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Abstract: Iron-plant interactions have crucial roles in crop production growth and development. In this study, we have analyzed the whole 
proteome of tomato (Solanum lycopersicum L.) plants for iron-binding proteins. A total of 213 iron-binding protein candidates were 
identified in the study. Out of these 213 proteins, 45 were selected for modeling and validated with a high confidence level by using different 
computational analyses. Results showed that Glu, Cys, Asp, and His amino acid residues were indicators of iron-binding proteins. Besides, 
mechanistic insights of iron-binding proteins were analyzed by molecular dynamics simulations. Simulation results proved the 
conformational stabilization of proteins. Validated proteins were further analyzed for subcellular localization, clustered for molecular 
functions and biological processes. According to the results, iron-binding proteins were mostly located in the chloroplast. Also, these 
proteins are involved in different molecular and biological roles ranging from oxidation-reduction processes and electron transport chain to 
protein repair mechanisms. This report provides structural and functional properties of iron-binding proteins for tomato proteome. The 
study may assist in future research on plant physiology, protein engineering, or bioengineering. 
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1 Introduction  

Metal ions have a vital role in biological reactions, including 
photosynthesis, respiration, and water oxidation in living 
organisms (Lu et al. 2013). The importance of metal ions in 
these processes comes forward due to their ability to bind 
proteins. (Garcia et al. 2006). Among metals, iron (Fe) (an 
essential micronutrient for plants) has roles in several 
processes like photosynthesis, respiration, or DNA synthesis 
on plant growth and development (Briat et al. 1995). Different 
oxidation states of Fe exist in nature, like reduced ferrous 
(Fe+2) or oxidized ferric (Fe+3) (Pehkonen, 1995). Iron-
binding proteins are essential cofactors for the plant cells 
(Andreini et al. 2017). Iron-binding proteins are a component 
of chloroplast proteins like Rieske proteins, which have a 
crucial role in photosynthesis (Allen, 2004; Briat et al. 2007). 
Furthermore, iron-binding proteins take charge of DNA 
metabolism or protein translation metabolic pathways 
(Braymer and Lill 2017). 

Metalloproteins (proteins that contain metal ions) are 
important protein classes with their catalytic, regulatory, or 
structural roles via metal atoms (Shi and Chance, 2008). In 
the last decades, several analysis techniques have been used 
to investigate metalloproteins based on mass spectrometry 

like inductively coupled plasma-mass spectrometry (ICP-
MS) (Pröfrock and Prange 2012), nuclear analytical 
techniques like high-resolution spatial speciation analysis by 
synchrotron radiation X-ray fluorescence (SR-XRF) (Pushie 
et al. 2014), or affinity techniques like immobilized metal 
affinity chromatography (IMAC) (Chang et al. 2017). 
However, these analytical techniques have limitations due to 
time-consuming processes for sample preparation and data 
acquisition. Additionally, these techniques are expensive for 
instrumentation and chemical supply. Given all these 
disadvantages, using new approaches such as computational 
biology has become inevitable to focus on these significant 
proteins. 

Nowadays, developments based on bioinformatics make it 
feasible to analyze big data of the whole genome or proteome. 
Iron-binding proteins can be identified, modeled, or 
functionally analyzed using bioinformatics tools for plant 
proteomes. Iron-binding sites of proteins can be analyzed by 
using protein sequences or structures with online tools like 
MetalPredator (Valasatava et al. 2016), MetSite (Sodhi et al. 
2004), MetalloPred (Naik et al. 2011), or IonCom (Hu et al. 
2016). Besides, there are various bioinformatic tools available 
like MetalS2 (Andreini et al. 2013), MetalS3 (Valasatava et al. 
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Fig. 1 Schematic demonstration of the analysis workflow for identifying and classifying iron-binding proteins from the tomato 
proteome 

2014), MIonSite (Qiao and Xie 2019), MetalDetector V2.0 
(Passerini et al. 2011), CheckMyMetal (CMM) (Zheng et al. 
2017). The interaction of binding sites of metalloproteins with 
transition metals like iron, zinc, copper, manganese, and 
cadmium makes them possible to identify by using sequence 
or structural information of proteins via bioinformatic tools. 
In addition, the MetalPredator tool is a specified tool for 
finding iron-binding proteins using Hidden Markov Model 
profiles (HMM) and structural motif bindings of iron 
(Valasatava et al. 2016). Xanthomonas translucens pv. 
Undulosa proteome was analyzed for iron-binding proteins, 
and ~9.8% of the proteome had iron-binding protein motifs 
using in silico approaches. These proteins had different 
functions like transport or carbohydrate metabolism (Sharma 
et al. 2017). In another research, iron-binding proteins of 
wheat proteome were analyzed, and results showed that iron-
binding proteins were involved in 21% of biological 
processes and 39% of molecular functions (Verma et al. 
2017). 

Tomato (Solanum lycopersicum L.) is included in the 
Solanaceae family, which contains most of the economic 
crops like potato or pepper. With over 10000 cultivars, tomato 
is cultivated in a 5 million ha area, and its production was 
estimated at 180 million tons worldwide in 2019 (FAO, 
2020). Due to the importance of tomato crop production, 
understanding the interactions between iron metal ions and 
tomato proteome can benefit crop growth and development.  

 

The literature review showed no research on iron-binding 
proteins on the whole tomato (S. lycopersicum) proteome. 
This study aimed at identifying, classifying, and 3D modeling 
the iron-binding proteins on tomato proteome using in silico 
analyses. A summarized scheme of the workflow is illustrated 
in Fig. 1. The results highlight the understanding of the 
functions of iron-binding proteins in tomato, which could be 
beneficial for new challenges for tomato crop growth and 
development. Also, these results can offer different 
approaches to iron-related nutrient management for crop 
production. 

2 Materials and Method  

2.1 Dataset acquisition of tomato (S. lycopersicum) 

proteome 

Tomato (S. lycopersicum) proteome has 34672 proteins based 
on UniProt database as reference proteome (Proteome ID: 
UP000004994). The protein sequence dataset of the whole 
tomato proteome was downloaded in FASTA format from the 
UniProt database 
(https://www.uniprot.org/proteomes/UP000004994). 

2.2 Identification of iron-binding proteins  

The whole proteome sequence dataset of tomato was analyzed 
using an online MetalPredator program to identify iron-
binding proteins (Valasatava et al. 2016). MetalPredator 
identifies proteins using Pfam domains and iron-binding 
motifs called Minimal Functional sites (MFSs) with e-value 
lower than 10-3.  
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2.3 Modeling structures of iron-binding proteins 

Three-dimensional (3D) structures of identified iron-binding 
proteins were modeled using online Protein 
Homology/Analogy Recognition Engine V2.0 (Phyre2) 
software. Phyre2 is a sequence-based modeling program for 
protein 3D structures that uses advanced remote homology 
(Kelley et al. 2015). Modeled 3D structures were selected 
according to the criteria: confidence ≥ 90%, query ≥ 50%, and 
identification ≥ 30%. Filtered structures quality was verified 
by the ProSA-web program using structure templates 
(Wiederstein and Sippl, 2007). ProSA-web program verifies 
models by z-scores depending on Cα potentials of protein 
structure coordinates.  

2.4 Determination of iron-binding sites on verified protein 

models  

Verified 3D models of iron-binding proteins were analyzed 
using Metal Ion-Binding site prediction and docking server 
(MIB) to identify Fe2+ and Fe3+ binding structure models (Lin 
et al. 2016). MIB analyses were based on the fragment 
transformation method using structure models, and the tool 
aligns the structure to metal ion binding residues. The results 
were analyzed depending on the alignment scores of iron-
binding motifs. 

CheckMyMetal (CMM) program was used for both validation 
and coordination geometries of iron-binding sites on protein 
structures (Zheng et al. 2017). The CMM program can 
evaluate structures for geometrical and other irregularities in 
iron-binding sites with different parameters such as bond 
valences or metal-binding sites. Three-dimensional protein 
structures were visualized using Mol* 3D viewer (Sehnal et 
al. 2021). 

2.5 Molecular dynamics simulations of iron-binding 

proteins 

Iron-binding structure models of iron-binding proteins were 
analyzed via MDweb server for molecular dynamics (MD) 
simulations (Hospital et al. 2012). MDweb server can perform 
MD simulations using different algorithms like AMBER, 
GROMACS, or NAMD. In our study, AMBER Full MD 
setup -ff99SB* (Hornak & Simmerling, including Best 
&Hummer psi modification)- toolkit was used for setup, 
solvation, and equilibration. In this toolkit, sodium ions have 
been used for neutralization, and octahedron box of TIP3P 
water molecules with a spacing distance of 15 Å was used for 
solvation. The energy minimization of the structure was 
completed in 500 steps of the conjugate gradient with a force 
constant of 50Kcal/mol. The equilibration step was started 
with heating solvent to 300k, then continued with reducing 
the force constant respectively 5.0 Kcal/mol, 2.5 Kcal/mol, 1 
Kcal/mol, and finally completed by simulation without 
restrains. Simple box solvent molecular dynamics simulations 
were performed via a constant Number of particles, Pressure, 
and Temperature (NPT) with 2.0 fs time steps, 2.5 ps total 
time, 300k temperature, and 50 output frequency steps. For 
the results, the root mean square deviation (RMSD) was 
determined for protein backbone residues and ligands. 

 

2.6 Subcellular localization, molecular functions, and 

biological process analysis of iron-binding proteins 

Cellular and subcellular localization of iron-binding proteins 
were analyzed by using weighted gene ontology term-based 
subcellular localization prediction (WegoLog) (Chi and Nam, 
2012) and subcellular localization predictor (CELLO V2.5) 
web tools (Yu et al. 2006). Both web tools are used for 
analyzing sequence similarity and gene ontology information 
to predict the subcellular localization of proteins based on a 
support vector machine (SVM) classifier. But tools have been 
using different datasets to analyze localization, such as 
BaCello dataset for WegoLoc and Park and Kneisha dataset 
for Cello.  

Functional analysis of identified and verified iron-binding 
proteins was performed using online InterPro software, which 
classifies proteins into families and predicts domains and 
important sites (Blum et al. 2021). The program uses 
predictive models known as signatures and classifies proteins 
for subcellular localization, biological processes, and 
molecular functions. 

2.7 Classification and clustering of iron-binding proteins  

The identified 55 iron-binding proteins were classified for 
functional domains using the Conserved Domain Database 
(CDD) tool on the National Centre for Biological Institute 
database (Marchler-Bauer et al. 2010). CDD search tool 
classification analysis was performed for the criteria: CDD–
58235 position-specific scoring matrix (PSSM) database with 
an expectation value (e-value) of 0.01. 

Iron-binding protein sequences were clustered using the 
maximum parsimony method with 2000 bootstrap 
replications of the Subtree-Pruning-Regrafting (SPR) 
algorithm in the MEGA X program (Kumar et al. 2018). The 
phylogenetic tree was visualized using the EvolView v3 web 
tool (Subramanian et al. 2019). 

3 Results  

3.1 Identification and structure modeling of iron-binding 

proteins on tomato proteome 

The tomato proteome dataset, which includes 34672 protein 
sequences, was retrieved from the UniProt database. The 
proteome dataset was analyzed to determine iron-binding 
proteins via MFSs using the MetalPredator program. 
Approximately 0.6% of whole tomato proteome, 
corresponding to 213 proteins, were identified as iron-binding 
proteins depending on Pfam patterns on minimal functional 
sites of proteins. Potential 213 iron-binding proteins have 
been 3D modeled using protein sequences on Phyre2 
software. The 3D protein structure modeling results showed 
413 candidate models for 87 protein sequences. The candidate 
protein models were filtered according to the criteria: 
confidence ≥ 90%, query ≥ 50%, and identification ≥ 30%. 
Filtered models were selected for structure quality analysis. 
Finally, filtered structure model quality was verified by the 
ProSA-web program depending on the z-scores of structure 
models (Supplementary Table S1). Results have shown that 
the ProSA-web program verified 55 protein structures. 
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3.2 Determination of iron-binding sites on verified protein 

models  

The selected 55 iron-binding protein models were analyzed 
using the MIB program to identify both Fe2+ and Fe3+ binding 
motifs on 3D protein structures. Iron had two convertible 
oxidation states, Fe2+ and Fe3+, involved in different 
biochemical pathways. MIB program analyses were based on 
protein structures and used to predict iron-binding residues. 
The results showed that 50 of 55 identified proteins were 
modeled and could bind both Fe2+ and Fe3+ (Supplementary 
Table S2). Glutamic acid (Glu), Cysteine (Cys), Aspartic acid 
(Asp), and Histidine (His) amino acids residues were 
involved in the iron bindings of proteins, and the distribution 
of iron-binding amino acid residues was shown in Fig. 2. 
According to the results, Fe2+ binding residues were 
determined as 37 Cys, 21 Glu, 19 Asp, 19 His, 5 Asn, and 4 
Ala, while Fe3+ binding residues were 33 Cys, 32 Glu, 16 Asp, 
11 His, 4 Gln, and 2 Ala amino acids. The binding residues of 
each iron-binding protein were addressed in Supplementary 
Table S2  

Validation and coordination geometry analyses of iron-
binding protein structures were performed by using 
CheckMyMetal (CMM) web tool. Results showed that 45 of 
50 iron-binding proteins were verified at a high confidence 
level, 42 Fe2+ binding sites and 41 Fe3+ binding sites were 
determined with various geometries on iron-binding proteins. 
Coordination geometries of many iron-binding protein 
structures were classified as freely bound. These structures 
did not show any coordination geometry with iron ions 
because the poor coordination caused deviation from the ideal 
geometry. Besides, different coordination geometries like 
square planar, trigonal planar, trigonal bipyramidal, or 
tetrahedral by CMM analysis were observed. Fe2+ binding 
protein geometries indicated 20 poorly coordinated, 12 free 
coordination, 8 square planar coordination, and 2 tetrahedral 
coordination. Also, Fe3+ binding protein geometries revealed 
17 free coordination, 16 poorly coordinated, 3 square planar 
coordination, 2 tetrahedral and trigonal bipyramidal 
coordination, and 1 trigonal planar coordination 
(Supplementary Table S3). Selected 3D structure images of 
iron-binding proteins were illustrated in Fig. 3.  

 
Fig. 2 Distribution of iron-binding amino acid residues 

 
Fig. 3 Visualization of iron-binding proteins in three dimensional structures and coordination geometries; 
A)sp|Q2MIA0|PSAA_SOLLC protein Fe2+ square planar coordination geometry, B)sp|Q2MI49|PSAC_SOLLC protein Fe3+ 
square planar coordination geometry, C)tr|A0A3Q7JLM2|A0A3Q7JLM2_SOLLC protein Fe3+ trigonal planar coordination 
geometry, D)tr|A0A3Q7ERR3|A0A3Q7ERR3_SOLLC protein Fe3+ trigonal bipyramidal coordination geometry, 
E)tr|A0A3Q7I5P3|A0A3Q7I5P3_SOLLC protein Fe2+ tetrahedral coordination geometry, 
F)tr|A0A3Q7EI02|A0A3Q7EI02_SOLLC protein Fe3+ tetrahedral coordination geometry 
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Fig. 4 RMSD results of iron-binding proteins A)sp|Q2MIA0|PSAA_SOLLC Fe2+, B)sp|Q2MI49|PSAC_SOLLC Fe3+, 
C)tr|A0A3Q7JLM2|A0A3Q7JLM2_SOLLC Fe3+, D)tr|A0A3Q7ERR3|A0A3Q7ERR3_SOLLC Fe3+, 
E)tr|A0A3Q7I5P3|A0A3Q7I5P3_SOLLC Fe2+, F)tr|A0A3Q7EI02|A0A3Q7EI02_SOLLC Fe3+ 

3.3 Molecular dynamics simulations of iron-binding 

proteins 

After the iron-binding site verification at 45 iron-binding 
proteins, docked structures for both Fe2+ and Fe3+ via MIB 
have been selected for MD simulations. MD simulations were 
performed to investigate the mechanistic insight of iron-
binding proteins. Structural changes of proteins were 
determined using RMSD analysis for 25 snapshots. Results 
showed that the time evolution of average RMSD values on 
all proteins varied between 1,626 Å - 2,994 Å for Fe2+ and 
1,626 Å - 2,140 Å for Fe3+ (Supplementary Table S4). The 
time-course changes of RMSD distribution plots for selected 
proteins compared to protein backbones were shown in Fig. 
4. According to the MD simulation results, iron-protein 
binding structures achieved stable conformations in the 
simulations.  

3.4 Subcellular localization, molecular functions, and 

biological process analysis of iron-binding proteins 

The remaining 45 proteins with high confidence levels were 
analyzed to determine subcellular localization, molecular 
function, and biological process. Subcellular localization 
analyses were completed using WegoLoc and CELLO v2.5 
web tools. Cellular components, molecular functions, and 

biological processes were analyzed using the InterPro web 
tool. Subcellular localization of iron-binding proteins 
analyzed via WegoLoc showed that proteins were localized 
in the chloroplast (33%), cytoplasm (31%), mitochondrion 
(29%), and nucleus (7%) (Fig. 5a). CELLO v2.5 analysis 
results showed that subcellular localizations of the iron-
binding proteins were chloroplastic (33%), nuclear (24%), 
mitochondrial (20%), cytoplasmic (9%) extracellular (7%), 
and plasma membranal (7%) (Fig. 5b). Total 16 protein was 
found as consistent localizations for both WegoLoc and 
CELLO v2.5 programs (Supplementary Table S5).  

Molecular and functional analyses of iron-binding proteins 
were performed using InterPro web tool. Results showed that 
analyzed iron-binding proteins were involved in 51 biological 
processes, 128 molecular functions, and 15 cellular 
components. iron-binding proteins were checked for their 
implication in biological processes showing that a large part 
was related to oxidation-reduction processes and electron 
transport chain (14%), and tricarboxylic acid cycle (8%). 
Other functions (6%) were determined as protein repair, 
oxidative stress, rRNA processing, rRNA methylation, tRNA 
methylation, and photosynthesis. Also, a small part of the 
proteins belonged to another 11 processes with different rates 
like DNA repair (4%) or tRNA modification (2%) (Fig. 6).  
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Fig. 5 Subcellular localization of iron-binding proteins; A) WegoLoc analysis, B) CELLO v2.5 analysis 

Molecular functions of iron-binding proteins were mostly 
classified as 20% iron-sulfur cluster binding, 13% electron 
transfer activity, and 11% for 2 iron-2 sulfur (2Fe-2S) cluster 
binding. The other molecular functions were 9% catalytic 
activity, 7% oxidoreductase activity, and 6% iron 4 sulfur 
cluster binding (Fig. 7).  

In addition, the analyzed iron-binding proteins were joined 
into cellular components. Most of the proteins were part of 
membranes (20%). Other proteins were determined as 
components at photosystems I, thylakoid, integral 
components of membranes, and nucleus (13%). A small part 
of the proteins were components of the thylakoid membrane, 
chloroplast, mitochondrion, and molybdopterin synthase 
complex (7%) (Fig. 8). 

3.5 Classification and clustering of iron-binding proteins  

Selected high confidence level 45 iron-binding proteins were 
classified for functional domains using the CDD search tool. 

These functionally classified proteins were clustered using 
the maximum parsimony method with 2000 bootstrap on the 
MEGA X program. iron-binding proteins were classified into 
28 superfamily categories, which were assembled into 15 
categories depending on their biological or molecular 
functions. These categories were oxidation-reduction, protein 
repair, posttranslational modifications, gene regulation, 
metal-ion binding, DNA binding, rRNA processing, ATP 
metabolism, translation, tRNA modification, DNA repair, 
electron transfer, photosynthesis mechanisms, and reductase 
and transferase activities (Fig. 9). 

The roles of iron-binding proteins were demonstrated through 
ferredoxin in electron transfer, succinate dehydrogenase in 
oxidation-reduction processes, Rieske in photosynthesis, and 
thioredoxin in gene regulation (Supplementary Table 1). All 
the identified iron-binding proteins were associated with 
important roles in different metabolic pathways of tomato 
plants. 

 
Fig. 6 Biological processes involving iron-binding proteins 
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Fig. 7 Molecular functions involving iron-binding proteins 
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Fig. 8 Cellular components involving iron-binding proteins 

Fig. 9 Functional classification of clustered iron-binding proteins 
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4 Discussion  

Tomato is an economic crop with many cultivars worldwide. 
Iron is one of the essential micronutrients, and it has a crucial 
role in plant growth and development. In this study, iron-
binding proteins of tomato proteome have been identified, 
classified, and analyzed for biological functions. In the first 
step of the study, the MetalPredator program was used to find 
iron-binding proteins on tomato proteome sequences. 
MetalPredator is a customized program for iron-binding 
proteins and uses the HMM model profiles for Pfam domains 
and structural motifs defined as MFSs via MetalPDB 
(Andreini et al. 2012; Valasatava et al. 2016; Putignano et al. 
2018). MetalPredator has been used for various bacterial 
proteomes like Paenibacillus polymyxa for iron-binding 
biosynthesis (Li et al. 2021) or Spironucleus salmonicida for 
stress response genes (Stairs et al. 2019). Also, wheat 
proteome has been analyzed for iron-binding proteins using 
the MetalloPred tool, and approximately 1.1% of wheat 
proteome has been determined as iron-binding proteins 
(Verma et al. 2017). Our results showed that 0.6% of tomato 
proteome contained iron-binding proteins. There is no report 
in the literature addressing iron-binding proteins in tomato 
plants, especially the determination of iron-binding proteins 
using MetalPredator. This study demonstrates, for the first 
time, a complete analysis of all iron-binding proteins of the 
tomato proteome. 
Metal ions bind to proteins as ligands by donating an electron 
pair. The side chains of cysteine (Johnson et al. 2005), 
histidine (Ciofi-Baffoni et al. 2018), glutamic acid (Chaud et 
al. 2002), and aspartic acid (Caetano-Silva et al. 2015) 
residues interact with both Fe2+ and Fe3+ ions. Iron-binding 
residues interaction sites are analyzed by setting an iron-ion 
binding template of at least 3.5 Å between the metal ion and 
two residues (Lin et al. 2016). In this study, MIB analysis 
showed Fe2+ and Fe3+ ion interactions on 50 iron-binding 
proteins. Both Fe2+ and Fe3+ ion binding were related to the 
canonical metal-binding sites. These sites are located at the 
interface of two domains connected by a single long α-helix 
(Vigouroux et al. 2020). Analyzed proteins had an interaction 
with mostly cysteine (Cys), aspartic acid (Asp), histidine 
(His), and glutamic acid (Glu) residues. Besides, a fewer 
number of the analyzed proteins interacted with glutamine 
(Gln), tyrosine (Try), asparagine (Asn), alanine (Ala), 
methionine (Met), valine (Val), and lysine (Lys) residues. 
Respectively, free γ- and δ- carboxyl groups of aspartic and 
glutamic acid residues could bind iron ions (Storcksdieck et 
al. 2007). Iron ions could bind with histidine residues due to 
the imidazole side chain (Nemirovskiy and Gross, 1996). 
Cysteine residues could bind iron ions due to sulfur groups 
(Giles et al. 2003). Additionally, 89% of coordinating atoms 
bind to side chains of Asp, His, Glu, and Cys residues (called 
canonical amino acids) on iron-ion binding sites (Sánchez-
Aparicio et al. 2021). Another study reported that the major 
iron-ion binding protein residues of sea cucumber as His, Glu, 
Cys, and Asp amino acids (Sun et al. 2017). According to the 
literature, our results are coherent with previous reports for 
metal-ion binding sites on proteins. 
Iron has two interconvertible oxidation states: Fe2+ and Fe3+. 
Consequently, Fe ions can be implicated in vital oxidation-
reduction reactions in biological systems. Those reactions are 

a part of significant processes like respiration, photosynthesis, 
or DNA synthesis. Depending on the oxidation states of iron, 
it can be in different coordination environments (Sánchez et 
al. 2017). In our study, most iron-binding proteins showed 
free or poor coordination. Iron ions were primarily 
coordinated by O or N atoms in the first coordination sphere, 
but if lone pair of electrons occupies more space than a 
bonding pair, deviation from ideal geometry may occur 
(Gillespie, 1992). Reports showing that various protein 
complexes without the ideal designated geometries are 
consistent with our results (McLaughlin et al. 2012). Our 
coordination geometries analysis for Fe2+ binding proteins 
displayed 18% as square planar and 4% as tetrahedral 
geometries. On the other hand, Fe3+ binding proteins showed 
6% square planar and 4% for trigonal bipyramidal and 
tetrahedral coordination geometries. In both cases, square 
planar geometry was supported by negatively charged amino 
acids like Glu or His to prevent higher coordination numbers 
(Pascualini et al. 2015). The square planar geometry can also 
arise from the arrangement of four binding pyridine units on 
the bis-porphyrin heme protein model (Chen et al. 1999). 
Square planar geometry corresponds to a high-field and low-
spin electronic arrangement like in pheophytin, an electron 
carrier of chlorophyll (Bechaieb et al. 2018). Tetrahedral 
coordination geometry on iron-binding complexes has been 
proceeded by inorganic sulfides or protein-based ligands like 
cysteine residues (Pandelia et al. 2015). Also, tetrahedral 
coordination in iron-binding proteins is regulated by 
coordinating four cysteine sulfur atoms like in Rubredoxin 
(Todorovic and Teixeira, 2018). Trigonal bipyramidal 
coordination geometry can be promoted by coordinating N 
and three O atoms like on YtgA protein (Luo et al. 2019). 
Various coordination geometries resulted from differences in 
electronegativity between iron and amino acid residues. 
MD simulations were performed to understand the 
mechanistic insight of iron-binding proteins via structural 
conformations. Iron ions were docked into targeted residues 
iron-binding proteins using the MIB tool. MD simulations 
showed that protein structures have stable conformations 
according to the average RMSD values (between 1,626 Å - 
2,994 Å for Fe2+ and 1,626 Å - 2,140 Å for Fe3+). Evaluating 
the accuracy of the dynamic binding process is complicated 
due to multiple iron coordinating geometries (Hu and Shelver, 
2003). In this study, Q2MI49|PSAC_SOLLC protein showed 
square planar geometry for Fe3+ via Cys11, Cys14, Cys34, 
and Ala36. The RMSD values for these residues were 
respectively changing (0.06 Å, 0.04 Å, 0.03 Å, 0.07 Å) when 
compared with the protein backbone. Furthermore, 
A0A3Q7EI02_SOLLC protein showed tetrahedral 
coordination geometry via Cys46, Cys49, Cys92, and Cys95, 
with RMSD values of 0,01 Å, 0,22 Å, 0,03 Å, 0,01 Å when 
compared with the protein backbone (Data not shown). 
Although lower RMSD values have proved conformational 
stabilization of analyzed iron-binding proteins, differently 
charged areas generated by the side chains of amino acid 
residues could be the reason for the issue (Bernacchioni et al. 
2016). 
Both subcellular localization analysis results in WegoLoc and 
Cello v2.5 showed that iron-binding proteins were mostly 
localized in the chloroplast. Total 16 protein were detected in 
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similar localization. These are 9 proteins for chloroplast, 4 
proteins for mitochondrion, 2 proteins for nucleus and 1 
protein for cytoplasm (Supplementary Table S5). However, 
there were differences between these analyses in other 
localizations because WegoLoc and Cello use different 
datasets. WegoLoc tool is based on the BaCello dataset for 
plants with 491 proteins (Pierleoni et al. 2006). Meanwhile, 
the Cello v2.5 tool is based on Park and Kneisha dataset with 
7589 eukaryotic proteins (Yu et al. 2006). Regarding datasets, 
results from the Cello v2.5 tool could be considered more 
accurate than WegoLoc for plants. 
This study classified 45 high confidence level iron-binding 
proteins from different protein families according to 
subcellular localization, molecular functions, and biological 
processes. These proteins have essential roles in electron 
transfer, catalytic activity, metal ion binding, protein repair, 
and oxidation reduction processes. Iron-binding proteins 
plays important roles as both carrier proteins and 
metalloproteins in plant metabolism including from 
photosynthesis to protein repair. Carrier iron-binding proteins 
take charge for moving ions and molecules across the 
membranes. Also, metalloproteins are contains metal ions as 
cofactors. In this study, determined iron-binding proteins 
commonly act as carrier proteins for electron transfer and 
oxidation reduction processes. On the other hand, other iron-
binding proteins act as metalloproteins for metal-ion binding 
or Fe-S clusters. The biological and molecular functions of 
these high confidence level iron-binding proteins were 
presented (Fig. 9, Supplementary Table 1), and the 
descriptions were derived from InterPro (Blum et al. 2021) 
and NCBI-CDD (Marchler-Bauer et al. 2010) databases. 
Functional domains of the identified proteins were analyzed 
by detecting homologs using the CDD search tool and protein 
super families clustered via the sequences using the maximum 
parsimony method. This method is a character-based 
phylogenetic tree construction method (Kannan and Wheeler, 
2012) and offers better performance than the maximum 
likelihood method due to the high heterogeneity of sequence 
datasets (Kolaczkowski and Thornton, 2004).  

5 Conclusion  

In this study, using computational methods, iron-binding 
proteins of tomato proteome were identified via structural 
formations at high confidence level. A total of 42 iron-binding 
proteins were identified via 3D structures, metal ion binding 
geometries, and structural conformations (MD analysis) on 
tomato proteome. Different tools were used to analyze the 
identified iron-binding proteins subcellular localization, 
molecular function, and biological process roles. Two 
different subcellular localization tools proved that iron-
binding proteins are primarily localized in the chloroplast. 
These proteins are commonly involved in oxidation-reduction 
biological processes. Molecular functions of iron-binding 
come forward on iron-sulfur cluster binding and electron 
transfer activity. Finally, iron-binding proteins were 
classified as superfamilies and clustered for homologous 
proteins. Clustered proteins revealed the importance of iron-
binding proteins on electron transfer and oxidation-reduction 
processes. Results showed that iron-binding proteins play 
important roles in the growth and development of tomato 

plants through biochemical and physiological functions. 
These results provide a base for iron-binding proteome 
analyses using computational plant sciences methods. 
Considering these proteomic analyses will be more critical in 
the future for research areas like protein engineering or 
bioengineering.  
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