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ABSTRACT 

 

Iron is essential to fulfilling an indispensable role in the biological process in hu-
man physiology. Various proteins were known involved in iron metabolism. One 

of the proteins called iron-responsive element-binding protein (IRP) which acts as 
a master iron of cellular iron homeostasis. There are two IRP known to date, which 
is: IRP1 and IRP2. Previous studies showed IRP bind to iron-responsive elements 
(IRE) located in 5’-UTR of the transferrin receptor 1. The interaction of IRP/IRE 
is well studied through many years to find a better treatment for the cellular dis-
order in iron metabolism. However, the structural differences of both IRP and the 
binding prediction model of IRP/IRE remain unclear. This study provides a better 
understanding of the IRP structure and the IRP/IRE2 binding prediction model in 

a healthy condition. Several bioinformatic analyses were implemented in this 
study, such as molecular docking simulation, domain prediction, and structural 
similarity analysis. Structural analysis of IRP demonstrates a low root mean square 
deviation score that indicates both of IRP have high similarity in structure with 
different characteristics, such as binding sites and metabolic pathway.  Interest-
ingly, molecular docking simulation showed IRP1 interaction is more stable than 
IRP2. Thus, this information could be beneficial in developing a drug for an iron-
related disease. 
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Introduction 

Iron is essential for fulfilling an indispensable 
role in various biochemical processes in humans, 

such as DNA replication, repair, and translation 

[1]. One of the main functions of the iron is to in-
volve the oxygen-binding characteristic of por-

phyrin complexed iron, which is essential for the 

oxygen-carrying capacity of myoglobin and he-

moglobin [1]. Thus, a cellular disorder in iron me-
tabolism may have severe consequences for hu-

man health. Insufficient iron supply will lead to a 

shortage of healthy red blood cells and resulting in 
iron deficiency anemia or known as ferropenic. On 

the contrary, iron overloading could damage vari-

ous organs and lead to diseases, such as diabetes, 

cancer, and heart disease [1]. 
Several proteins are involved in maintaining 

iron metabolism. One of them is the iron-respon-

sive element-binding proteins (IRPs) that act as 

master regulators of cellular iron homeostasis [2]. 
Furthermore, IRPs have known to maintain the 

rate of mRNA translation by binding to a stem-

loop mRNA structure known as iron-responsive 
elements (IREs) [3]. 

IREs usually contain 30 nucleotides folded 

into RNA helices which are separated by a mid- 
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helix bulge cytosine residue and six nucleotide 

loops [4]. The model for IRPs/IREs was first to 
discover by Haile et al. in 1989 [5]. The analysis 

also reveals that IRPs exist in two states by imple-

menting a gel retardation assay to IRP/IRE [5]. 
There are two closely related IRPs that have 

known to date, which are IRP1 and IRP2. IRP1 has 

identified as a bifunctional protein that switching 
between RNA binding and aconitase depending on 

the conditional iron level. In the Iron low-level 

condition, IRP1 will inhibit the translation of fer-

ritin by binding to the IREs that located in the 5’-
UTR of transferrin 1 (TFR1) mRNA [3]. The bind-

ing of IRE with IRP occurs through bonds made 

to the terminal loop and stem interrupting C 
through two separate binding sites [6]. In Iron 

high-level condition, IRP1 is enzymatically active 

and no longer binds well to IREs, which leads to 

the degradation of TFR1 mRNA. On the other 
hand, IRP2 does not have enzymatic activity and 

responds to iron by induced iron starvation. Simi-

lar to IRP1, IRP2 binds to IREs with high affinity 
in low iron conditions [3]. 

TFR1 is an expressed transmembrane protein 

known for its function in transferrin-bound iron 
uptake in various cell types. TFR1 is composed of 

two disulfide-bonded subunits. Furthermore, it 

also contains three N-linked glycan units and 

posted translationally modified with fatty acyl 
groups and phosphate [3]. Within 5’-UTR of 

TFR1, there are known five stem-loop structure of 

IREs [5].  Previous studies have shown the inter-
action between IRPs and IRE. The research con-

ducted by Khan et al. provided thermodynamic 

and kinetics analysis of IRP1 and IRE [6]. Their 

study discovers changed RNA conformation upon 
IRP1 binding, and decreased RNA hydrogen 

bonding are influenced by the thermodynamics 

and kinetics and kinetic selectivity of the protein 
or RNA interaction [6]. 

Even though the interaction of IRP and IRE 

is well studied in many years, the differences be-
tween IRP1 and IRP2 when binding to IREs re-

main unclear. It is known that IRP1 and IRP2 have 

a different pathway in iron metabolism and will 

act differently in high iron conditions [3]. There-  
 

 

fore, the binding model of the IRP1 and IRP2 

should be different. One of the reasons for these 
differences may cause by the protein-specific 

characteristic in each of IRPs. The differences in 

IRP-IRE binding models may help to uncover the 
truth in iron homeostasis and support drugs for 

iron-related diseases. The main objective of this 

study is to provide a better insight into the binding 
model of IRP-IRE complexes in humans by imple-

menting molecular docking simulation. The pro-

tein-specific characteristics in IRPs were analyzed 

by using reliable bioinformatics tools. As a result, 
this study can provide a better understanding of 

the IRP binding mechanism to IRE. 

 

Methods 

Data Retrieval 

Three fasta files were obtained from the Gen-

Bank (https://www.ncbi.nlm.nih.gov) which are 

IRP1 and IRP2 amino acid sequences; and TFR1 

nucleotide sequence. All the sequences are related 

to Homo sapiens. The search of the sequences was 

done on 17th June 24, 2019, with the keywords 

“Iron-responsive element-binding protein Homo 

sapiens" for IRP sequences and "Transferrin re-

ceptor mRNA Homo sapiens" for transferrin nu-

cleotide sequence. The specific accession number 

and the length of each sequence were described in 

Table 1. 

 

IRPs and IREs Structure Prediction 

Both of the IRP 3D protein structures were 

predicted by using a protein fold recognition web-

server called PHYRE2 

(http://www.sbg.bio.ic.ac.uk/phyre2/) [7]. Each of 

the amino acid sequences of IRP was uploaded to 

PHYRE 2 server, and 2 PDB files of IRPs were 

obtained. The structure prediction with the 

PHYRE2 server was run for 6 hours with normal 

mode. IREs within TFR1 were predicted by using 

SIREs web server 2.0 

(http://ccbg.imppc.org/sires/index.html) [8]. 

SIREs is a sequence searcher based on the Perl 

based-program that predicts IREs within the RNA 

or DNA sequence [8]. After the sequences of IREs  

 

 

 

 

 

 

 

Table 1. Sequences detail information 

 

https://www.ncbi.nlm.nih.gov/
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were obtained, the RNAfold web server 

(http://rna.tbi.univie.ac.at/cgi-bin/RNAWeb-
Suite/RNAfold.cgi) was used to predict the sec-

ondary structure of each IREs [9]. The predicted 

secondary structures from RNAfold web server 
were used as parameter to predict 3D model of 

IRE. The 3D structure of IREs was predicted by 

using simRNA (https://genesilico.pl/Sim-
RNAweb/submit) where the number of steps sim-

ulation was set to 1000 in each IRE prediction to 

test RNA structures robustness [10].  

Protein Analysis 

In order to analyze the differences of IRPs 

properties, several protein analysis was done in 
this study. Domain analysis and post-translational 

modification (PTM) site prediction were con-

ducted to determine the protein function and ac-
tivity. IRPs domain were predicted with InterPro 

(https://www.ebi.ac.uk/interpro/) where predicted 

domain and its location were recorded [11]. 

Meanwhile, PTM prediction was done by using 
ModPred (http://www.modpred.org) where only 

PTM sites categorized has high confidence level 

were recorded [12]. The iPBA web server 
(http://www.dsimb.inserm.fr/dsimb_tools/ipba/) 

was used to do structural similarity analysis where 

the global alignment was set as the parameter for 

the alignment type [13]. The similarity and 
aligned score were recorded. The RNA binding 

site prediction was done by using a DRNApred 

web server (http://biomine.cs.vcu.edu/serv-
ers/DRNApred/) to determine the probabilities of 

RNA-protein interaction [14]. Lastly, the protein-

protein network of IRP-1 and IRP-2 from Homo 
Sapiens were searched in the STRING database 

(https://string-db.org) to determine the pathway of 

activation for both of IRPs [15]. 

 

Molecular Docking Simulation 

The interaction of IRP-IRE were further in-

vestigated by conducting molecular docking sim-
ulation procedure. Molecular docking simulation 

between IRPs and IREs was done by using Patch-

Dock Server (https://bioinfo3d.cs.tau.ac.il/Patch-

Dock/) where the Root Mean Square Deviation 
(RMSD) was set to 4Å [16]. The docking method 

of Protein-RNA or protein-protein complex was 

said to be proper if the RMSD value was smaller 
or equal to 5Å. If the RMSD value obtained was 

greater than 5Å, it means that the method used  

cannot be trusted [17]. Therefore the PatchDock 

server was recommended to set RMSD equal to 
4Å for protein-RNA docking [16]. The molecular 

interaction between IRPs and IREs was visualized 

by using PDBsum Generate 
(http://www.ebi.ac.uk/thornton-srv/data-

bases/pdbsum/Generate.html) [18]. Each binding 

prediction model with lowest free energy that in-
dicated high interaction were recorded and pre-

sented in this study. The benchmark of IRP and 

IRE binding was checked in three published 

benchmarks to validate predicted IRP-IRE bind-
ing models. They were the protein-RNA docking 

benchmark v1.1 from the Fernandez-Recio group 

[19], the protein-RNA docking benchmark ver-
sion 2 from the Bahadur group [20], and the pro-

tein-RNA docking benchmark 1.0 by the Zou 

group [21], respectively. 

 

Results and Discussion 

IRPs and IREs Structure Prediction 
As seen in figure 1, there is no significant dif-

ference between IRP1 and IRP2 were found. This 

indicates that both of the IRPs have a high simi-
larity rate with each other. According to Berric R. 

Henderson [22], IRP1 and IRP2 share 79% simi-

larity on amino acid sequences even though both 

IRPs encoded by genes on the different chromo-
somes. Despite IRPs' high similarity in the struc-

ture, IRPs will act differently in a high iron con-

dition where IRPs will not bind to IREs. 
Five different IREs were found in TFR1 and 

named according to their location order. This find-

ing was similar to Casey et al. that found 5 IREs 
in TFR1 back in 1988 [23]. Each of the IREs con-

sists of 31 nucleotides where all of them were 

found in 3238-3835 nucleotide position of TFR1 

(table 2). The minimum free energy (mfe) score 
of all of IREs was negative where IRE5 has the 

lowest mfe score (table 2). This may indicate that 

IRE5 is the most stable structure compare to other 
IREs. 

Figure 2 shown that IRE1, IRE2, and IRE3 

have a similar structure, while IRE4 and IRE5 

have a unique lower helix structure. The terminal 
loop of each IREs consists of “CAGNGN” nucle-

otide sequences where “N” represents any nucle-

otides. Furthermore, there are five base-pair of nu-
cleotides in the upper helix of IREs. In the mid-

stem, there is cytosine bulge that mark by the 

green circle (figure 2.A).                                       

http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://www.ebi.ac.uk/thornton-srv/databases
http://www.ebi.ac.uk/thornton-srv/databases
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Figure 1. The tertiary structure of IRP1 
(A) and IRP2 (B) were predicted by 

using PHYRE2 

 

Table 2. IREs detail information  

 

Figure 2. IREs predicted structure in 2D (A) and 3D (B) model 

 

 

Figure 3. Domain prediction of IRP1 and IRP2 by using Interpro 
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Protein Analysis  

Domain prediction was detected aconitase 
and swivel domain in both of IRPs (figure 3). Ac-

onitase domain represents the 4Fe-4S cluster bind-

ing region, which found at the N-terminal of eu-
karyotic IRPs [18]. Furthermore, aconitase do-

main involved in both the glyoxylate and tricar-

boxylic acid cycles which compromise the first 
step of oxygen-dependent ATP biosynthesis [24]. 

On the other hand, the swivel domain was detected 

at the C-terminal of eukaryotic IRPs (figure 3). 

This domain has three layers beta/beta/alpha struc-
ture and known to rotate between cytosolic form 

and IRP form [25].  

Another similarity of IRPs can be observed in 
the tertiary structure. To analyse the structural 

similarity between the IRPs, both of the IRPs were 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

aligned by using iPBA server [13]. The result from 

iPBA server showed a low RMSD (0.49) with 
99.77% residue aligned which indicates the IRPs 

have related protein folds [13]. Furthermore, the 

GDT score is extremely high which indicates the 
IRP1 is homologous to IRP2. The aligned IRP are 

shown in figure 4 where there are only slight dif-

ferences that can be observed in the structure. 
In PTM prediction, ModPred has detected 

three residues that undergo amidation in both IRPs 

which indicate the aconitase activity regulated by 

means of redox independent PTMs [24]. Not only 
that, proteolytic cleavage and glycosylation were 

detected in IRP1 and IRP2 that may play an im-

portant role in enzyme activity and stability of 
IRPs (table 4) [26]. Another impressive result can 

be seen in IRP2 where O-linked glycosylation and  

 

 

 

 
 

 

 
 

 

 

 
 

 

 

 

Table 3. The alignment score of IRP1 and IRP2 

 

 

Figure 4. Alignment of IRP1 and IRP2 by using iPBA where red represent IRP1 and green represent IRP2 

 

 

Table 4. PTM sites prediction of IRP1 and IRP2 by using ModPred 
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methylation were only detected in IRP2 (table 4). 

O-linked glycosylation is can be described by the 
interaction of sugar with a hydroxyl group of a ser-

ine or threonine. The O-linked glycosylation 

might influence the slightly structural differences 
in IRP2. Meanwhile, methylation modifies the ni-

trogen atom in K568 residue which plays an im-

portant role in the gene expression regulation in 
IRP2 [26]. The differences in detected PTMs in 

both IRPs may be influencing the differences in 

aconitase activity. Not only in PTM, but the dif-

ferences of IRPs can also be observed in the pro-
tein-protein network.  

According to the StringDB database, both of 

IRPs have a unique protein-protein network (fig-
ure 5) [15]. This indicates that IRP1 and IRP2 

have a different pathway of activation. As seen in 

figure 5, both of IRPs interact with FBXL5 and 

GLRX3 protein. FBLX5 plays an important role 
in iron homeostasis by promoting the ubiquination 

and subsequent degradation of IRP2. In high iron 

conditions, FBLX5 will bind to IRP2 to promote 
its ubiquitination and degradation by the pro- 

 

 
 

 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

teasome. Meanwhile, GLRX3 is responsible for 

hemoglobin maturation which activates by IRPs 
protein [15]. The differences in the PTM charac-

teristics and protein-protein network might influ-

ence the interaction between IRP and IRE. 
RNA binding prediction score of both IRPs 

was done to predict which residue likely to interact 

with IREs. The detail of the RNA binding proba-
bility score shown in table 5 where only 10 resi-

dues with the highest probability score were rec-

orded [13]. As seen in table 5, residues in IRP1 has 

a higher binding prediction score compare to 
IRP2. This may suggest that IRP1 has a higher 

binding affinity with IREs. Unfortunately, 

DRNApred did not detect the exact RNA-binding 
residue in both of IRPs. 

 

Molecular docking Simulation 

The result of molecular docking of IRPs and 
IREs showed in table 6 where all of the binding 

prediction models have a negative ACE score 

which indicates there is an interaction that occurs 
in all models [16].  

 

 
 

 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 

 

 

Figure 5. Protein-protein interaction pathway of IRP1 or ACO1(A) and IRP2 or IREB2(B) obtained  

from the STRING database 

 

 Table 5. Ten highest RNA binding site prediction score 
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The geometric shape complementary score of 

IRE1, IRE2, and IRE3 was higher when binding 
with IRP1 (table 6). Meanwhile, IRE4 and IRE5 

scores were higher when binding with IRP2. 

These findings may suggest that IRP1 would pref-
erably bind to IRE1, IRE2, and IRE3 while IRP2 

preferably bind with IRE4 and IRE5.  These find-

ings were supported by the fact that IRP2 is lacks 
of aconitase activity compare to IRP1 [27]. The 

overview of each of the binding prediction models 

shown in figure 6. Even though the position of 

IREs looked similar, the Protein-RNA interaction 
of each model is different. 

The Protein-RNA interaction of each model 

is available in Mendeley data (https://data.mende-
ley.com/datasets/yfxthhhdtp/1) [28]. In IRP1, 21 

residues forming a hydrogen bond with IREs, 

while there are 15 residues in IRP2 that forming a 

hydrogen bond. Furthermore, the number of the 
hydrogen bond interactions in RPI is bigger than 

IRP2 were some of the residues interact with more 

than one nucleic acid [28]. These findings suggest 
that the interaction of Protein-RNA in IRP1 is  

 

 
 

 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

more stable than IRP2.  A hydrogen bond is a rel-

atively strong form of intermolecular attraction 
and plays an important role in the interactions of 

proteins and nucleic acid [29]. Even though the 

binding prediction model provides a good result, 
there are no published benchmarks were found for 

IRP-IRE docking in humans [19-21]. The protein-

RNA docking published benchmarks only provide 
the benchmark for IRP-IRE in the European rabbit 

(Oryctolagus cuniculus) where the RMSD was 

bigger than 5Å [19 -21]. This means that there is 

no suitable benchmark for IRP-IRE docking in hu-
man and further research is needed to confirm this 

study.  

Since IRPs are responsible for iron homeosta-
sis, then these binding models may important for 

finding a suitable drug for iron-related disease. 

The disruptions of IRP-IRE regulatory system 

could lead to hyperferritinemia where a patient 
have an high ferritin levels. Patients that affected 

by this condition often suffer from neurogenera-

tive disease, such as Alzheimer and Parkinson 
[30]. Previous studies showed the point mutations  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Table 6. Score of IRPs and IREs binding prediction at 4Å 

 

 

 

Figure 6. Molecular docking simulation of IRPs and IREs at 4Å by using PathcDock server 
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of IRPs and IREs in neurodegenerative disease 

disturb the IRP binding interaction [31]. In order 
to alleviate the excess iron accumulation, IRE in-

hibitors drug is currently develop to treat Alz-

heimer and Parkinson disease [31]. One of the 
drug known as anthracyclines has been used as 

IRE inhibitor by binding within the UG wobble 

pairs flanking and asymmetrically bulged C-resi-
due [32]. However, the development of IRE inhib-

itor is a challenging task. The basic understanding 

of IRP-IRE interaction should be uncover to de-

velop a IRE inhibitor drug. The study showed the 
different binding mechanism and protein proper-

ties of IRP1 and IRP2 which important in drug de-

velopment for neurogenerative disease. Thus, the 
predicted binding model may provide the bench-

mark of IRPs and IREs binding mechanisms in 

healthy condition as well as support the IRE inhib-

itor drug development in the future. 

 

Conclusion  

In summary, the protein analysis of IRP1 and 
IRP2 suggest that both IRPs have the same func-

tionality, but have a different characteristic in 

PTM and pathway.  Moreover, the predicted bind-
ing model showed different behaviour of IRPs 

when targeting specific IRE where the binding 

prediction model with IRP1 is more stable than 

IRP2. These findings may increase our under-
standing of IRPs and IRE interactions. In the fu-

ture, these binding models may become useful in 

the drug discovery field. 
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