle, response
to abiotic and biotic stresses, flowering time, hormone responses, and
DNA repair (Filhol et al.,, 2005; Mulekar and Hug, 2014). The MOB
kinase activator proteins are known as regulators of kinases that
function in appropriate plant development, i.e., correct patterning of
the root tip, control of cell division, cell proliferation, cell differentiation
and programmed cell death, and regulation of plant root growth in
response to abiotic and biotic stresses (Pinosa et al., 2013). Moreover,
the PPM2C proteins catalyze protein dephosphorylation and act as key
players in signaling pathways involved in the regulation of plant
responses to stresses and plant development (Singh et al, 2016).
Hence, kinases and phosphatase proteins may act as suitable targets
for crop improvement.

In the category of metabolism, the ADH, Polyketide synthase
enoyl reductase (PKS-ER), CA, RibA, DHBP synthase RibB, and
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glycoside hydrolase 1 domain were noticed frequently. The plant
ADHs encoded by the multigene family act as molecular markers and
catalyze the interconversion of acetaldehyde to ethanol and other
short linear alcohols/acetaldehyde pairs using Zn as a cofactor
(Thompson et al.,, 2010). Plant ADHs are functionally diverse and
play essential roles in various growth, development, and adaptation
processes such as anaerobic metabolism, pollen and seedling
development, fruit ripening, ROS homeostasis, and response to
different abiotic and biotic stresses like hypoxia, dehydration, cold,
salt, drought, flood, temperature, and mechanical damage
(Thompson et al,, 2010; Su et al., 2020). Further, the role of PKS
that belongs to the medium-chain dehydrogenase/reductase
superfamily has also been listed in the biosynthesis of secondary
metabolites ranging from different signaling molecules to bioactive
natural products (Kwan and Leadlay, 2010). The Zn metalloenzymes
CAs are well known to catalyze the interconversion of CO, to
bicarbonate (Kolbe et al,, 2019). Recently, a report on maize CAs
presented the evidence that CAs reside in different subcellular
localization and serve diverse roles in photosynthesis, light-
dependent development and photorespiration, carbon starvation
including sugar signaling, amino acid biosynthesis, and lipid
metabolism, and CO2 stomatal signaling pathway (Kolbe et al,
2019). A study previously stated that the ribA gene of Arabidopsis
has bifunctional activities of both GTP cyclohydrolase II (RibA) and
3,4-dihydroxy-2-butanone (RibB) and requires Zn ion to catalyze the
biosynthesis of vitamin B2 (riboflavin) which acts as a precursor for
flavoenzymes (Fischer and Bacher, 2011). The enzymes of riboflavin
biosynthesis pathways are necessarily required by plants, plant
pathogens, and human pathogens; however, they are absent in
humans and animals. Hence, they serve as promising candidates
for designing novel herbicides, fungicides, and anti-infective drugs
that could be free from target-related toxicity (Fischer and Bacher,
2011). The role of the plant multigene encoded family GH1 has been
illustrated formerly in the hydrolysis of cell wall-derived
oligosaccharides during germination, lignifications, defense against
herbivores, activation of phytohormone levels, and response to
abiotic and biotic stresses (Xu et al., 2004; Zhao et al., 2012).

In the class of protein folding Cyclophilin-type PPlase, HSP70
and HSP90 domains were commonly noticed. Cyclophilin-type
PPIlase is known to catalyze the cis-trans isomerization of the
peptide bond preceding a Pro residue which is necessary for the
correct assembly or folding of protein complexes. These enzymes
are highly versatile, are found to be localized across all the cellular
compartments, and perform multiple physiological functions in
plants such as transcriptional regulation, organogenesis,
determination of cell-polarity, embryogenesis, seed development,
mRNA processing, photosynthetic and hormone signaling
pathways, plant defenses, disease resistance, and responses to
abiotic and biotic stresses (Singh et al., 2020). HSPs are
ubiquitous molecular chaperones and are a crucial component in
maintaining protein homeostasis under stress and normal cellular
processes by forming versatile functional networks for protein
folding, assembly, translocation, aggregation, maturation,
stabilization, and degradation (Park and Seo, 2015). An earlier
study illustrated very well that HSP70 and HSP90 are suitable
targets to develop stress-resistant and tolerant crops because of their
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broad cellular distribution and indispensable roles in the wide
spectrum of physiological processes ranging from plant growth to
folding of protein kinases, transcription factors and hormone
receptors, regulation of circadian clock, anterograde transport of
proteins to the chloroplast, and development of stress signal
transduction, i.e., response to environmental stresses, diseases,
and pest (Park and Seo, 2015; di Donato and Geisler, 2019; Khan
et al., 2019).

We have found that a small number of Zn-binding proteins are
enlisted in the, proteolysis, and stress response categories. HMA P-
type ATPase, Peptidase M41, and Cu/Zn SOD were prime proteins
listed in transport, proteolysis, and stress response, respectively. It
has been well established that heavy metal P-type ATPases function
in the uptake, transportation, accumulation, distribution, and
detoxification of metallic ions across the membranes using ATP
and, hence, play a significant role in maintaining metal ion
homeostasis (Zhiguo et al., 2018). Previously, it was stated that
the peptidase M41 family is the group of FtsH proteins that contain
an AAA ATPase domain and Zn-binding motifs, subcellularly
restrict to chloroplast or mitochondria, and play crucial roles in
the biogenesis of thylakoid membranes and PSI complex, D1
degradation in the PSII repair cycle, singlet oxygen and
executerl-mediated retrograde signaling, degradation and
assembly of photosynthetic electron transport pathways proteins,
and regulation of thermomemory in plants (Kato and Sakamoto,
2018; Mishra et al,, 2019). Thus, these findings showed that
shortlisted Zn-binding proteins are critically required by Zea
mays for proper growth, development, and survival.

4 Conclusion

Conclusively, a precise in silico approach has been used in the
current study to predict the Fe and Zn proteome of Zea mays. From
the complete proteome of maize, nearly 0.6% and 1% proteins were
found to have both sequence and structural motifs for Fe and Zn
metal ions, respectively. Based on functional domain annotation,
subcellular localization, and gene ontology analysis, which was
further supported by earlier known literature, the predicted Fe-
binding proteins of maize were putatively found to be functionally
enriched in metabolism, transport, and stress response categories. On
the other side, gene expression and regulation, metabolism, and
protein folding categories were found to be dominant in Zn-
binding proteins of maize. Thus, the computationally scrutinized
and annotated Fe and Zn-binding proteins may play versatile roles to
regulate the growth, development, survival, and fitness of maize
plants. Moreover, the shortlisted proteins here are novel targets for
experimental characterization and validation and further probably act
as promising candidates for various crop improvement programs.

References

(IFPRI) (2016). “The new challenge: End all forms of malnutrition by 2030,” in Glob.
Nutr. Rep. 2016 From Promise to Impact End. Malnutrition by 2030, 1-13. Available at:

Frontiers in Plant Science

12

10.3389/fpls.2023.1166720

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Author contributions

AS and SV: Conceptualization and Methodology; AS and DS:
Data analysis and validation; AS: Writing-Original draft
preparation; DS and SV: Editing and suggestions. All authors
contributed to the article and approved the submitted version.

Acknowledgments

AS acknowledges the Indian Council of Medical Research,
Government of India, New Delhi, as a Research Associate. DS
acknowledges the Indian Council of Medical Research, Government
of India, New Delhi for Senior Research Fellowship. The authors
duly acknowledge the Central University of Himachal Pradesh for
providing computational facilities.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1166720/
full#supplementary-material

http://ebrary.ifpri.org/utils/getfile/collection/p15738coll2/id/130359/filename/130570.
pdf%0Ahttp://dx.doi.org/10.2499/9780896295841_01%5Cnhttp://www.ifpri.org/

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1166720/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1166720/full#supplementary-material
http://ebrary.ifpri.org/utils/getfile/collection/p15738coll2/id/130359/filename/130570.pdf%0Ahttp://dx.doi.org/10.2499/9780896295841_01%5Cnhttp://www.ifpri.org/cdmref/p15738coll2/id/130359/filename/130570.pdf%5Cnhttp://ebrary.ifpri.org/cdm/ref/collection/
http://ebrary.ifpri.org/utils/getfile/collection/p15738coll2/id/130359/filename/130570.pdf%0Ahttp://dx.doi.org/10.2499/9780896295841_01%5Cnhttp://www.ifpri.org/cdmref/p15738coll2/id/130359/filename/130570.pdf%5Cnhttp://ebrary.ifpri.org/cdm/ref/collection/
https://doi.org/10.3389/fpls.2023.1166720
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sharma et al.

cdmref/p15738coll2/id/130359/filename/130570.pdf%5Cnhttp://ebrary.ifpri.org/cdm/
ref/collection/.

Abraham, M. J., Murtola, T., Schulz, R., Pall, S., Smith, J. C., Hess, B., et al. (2015).
GROMACS: High performance molecular simulations through multi-level parallelism
from laptops to supercomputers. SoftwareX 1, 19-25. doi: 10.1016/j.s0ftx.2015.06.001

Akhtar, S., Osthoff, G., Mashingaidze, K., and Labuschagne, M. (2018). Iron and zinc
in maize in the developing world: Deficiency, availability, and breeding. Crop Sci. 58,
2200-2213. doi: 10.2135/cropsci2018.02.0133

Ali, A., Bhat, B. A, Rather, G. A., Malla, B. A., and Ganie, S. A. (2020). Proteomic
studies of micronutrient deficiency and toxicity. Plant Micronutr. Defic. Toxic. Manage.
11, 257-284. doi: 10.1007/978-3-030-49856-6_11

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic
local alignment search tool. J. Mol. Biol. 215, 403-410. doi: 10.1016/S0022-2836(05)
80360-2

Aratijo, W. L., Ishizaki, K., Nunes-Nesi, A., Tohge, T., Larson, T. R., Krahnert, I,
etal. (2011). Analysis of a range of catabolic mutants provides evidence that phytanoyl-
coenzyme A does not act as a substrate of the electron-transfer flavoprotein/electron-
transfer flavoprotein: ubiquinone oxidoreductase complex in Arabidopsis during dark-
induced sen. Plant Physiol. 157, 55-69. doi: 10.1104/pp.111.182188

Ashburner, M., Ball, C. A, Blake, J. A,, Botstein, D., Butler, H., Cherry, J. M., et al.
(2000). Gene ontology: Tool for the unification of biology. Nat. Genet. 25, 25-29.
doi: 10.1038/75556

Bindea, G., Mlecnik, B., Hackl, H., Charoentong, P., Tosolini, M., Kirilovsky, A., et al.
(2009). ClueGO: A Cytoscape plug-in to decipher functionally grouped gene
ontologyand pathway annotation networks. Bioinformatics 25, 1091-1093. doi: 1093/
bioinformatics/btp101

Bodnar, A. L, Proulx, A. K, Scott, M. P., Beavers, A., and Reddy, M. B. (2013). Iron
bioavailability of maize hemoglobin in a Caco-2 cell culture model. J. Agric. Food Chem.
61, 7349-7356. doi: 10.1021/j£3020188

Borrill, P., Connorton, J., Balk, J., Miller, T., Sanders, D., and Uauy, C. (2014).
Biofortification of wheat grain with iron and zinc: integrating novel genomic resources
and knowledge from model crops. Front. Plant Sci. 5, 53. doi: 10.3389/fpls.2014.00053

Cao, X,, Hu, X,, Zhang, X,, Gao, S., Ding, C,, Feng, Y., et al. (2017). Identification of
metal ion binding sites based on amino acid sequences. PloS One 12, e0183756. doi:
10.1371/journal.pone.0183756

Cheng, X., Xiao, X., and Chou, K.-C. (2017). pLoc-mPlant: predict subcellular
localization of multi-location plant proteins by incorporating the optimal GO
information into general PseAAC. Mol. Biosyst. 13, 1722-1727. doi: 10.1039/
C7MB00267]

Chou, S. S, Clegg, M. S., Momma, T. Y., Niles, B. ., Duffy, J. Y., Daston, G. P., et al.
(2004). Alterations in protein kinase C activity and processing during zinc-deficiency-
induced cell death. Biochem. J. 383, 63-71. doi: 10.1042/BJ20040074

Consortium, U. (2019). UniProt: a worldwide hub of protein knowledge. Nucleic
Acids Res. 47, D506-D515.

Crichton, R. R. (2020). An overview of the role of metals in biology. Pract.
Approaches to Biol. Inorg. Chem., 1-16. doi: 10.1016/B978-0-444-64225-7.00001-8

DeLano, W. L. (2002). The PyMOL Molecular Graphics System, (2002) (Palo Alto,
CA, USA: DeLano Scientific). Available at: http://www.pymol.org.

Dhar, M. K., Mishra, S., Bhat, A., Chib, S., and Kaul, S. (2020). Plant carotenoid
cleavage oxygenases: structure-function relationships and role in development and
metabolism. Brief. Funct. Genomics 19, 1-9. doi: 10.1093/bfgp/elz037

di Donato, M., and Geisler, M. (2019). HSP 90 and co-chaperones: a multitaskers’
view on plant hormone biology. FEBS Lett. 593, 1415-1430. doi: 10.1002/1873-
3468.13499

Donnini, S., Prinsi, B., Negri, A. S., Vigani, G., Espen, L., and Zocchi, G. (2010).
Proteomic characterization of iron deficiency responses in Cucumis sativusL. roots.
BMC Plant Biol. 10, 1-15. doi: 10.1186/1471-2229-10-268

Drakakaki, G., Marcel, S., Glahn, R. P., Lund, E. K., Pariagh, S., Fischer, R., et al.
(2005). Endosperm-specific co-expression of recombinant soybean ferritin and
Aspergillus phytase in maize results in significant increases in the levels of
bioavailable iron. Plant Mol. Biol. 59, 869-880. doi: 10.1007/s11103-005-1537-3

Eom, H., and Song, W. J. (2019). Emergence of metal selectivity and promiscuity in
metalloenzymes. JBIC J. Biol. Inorg. Chem. 24, 517-531. doi: 10.1007/s00775-019-
01667-0

Filhol, O., Benitez, M. J., and Cochet, C. (2005). “A zinc ribbon motif is essential for
the formation of functional tetrameric protein kinase CK2,” in Zinc Finger Proteins
(Springer), 121-127. doi: 10.1007/0-387-27421-9_18

Finn, R. D., Coggill, P., Eberhardt, R. Y., Eddy, S. R., Mistry, J., Mitchell, A. L., et al.
(2016). The Pfam protein families database: Towards a more sustainable future. Nucleic
Acids Res. 44, D279-D285. doi: 10.1093/nar/gkv1344

Fischer, M., and Bacher, A. (2011). Biosynthesis of vitamin B2 and flavocoenzymes
in plants. Adv. Bot. Res. 58, 93-152. doi: 10.1016/B978-0-12-386479-6.00003-2

Gautam, B. (2020). “Energy minimization,” in Homology Molecular Modeling-
Perspectives and Applications (IntechOpen). doi: 10.5772/intechopen.94809

Ghifari, A. S., Huang, S., and Murcha, M. W. (2019). The peptidases involved in
plant mitochondrial protein import. J. Exp. Bot. 70, 6005-6018. doi: 10.1093/jxb/erz365

Frontiers in Plant Science

13

10.3389/fpls.2023.1166720

Goldberg, T., Hecht, M., Hamp, T., Karl, T., Yachdav, G., Ahmed, N,, et al. (2014).
LocTree3 prediction of localization. Nucleic Acids Res. 42, W350-W355. doi: 10.1093/
nar/gku396

Gou, M, Yang, X., Zhao, Y., Ran, X,, Song, Y., and Liu, C.-J. (2019). Cytochrome b5
is an obligate electron shuttle protein for syringyl lignin biosynthesis in Arabidopsis.
Plant Cell 31, 1344-1366. doi: 10.1105/tpc.18.00778

Goudia, B. D., and Hash, C. T. (2015). Breeding for high grain Fe and Zn levels in
cereals. Int. J. Innov. Appl. Stud. 12, 342-354.

Gupta, P. K, Roy, J. K., and Prasad, M. (2001). Single nucleotide polymorphisms: a
new paradigm for molecular marker technology and DNA polymorphism detection
with emphasis on their use in plants. Curr. Sci. 80, 524-535.

Hajiahmadi, Z., Abedi, A., Wei, H., Sun, W., Ruan, H., Zhuge, Q., et al. (2020).
Identification, evolution, expression, and docking studies of fatty acid desaturase genes
in wheat (Triticum aestivum L.). BMC Genomics 21, 1-20. doi: 10.1186/s12864-020-
07199-1

Hanke, G. U. Y., and Mulo, P. (2013). Plant type ferredoxins and ferredoxin-
dependent metabolism. Plant Cell Environ. 36, 1071-1084. doi: 10.1111/pce.12046

He, P,, Wang, X, Zhang, X,, Jiang, Y., Tian, W., Zhang, X,, et al. (2018). Short and
narrow flag leafl, a GATA zinc finger domain-containing protein, regulates flag leaf
size in rice (Oryza sativa). BMC Plant Biol. 18, 1-11. doi: 10.1186/s12870-018-1452-9

Heyno, E., Alkan, N., and Fluhr, R. (2013). A dual role for plant quinone reductases
in host-fungus interaction. Physiol. Plant 149, 340-353. doi: 10.1111/ppl.12042

Hindu, V., Palacios-Rojas, N., Babu, R., Suwarno, W. B., Rashid, Z., Usha, R,, et al.
(2018). Identification and validation of genomic regions influencing kernel zinc and
iron in maize. Theor. Appl. Genet. 131, 1443-1457. doi: 10.1007/s00122-018-3089-3

Hofmann, A., Wienkoop, S., Harder, S., Bartlog, F., and Liithje, S. (2020). Hypoxia-
responsive class III peroxidases in maize roots: soluble and membrane-bound
isoenzymes. Int. J. Mol. Sci. 21, 8872. doi: 10.3390/ijms21228872

Hopff, D., Wienkoop, S., and Liithje, S. (2013). The plasma membrane proteome of
maize roots grown under low and high iron conditions. J. Proteomics 91, 605-618. doi:
10.1016/j.jprot.2013.01.006

Huang, S., Braun, H., Gawryluk, R. M. R,, and Millar, A. H. (2019). Mitochondrial
complex II of plants: subunit composition, assembly, and function in respiration and
signaling. Plant J. 98, 405-417. doi: 10.1111/tpj.14227

Huang, W., He, Y,, Yang, L., Lu, C,, Zhu, Y., Sun, C,, et al. (2021). Genome-wide
analysis of growth-regulating factors (GRFs) in Triticum aestivum. Peer] 9, €10701. doi:
10.7717/peerj.10701

Huma, B., Hussain, M., Ning, C., and Yuesuo, Y. (2019). Human benefits from
maize. Sch. J. Appl. Sci. Res. 2, 4-7.

Hyun, T. K,, van der Graaff, E., Albacete, A., Eom, S. H., Groflkinsky, D. K., B6hm,
H., etal. (2014). The Arabidopsis PLAT domain protein] is critically involved in abiotic
stress tolerance. PloS One 9, €112946. doi: 10.1371/journal.pone.0112946

Tkeyama, Y., Tasaka, M., and Fukaki, H. (2010). RLF, a cytochrome b5-like heme/
steroid binding domain protein, controls lateral root formation independently of
ARF7/19-mediated auxin signaling in Arabidopsis thaliana. Plant J. 62, 865-875. doi:
10.1111/§.1365-313X.2010.04199.x

Jia, H, Li, M,, Li, W,, Liu, L., Jian, Y., Yang, Z., et al. (2020). A serine/threonine
protein kinase encoding gene KERNEL NUMBER PER ROW6 regulates maize grain
yield. Nat. Commun. 11, 1-11. doi: 10.1038/s41467-020-14746-7

Jones, P., Binns, D., Chang, H. Y., Fraser, M., Li, W., McAnulla, C,, et al. (2014).
InterProScan 5: Genome-scale protein function classification. Bioinformatics 30, 1236—
1240. doi: 10.1093/bioinformatics/btu031

Jouili, H., Bouazizi, H., and El Ferjani, E. (2011). Plant peroxidases: biomarkers of
metallic stress. Acta Physiol. Plant 33, 2075. doi: 10.1007/s11738-011-0780-2

Kaplan, J., and Ward, D. M. (2013). The essential nature of iron usage and
regulation. Curr. Biol. 23, R642-R646. doi: 10.1016/j.cub.2013.10.059

Kato, Y., and Sakamoto, W. (2018). FtsH protease in the thylakoid membrane:
physiological functions and the regulation of protease activity. Front. Plant Sci. 9, 855.
doi: 10.3389/fpls.2018.00855

Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N, and Sternberg, M. J. E. (2015).
The Phyre2 web portal for protein modeling, prediction and analysis. Nat. Protoc. 10,
845-858. doi: 10.1038/nprot.2015.053

Khan, A, Ali, M., Khattak, A. M., Gai, W.-X,, Zhang, H.-X., Wei, A.-M,, et al. (2019).

Heat shock proteins: dynamic biomolecules to counter plant biotic and abiotic stresses.
Int. J. Mol. Sci. 20, 5321. doi: 10.3390/ijms20215321

King, J. C., Brown, K. H., Gibson, R. S., Krebs, N. F.,, Lowe, N. M., Siekmann, J. H,,
et al. (2015). Biomarkers of Nutrition for Development (BOND)—zinc review. J. Nutr.
146, 8585-885S. doi: 10.3945/jn.115.220079

Kobayashi, T., and Nishizawa, N. K. (2014). Iron sensors and signals in response to
iron deficiency. Plant Sci. 224, 36-43. doi: 10.1016/j.plantsci.2014.04.002

Kolbe, A. R,, Studer, A. J., Cornejo, O. E., and Cousins, A. B. (2019). Insights from
transcriptome profiling on the non-photosynthetic and stomatal signaling response of
maize carbonic anhydrase mutants to low CO 2. BMC Genomics 20, 1-13. doi: 10.1186/
512864-019-5522-7

Kosloff, M., and Kolodny, R. (2008). Sequence-similar, structure-dissimilar protein
pairs in the PDB. Proteins Struct. Funct. Bioinforma. 71, 891-902. doi: 10.1002/
prot.21770

frontiersin.org


http://ebrary.ifpri.org/utils/getfile/collection/p15738coll2/id/130359/filename/130570.pdf%0Ahttp://dx.doi.org/10.2499/9780896295841_01%5Cnhttp://www.ifpri.org/cdmref/p15738coll2/id/130359/filename/130570.pdf%5Cnhttp://ebrary.ifpri.org/cdm/ref/collection/
http://ebrary.ifpri.org/utils/getfile/collection/p15738coll2/id/130359/filename/130570.pdf%0Ahttp://dx.doi.org/10.2499/9780896295841_01%5Cnhttp://www.ifpri.org/cdmref/p15738coll2/id/130359/filename/130570.pdf%5Cnhttp://ebrary.ifpri.org/cdm/ref/collection/
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.2135/cropsci2018.02.0133
https://doi.org/10.1007/978-3-030-49856-6_11
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1104/pp.111.182188
https://doi.org/10.1038/75556
https://doi.org/1093/bioinformatics/btp101
https://doi.org/1093/bioinformatics/btp101
https://doi.org/10.1021/jf3020188
https://doi.org/10.3389/fpls.2014.00053
https://doi.org/10.1371/journal.pone.0183756
https://doi.org/10.1039/C7MB00267J
https://doi.org/10.1039/C7MB00267J
https://doi.org/10.1042/BJ20040074
https://doi.org/10.1016/B978-0-444-64225-7.00001-8
http://www.pymol.org
https://doi.org/10.1093/bfgp/elz037
https://doi.org/10.1002/1873-3468.13499
https://doi.org/10.1002/1873-3468.13499
https://doi.org/10.1186/1471-2229-10-268
https://doi.org/10.1007/s11103-005-1537-3
https://doi.org/10.1007/s00775-019-01667-0
https://doi.org/10.1007/s00775-019-01667-0
https://doi.org/10.1007/0-387-27421-9_18
https://doi.org/10.1093/nar/gkv1344
https://doi.org/10.1016/B978-0-12-386479-6.00003-2
https://doi.org/10.5772/intechopen.94809
https://doi.org/10.1093/jxb/erz365
https://doi.org/10.1093/nar/gku396
https://doi.org/10.1093/nar/gku396
https://doi.org/10.1105/tpc.18.00778
https://doi.org/10.1186/s12864-020-07199-1
https://doi.org/10.1186/s12864-020-07199-1
https://doi.org/10.1111/pce.12046
https://doi.org/10.1186/s12870-018-1452-9
https://doi.org/10.1111/ppl.12042
https://doi.org/10.1007/s00122-018-3089-3
https://doi.org/10.3390/ijms21228872
https://doi.org/10.1016/j.jprot.2013.01.006
https://doi.org/10.1111/tpj.14227
https://doi.org/10.7717/peerj.10701
https://doi.org/10.1371/journal.pone.0112946
https://doi.org/10.1111/j.1365-313X.2010.04199.x
https://doi.org/10.1038/s41467-020-14746-7
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1007/s11738-011-0780-2
https://doi.org/10.1016/j.cub.2013.10.059
https://doi.org/10.3389/fpls.2018.00855
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.3390/ijms20215321
https://doi.org/10.3945/jn.115.220079
https://doi.org/10.1016/j.plantsci.2014.04.002
https://doi.org/10.1186/s12864-019-5522-7
https://doi.org/10.1186/s12864-019-5522-7
https://doi.org/10.1002/prot.21770
https://doi.org/10.1002/prot.21770
https://doi.org/10.3389/fpls.2023.1166720
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sharma et al.

Kumar, R, Tran, L.-S. P., Neelakandan, A. K., and Nguyen, H. T. (2012). Higher
plant cytochrome b 5 polypeptides modulate fatty acid desaturation. PloS One 7,
€31370. doi: 10.1371/journal.pone.0031370

Kwan, D. H., and Leadlay, P. F. (2010). Mutagenesis of a modular polyketide
synthase enoylreductase domain reveals insights into catalysis and stereospecificity.
ACS Chem. Biol. 5, 829-838. doi: 10.1021/cb100175a

Laganowsky, A., Gomez, S. M., Whitelegge, J. P., and Nishio, J. N. (2009).
Hydroponics on a chip: analysis of the Fe deficient Arabidopsis thylakoid membrane
proteome. J. Proteomics 72, 397-415. doi: 10.1016/j.jprot.2009.01.024

Lan, P., Li, W., Wen, T.-N., Shiau, J.-Y., Wu, Y.-C,, Lin, W, et al. (2011). iTRAQ
protein profile analysis of Arabidopsis roots reveals new aspects critical for iron
homeostasis. Plant Physiol. 155, 821-834. doi: 10.1104/pp.110.169508

Lattanzio, G., Andaluz, S., Matros, A., Calvete, J. J., Kehr, J., Abadia, A., et al. (2013).
Protein profile of Lupinus texensis phloem sap exudates: Searching for Fe-and Zn-
containing proteins. Proteormics 13, 2283-2296. doi: 10.1002/pmic.201200515

Li, J., Wu, X,, Hao, S., Wang, X,, and Ling, H. (2008). Proteomic response to iron
deficiency in tomato root. Proteomics 8, 2299-2311. doi: 10.1002/pmic.200700942

Lopez-Millan, A.-F., Grusak, M. A., Abadia, A., and Abadia, J. (2013). Iron deficiency
in plants: an insight from proteomic approaches. Front. Plant Sci. 4, 254. doi: 10.1007/
978-1-4613-1571-1_7

Lu, Y. (2018). Assembly and transfer of iron-sulfur clusters in the plastid. Front.
Plant Sci. 9, 336. doi: 10.3389/fpls.2018.00336

Mackay, D. H. J., Cross, A. ], and Hagler, A. T. (1989). “The role of energy
minimization in simulation strategies of biomolecular systems,” in Prediction of protein
structure and the principles of protein conformation (Springer), 317-358. doi: 10.1007/
978-1-4613-1571-1_7

Marchler-Bauer, A., Derbyshire, M. K., Gonzales, N. R,, Lu, S., Chitsaz, F., Geer, L.
Y., et al. (2015). CDD: NCBI’s conserved domain database. Nucleic Acids Res. 43,
D222-D226. doi: 10.1093/nar/gkul221

Miricescu, A., Goslin, K., and Graciet, E. (2018). Ubiquitylation in plants: signaling
hub for the integration of environmental signals. J. Exp. Bot. 69, 4511-4527. doi:
10.1093/jxb/ery165

Mishra, L. S., Mielke, K., Wagner, R., and Funk, C. (2019). Reduced expression of the
proteolytically inactive FtsH members has impacts on the Darwinian fitness of
Arabidopsis thaliana. J. Exp. Bot. 70, 2173-2184. doi: 10.1093/jxb/erz004

Mitchell, A. J., and Weng, J.-K. (2019). Unleashing the synthetic power of plant
oxygenases: from mechanism to application. Plant Physiol 179, 813-829. doi: 10.1104/
pp-18.01223

Moeder, W., Del Pozo, O., Navarre, D. A., Martin, G. B., and Klessig, D. F. (2007).
Aconitase plays a role in regulating resistance to oxidative stress and cell death in
Arabidopsis and Nicotiana benthamiana. Plant Mol. Biol. 63, 273-287. doi: 10.1007/
s11103-006-9087-x

Moreno-Jiménez, E., Plaza, C., Saiz, H., Manzano, R., Flagmeier, M., and Maestre, F.
T. (2019). Aridity and reduced soil micronutrient availability in global drylands. Nat.
Sustain. 2, 371-377. doi: 10.1038/s41893-019-0262-x

Morrissey, J., and Guerinot, M. L. (2009). Iron uptake and transport in plants: the
good, the bad, and the ionome. Chem. Rev. 109, 4553-4567. doi: 10.1021/cr900112r

Mulekar, J. J., and Hugq, E. (2014). Expanding roles of protein kinase CK2 in
regulating plant growth and development. J. Exp. Bot. 65, 2883-2893. doi: 10.1093/jxb/
ert401

Murdia, L. K., Wadhwani, R., Wadhawan, N., Bajpai, P., and Shekhawat, S. (2016).
Maize utilization in India: an overview. Am. J. Food Nutr. 4, 169-176. doi: 10.12691/
ajfn-4-6-5

Navarro-Quiles, C., Mateo-Bonmati, E., and Micol, J. L. (2018). ABCE proteins:
From molecules to development. Front. Plant Sci. 9, 1125. doi: 10.3389/fpls.2018.01125

Nuss, E. T., and Tanumihardjo, S. A. (2010). Maize: a paramount staple crop in the
context of global nutrition. Compr. Rev. Food Sci. Food Saf. 9, 417-436. doi: 10.1111/
j.1541-4337.2010.00117.x

Olczak, M., Morawiecka, B., and Watorek, W. (2003). Plant purple acid
phosphatases-genes, structures and biological function. Acta Biochim. Pol. 50, 1245—
1256. doi: 10.18388/abp.2003_3648

Pandian, B. A., Sathishraj, R., Djanaguiraman, M., Prasad, P. V., and Jugulam, M.
(2020). Role of cytochrome P450 enzymes in plant stress response. Antioxidants 9, 454.
doi: 10.3390/antiox9050454

Park, H.-Y,, Lee, H. T, Lee, J. H,, and Kim, J.-K. (2019). Arabidopsis U2AF65
regulates flowering time and the growth of pollen tubes. Front. Plant Sci. 10, 569. doi:
10.3389/fpls.2019.00569

Park, C.-J., and Seo, Y.-S. (2015). Heat shock proteins: a review of the molecular
chaperones for plant immunity. Plant Pathol. ]J. 31, 323. doi: 10.5423/
PPJ.RW.08.2015.0150

Pearson, W. R. (2013). An introduction to sequence similarity (“homology”)
searching. Curr. Protoc. Bioinforma. 42, 1-3. doi: 10.1002/0471250953.bi0301s42

Peng, X,, Zhao, Y., Cao, J., Zhang, W., Jiang, H., Li, X,, et al. (2012). CCCH-type zinc
finger family in maize: genome-wide identification, classification and expression
profiling under abscisic acid and drought treatments. PloS One 7, €40120. doi:
10.1371/journal.pone.0040120

Frontiers in Plant Science

14

10.3389/fpls.2023.1166720

Piller, L. E., Besagni, C., Ksas, B., Rumeau, D., Bréhelin, C., Glauser, G., et al. (2011).
Chloroplast lipid droplet type I NAD (P) H quinone oxidoreductase is essential for
prenylquinone metabolism and vitamin K1 accumulation. Proc. Natl. Acad. Sci. 108,
14354-14359. doi: 10.1073/pnas.1104790108

Pinosa, F., Begheldo, M., Pasternak, T., Zermiani, M., Paponov, I. A., Dovzhenko, A.,
et al. (2013). The Arabidopsis thaliana Mob1A gene is required for organ growth and
correct tissue patterning of the root tip. Ann. Bot. 112, 1803-1814. doi: 10.1093/aob/
mct235

Prusty, S., Sahoo, R. K., Nayak, S., Poosapati, S., and Swain, D. M. (2022). Proteomic
and genomic studies of micronutrient deficiency and toxicity in plants. Plants 11, 2424.
doi: 10.3390/plants11182424

Putignano, V., Rosato, A., Banci, L., and Andreini, C. (2018). MetalPDB in 2018: a
database of metal sites in biological macromolecular structures. Nucleic Acids Res. 46,
D459-D464. doi: 10.1093/nar/gkx989

Rellan-Alvarez, R., Andaluz, S., Rodriguez-Celma, J., Wohlgemuth, G., Zocchi, G.,
Alvarez-Fernandez, A., et al. (2010). Changes in the proteomic and metabolic profiles
of Beta vulgaris root tips in response to iron deficiency and resupply. BMC Plant Biol.
10, 1-15. doi: 10.1186/1471-2229-10-120

Rodriguez-Celma, J., Lattanzio, G., Grusak, M. A., Abadia, A., Abadia, J., and Lopez-
Millan, A.-F. (2011). Root responses of Medicago truncatula plants grown in two
different iron deficiency conditions: changes in root protein profile and riboflavin
biosynthesis. J. Proteome Res. 10, 2590-2601. doi: 10.1021/pr2000623

Rost, B. (1999). Twilight zone of protein sequence alignments. Protein Eng. 12, 85—
94. doi: 10.1093/protein/12.2.85

Rout, G. R., and Sahoo, S. (2015). Role of iron in plant growth and metabolism. Rev.
Agric. Sci. 3, 1-24. doi: 10.7831/ras.3.1

Safiri, S., Kolahi, A.-A., Noori, M., Nejadghaderi, S. A., Karamzad, N., Bragazzi, N. L.,
et al. (2021). Burden of anemia and its underlying causes in 204 countries and
territories 1990-2019: results from the Global Burden of Disease Study 2019. J.
Hematol. Oncol. 14, 1-16. doi: 10.1186/s13045-021-01202-2

Sarewicz, M., Pintscher, S., Pietras, R., Borek, A., Bujnowicz, L., Hanke, G., et al.
(2021). Catalytic Reactions and Energy Conservation in the Cytochrome bc 1 and b 6 f
Complexes of Energy-Transducing Membranes. Chem. Rev. 121, 2020-2108. doi:
10.1021/acs.chemrev.0c00712

Savojardo, C., Martelli, P. L., Fariselli, P., Profiti, G., and Casadio, R. (2018). BUSCA:
an integrative web server to predict subcellular localization of proteins. Nucleic Acids
Res. 46, W459-W466. doi: 10.1093/nar/gky320

Shah, T. R, Prasad, K., and Kumar, P. (2016). Maize—A potential source of human
nutrition and health: A review. Cogent Food Agric. 2, 1166995. doi: 10.1080/
23311932.2016.1166995

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al.
(2003). Cytoscape: A software Environment for integrated models of biomolecular
interaction networks. Genome Res. 13, 2498-2504. doi: 10.1101/gr.1239303

Sharma, A., Sharma, D., and Verma, S. K. (2017). Proteome wide identification of
iron binding proteins of Xanthomonas translucens pv. undulosa: focus on secretory
virulent proteins. BioMetals 30, 127-141. doi: 10.1007/s10534-017-9991-3

Sharma, A., Sharma, D., and Verma, S. K. (2018). In silico study of iron, zinc and
copper binding proteins of Pseudomonas syringae pv. lapsa: emphasis on secreted
metalloproteins. Front. Microbiol. 9. doi: 10.3389/fmicb.2018.01838

Sharma, A., Sharma, D., and Verma, S. K. (2019a). In silico identification of copper-
binding proteins of Xanthomonas translucens pv. undulosa for their probable role in
plant-pathogen interactions. Physiol. Mol. Plant Pathol 106, 187-195. doi: 10.1016/
j.pmpp.2019.02.005

Sharma, A., Sharma, D., and Verma, S. K. (2019b). Zinc binding proteome of a
phytopathogen Xanthomonas translucens pv. undulosa. R. Soc Open Sci. 6, 190369. doi:
10.1098/1r505.190369

Shigeto, J., and Tsutsumi, Y. (2016). Diverse functions and reactions of class III
peroxidases. New Phytol. 209, 1395-1402. doi: 10.1111/nph.13738

Shiriga, K., Sharma, R., Kumar, K,, Yadav, S. K., Hossain, F., and Thirunavukkarasu,
N. (2014). Expression pattern of superoxide dismutase under drought stress in maize.
Int. J. Innov. Res. Sci. Eng. Technol. 3, 11333-11337.

Singh, H., Kaur, K,, Singh, M., Kaur, G., and Singh, P. (2020). Plant cyclophilins:
Multifaceted proteins with versatile roles. Front. Plant Sci. 11. doi: 10.3389/
1pls.2020.585212

Singh, A., Pandey, A., Srivastava, A. K., Tran, L.-S. P., and Pandey, G. K. (2016).
Plant protein phosphatases 2C: from genomic diversity to functional multiplicity and
importance in stress management. Crit. Rev. Biotechnol. 36, 1023-1035. doi: 10.3109/
07388551.2015.1083941

Soares, J. C., Santos, C. S., Carvalho, S. M. P., Pintado, M. M., and Vasconcelos, M.
W. (2019). Preserving the nutritional quality of crop plants under a changing climate:
importance and strategies. Plant Soil 443, 1-26. doi: 10.1007/s11104-019-04229-0

Srivastava, V., and Verma, P. K. (2017). The plant LIM proteins: unlocking the
hidden attractions. Planta 246, 365-375. doi: 10.1007/s00425-017-2715-7

Stephenie, S., Chang, Y. P., Gnanasekaran, A., Esa, N. M., and Gnanaraj, C. (2020).
An insight on superoxide dismutase (SOD) from plants for mammalian health
enhancement. J. Funct. Foods 68, 103917. doi: 10.1016/j.jff.2020.103917

Stevens, G. A., Paciorek, C.J., Flores-Urrutia, M. C., Borghi, E., Namaste, S., Wirth, J.
P., et al. (2022). National, regional, and global estimates of anaemia by severity in

frontiersin.org


https://doi.org/10.1371/journal.pone.0031370
https://doi.org/10.1021/cb100175a
https://doi.org/10.1016/j.jprot.2009.01.024
https://doi.org/10.1104/pp.110.169508
https://doi.org/10.1002/pmic.201200515
https://doi.org/10.1002/pmic.200700942
https://doi.org/10.1007/978-1-4613-1571-1_7
https://doi.org/10.1007/978-1-4613-1571-1_7
https://doi.org/10.3389/fpls.2018.00336
https://doi.org/10.1007/978-1-4613-1571-1_7
https://doi.org/10.1007/978-1-4613-1571-1_7
https://doi.org/10.1093/nar/gku1221
https://doi.org/10.1093/jxb/ery165
https://doi.org/10.1093/jxb/erz004
https://doi.org/10.1104/pp.18.01223
https://doi.org/10.1104/pp.18.01223
https://doi.org/10.1007/s11103-006-9087-x
https://doi.org/10.1007/s11103-006-9087-x
https://doi.org/10.1038/s41893-019-0262-x
https://doi.org/10.1021/cr900112r
https://doi.org/10.1093/jxb/ert401
https://doi.org/10.1093/jxb/ert401
https://doi.org/10.12691/ajfn-4-6-5
https://doi.org/10.12691/ajfn-4-6-5
https://doi.org/10.3389/fpls.2018.01125
https://doi.org/10.1111/j.1541-4337.2010.00117.x
https://doi.org/10.1111/j.1541-4337.2010.00117.x
https://doi.org/10.18388/abp.2003_3648
https://doi.org/10.3390/antiox9050454
https://doi.org/10.3389/fpls.2019.00569
https://doi.org/10.5423/PPJ.RW.08.2015.0150
https://doi.org/10.5423/PPJ.RW.08.2015.0150
https://doi.org/10.1002/0471250953.bi0301s42
https://doi.org/10.1371/journal.pone.0040120
https://doi.org/10.1073/pnas.1104790108
https://doi.org/10.1093/aob/mct235
https://doi.org/10.1093/aob/mct235
https://doi.org/10.3390/plants11182424
https://doi.org/10.1093/nar/gkx989
https://doi.org/10.1186/1471-2229-10-120
https://doi.org/10.1021/pr2000623
https://doi.org/10.1093/protein/12.2.85
https://doi.org/10.7831/ras.3.1
https://doi.org/10.1186/s13045-021-01202-2
https://doi.org/10.1021/acs.chemrev.0c00712
https://doi.org/10.1093/nar/gky320
https://doi.org/10.1080/23311932.2016.1166995
https://doi.org/10.1080/23311932.2016.1166995
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1007/s10534-017-9991-3
https://doi.org/10.3389/fmicb.2018.01838
https://doi.org/10.1016/j.pmpp.2019.02.005
https://doi.org/10.1016/j.pmpp.2019.02.005
https://doi.org/10.1098/rsos.190369
https://doi.org/10.1111/nph.13738
https://doi.org/10.3389/fpls.2020.585212
https://doi.org/10.3389/fpls.2020.585212
https://doi.org/10.3109/07388551.2015.1083941
https://doi.org/10.3109/07388551.2015.1083941
https://doi.org/10.1007/s11104-019-04229-0
https://doi.org/10.1007/s00425-017-2715-7
https://doi.org/10.1016/j.jff.2020.103917
https://doi.org/10.3389/fpls.2023.1166720
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sharma et al.

women and children for 2000-19: a pooled analysis of population-representative data.
Lancet Glob. Heal. 10, €627-€639. doi: 10.1016/S2214-109X(22)00084-5

Stone, J. M., and Walker, J. C. (1995). Plant protein kinase families and signal
transduction. Plant Physiol. 108, 451-457. doi: 10.1104/pp.108.2.451

Su, W., Ren, Y., Wang, D., Su, Y., Feng, J., Zhang, C., et al. (2020). The alcohol
dehydrogenase gene family in sugarcane and its involvement in cold stress regulation.
BMC Genomics 21, 1-17. doi: 10.1186/s12864-020-06929-9

Sun, ], Sun, Y., Ahmed, R. I, Ren, A., and Xie, M. (2019). Research progress on plant
RING-finger proteins. Genes (Basel). 10, 973. doi: 10.3390/genes10120973

Thiaville, P. C., Iwata-Reuyl, D., and de Creécy-Lagard, V. (2014). Diversity of the
biosynthesis pathway for threonylcarbamoyladenosine (t6A), a universal modification
of tRNA. RNA Biol. 11, 1529-1539. doi: 10.4161/15476286.2014.992277

Thompson, C. E., Fernandes, C. L., de Souza, O. N,, de Freitas, L. B., and Salzano, F.
M. (2010). Evaluation of the impact of functional diversification on Poaceae,
Brassicaceae, Fabaceae, and Pinaceae alcohol dehydrogenase enzymes. J. Mol. Model.
16, 919-928. doi: 10.1007/s00894-009-0576-0

Vallabhaneni, R., Bradbury, L. M. T., and Wurtzel, E. T. (2010). The carotenoid
dioxygenase gene family in maize, sorghum, and rice. Arch. Biochem. Biophys. 504,
104-111. doi: 10.1016/j.abb.2010.07.019

Verma, S. K., Sharma, A., Sandhu, P., Choudhary, N., Sharma, S., Acharya, V., et al.
(2017). Proteome scale identification, classification and structural analysis of iron-
binding proteins in bread wheat. J. Inorg. Biochem. 170:63-74. doi: 10.1016/
j.jinorgbio.2017.02.012

Viswanath, K. K., Varakumar, P., Pamuruy, R. R, Basha, S. J., Mehta, S., and Rao, A.
D. (2020). Plant lipoxygenases and their role in plant physiology. J. Plant Biol. 63, 83—
95. doi: 10.1007/s12374-020-09241-x

Wang, B.-B., and Brendel, V. (2006). Molecular characterization and phylogeny of
U2AF35 homologs in plants. Plant Physiol. 140, 624-636. doi: 10.1104/pp.105.073858

Wang, Q., Liu, J., Wang, Y., Zhao, Y., Jiang, H., and Cheng, B. (2015). Systematic
analysis of the maize PHD-finger gene family reveals a subfamily involved in abiotic
stress response. Int. J. Mol. Sci. 16, 23517-23544. doi: 10.3390/ijms161023517

Frontiers in Plant Science

15

10.3389/fpls.2023.1166720

Wang, Y.-M,, Yang, Q,, Liu, Y.-J,, and Yang, H.-L. (2016). Molecular evolution and
expression divergence of the aconitase (ACO) gene family in land plants. Front. Plant
Sci. 7, 1879. doi: 10.3389/fpls.2016.01879

Wessells, K. R., and Brown, K. H. (2012). Estimating the global prevalence of zinc
deficiency: results based on zinc availability in national food supplies and the
prevalence of stunting. PloS One 7, €50568. doi: 10.1371/journal.pone.0050568

Wissuwa, M., Ismail, A. M., and Yanagihara, S. (2006). Effects of zinc deficiency on
rice growth and genetic factors contributing to tolerance. Plant Physiol. 142, 731-741.
doi: 10.1104/pp.106.085225

Wu, Q, Yang, J., Cheng, N., Hirschi, K. D., White, F. F., and Park, S. (2017). Glutaredoxins
in plant development, abiotic stress response, and iron homeostasis: From model organisms
to crops. Environ. Exp. Bot. 139, 91-98. doi: 10.1016/j.envexpbot.2017.04.007

Xu, Z., Escamilla-Trevifio, L., Zeng, L., Lalgondar, M., Bevan, D., Winkel, B,, et al.
(2004). Functional genomic analysis of Arabidopsis thaliana glycoside hydrolase family
1. Plant Mol. Biol. 55, 343-367. doi: 10.1007/s11103-004-0790-1

Yunta, F., Martin, I, Lucena, J. J., and Garate, A. (2013). Iron chelates supplied
foliarly improve the iron translocation rate in Tempranillo grapevine. Commun. Soil
Sci. Plant Anal. 44, 794-804. doi: 10.1080/00103624.2013.748862

Zhang, C. (2014). Essential functions of iron-requiring proteins in DNA replication,
repair and cell cycle control. Protein Cell 5, 750-760. doi: 10.1007/s13238-014-0083-7

Zhao, L., Liu, T., An, X,, and Gu, R. (2012). Evolution and expression analysis of the
B-glucosidase (GLU) encoding gene subfamily in maize. Genes Genomics 34, 179-187.
doi: 10.1007/s13258-011-0156-4

Zhao, X., Wei, J., He, L., Zhang, Y., Zhao, Y., Xu, X,, et al. (2019). Identification of
fatty acid Desaturases in maize and their differential responses to low and high
temperature. Genes (Basel) 10, 445. doi: 10.3390/genes10060445

Zhiguo, E., Tingting, L. I, Chen, C., and Lei, W. (2018). Genome-wide survey and
expression analysis of P1B-ATPases in rice, maize and sorghum. Rice Sci. 25, 208-217.
doi: 10.1016/j.rsci.2018.06.004

Zhou, W., Wu, ], Zheng, Q,, Jiang, Y., Zhang, M., and Zhu, S. (2017). Genome-wide
identification and comparative analysis of Alfin-like transcription factors in maize.
Genes Genomics 39, 261-275. doi: 10.1007/513258-016-0491-6

frontiersin.org


https://doi.org/10.1016/S2214-109X(22)00084-5
https://doi.org/10.1104/pp.108.2.451
https://doi.org/10.1186/s12864-020-06929-9
https://doi.org/10.3390/genes10120973
https://doi.org/10.4161/15476286.2014.992277
https://doi.org/10.1007/s00894-009-0576-0
https://doi.org/10.1016/j.abb.2010.07.019
https://doi.org/10.1016/j.jinorgbio.2017.02.012
https://doi.org/10.1016/j.jinorgbio.2017.02.012
https://doi.org/10.1007/s12374-020-09241-x
https://doi.org/10.1104/pp.105.073858
https://doi.org/10.3390/ijms161023517
https://doi.org/10.3389/fpls.2016.01879
https://doi.org/10.1371/journal.pone.0050568
https://doi.org/10.1104/pp.106.085225
https://doi.org/10.1016/j.envexpbot.2017.04.007
https://doi.org/10.1007/s11103-004-0790-1
https://doi.org/10.1080/00103624.2013.748862
https://doi.org/10.1007/s13238-014-0083-7
https://doi.org/10.1007/s13258-011-0156-4
https://doi.org/10.3390/genes10060445
https://doi.org/10.1016/j.rsci.2018.06.004
https://doi.org/10.1007/s13258-016-0491-6
https://doi.org/10.3389/fpls.2023.1166720
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	A systematic in silico report on iron and zinc proteome of Zea mays
	1 Introduction
	2 Materials and methods
	2.1 Data extraction
	2.2 Identification of iron and zinc-binding sequence motifs in the complete proteome of Zea mays
	2.3 Identification of iron and zinc binding structural motifs
	2.4 Functional annotation, subcellular localization prediction and gene ontology analysis of putative Fe and Zn binding proteins of Zea mays

	3 Results and discussion
	3.1 Iron and zinc binding sequence motifs containing proteins in the complete proteome of Zea mays
	3.2 Iron and zinc binding structural motifs containing proteins in Zea mays
	3.3 Functional domain annotation, subcellular localization, and gene ontology analysis of Fe binding proteins of Zea mays
	3.4 Functional domain annotation, subcellular localization, and gene ontology analysis of Zn-binding proteins of Zea mays

	4 Conclusion
	Data availability statement
	Author contributions
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


