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A B S T R A C T   
Iron-rusticyanin reductase (Cyc2) is the first protein in the respiratory chain of Acidithiobacillus 

ferrooxidans (Af), which plays a crucial role in electron transfer. Cytochrome c (cytC) is located in 

the bacterial outer membrane (OM) and functions as the first electron carrier inside the respiratory 

ferrous iron oxidation pathway is encoded by the Cyc2 gene. The present computational research 

examines the effect of a novel Cyc2 mutation (F312Y) to enhance conformational flexibility of the 

mentioned protein for target recognition. Molecular dynamic simulations (MD) of wild and mutant 

types of Cyc2 protein were carried out. By analyzing RMSD, RMSF, SASA, Rg, H Bond, DSSP, 

PCA, ED, DCCM, FEL and EM the conformational variations of mutated protein were studied. The 

results of the RMSF analysis represent an increase in the flexibility of the ligand after mutant. 

Eventually, the flexibility of the active site probably improves electron transfer by increasing the 

amount of Eo at the mutation point. Our results confirm that the mutated protein retains its stability 

during the simulation. With the conversion of Phenylalanine 312 into Tyrosine, an alpha-amino acid 

with hydrophobic and nonpolar side chains changes to a polar side group with an extra -OH group. 

This resulted in more intracellular hydrogen bonds. Furthermore, the mutant variant was more stable 

than the wild-type. Findings from the present study indicate that an interface between the F312Y 

mutation and rusticyanin activation could improve the electron transfer rate and yield fruitful insight 

into site-specific mutagenesis studies. 
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1. Introduction 
Cyc2 is the first protein in the respiratory 

chain of the Acidithiobacillus ferrooxidans 

bacterium, playing an imperative role in 

electron transfer. These bacteria are 

involved in a bioleaching process in which 

metals are extracted from ores. If the ore 

does not have enough metal to be extracted 

through chemical methods, then bioleaching 

is a suitable technique. Acidithiobacillus 

ferrooxidans, is among the highly valuable 

bacteria that primarily use sulfur or iron 

oxidation (Fe2+) compounds as its energy 

source (Yarzábal et al., 2002). The Cyc2 

protein, placed in the outer membrane, 

encodes the cytochrome c and hence it 

could be the first electron transporter inside 

the respiratory ferrous iron oxidation 

pathway (Valdés et al., 2008). Complex IV 

(COX), attached to the plasmalemma, acts 

as the electron acceptor. Electron transfer 

takes place via a group of periplasmic 

proteins, inclusive of copper proteins, RCy, 

and at least one cytC (Yarzábal et al., 2002). 

It has been determined that RCy, Cyc1, 

Cyc2, and aa3-type cytC oxidase are 

essential components of the ferric iron 

oxidation system. Biochemical studies have 

shown that the high molecular weight Cyc2 

in OM oxidizes Fe
2+

 followed by 

transportation of the electrons to O2 through 

RCy, periplasmic Cyc1, and eventually Cox 

domain in the internal membrane (IM) 

(Quatrini et al., 2006). Finally, these 

proteins produce a water molecule via O2 

reduction (Lyons et al., 2012). Recently, it 

has been suggested that the proteins needed 

for downhill pathway transfer of electrons 

are ordered as supercomplexes that are 

located in the OM, IM, and periplasm (Patra 

et al., 2013). However, the character and 

subcellular localization of the primary 

electron acceptor from ferrous sources 

remain undetermined (Yarzábal et al., 2002, 

Er et al., 2011, Abriata 2018). Similar to 

many membrane proteins, studying Cyc2 in 

the laboratory is quite challenging, and as of 

now, there is no available structure that can 

be used as a template for modeling. The 

Cyc2 has four sections made up of a signal 

peptide, a cytochrome-like haem-binding 

domain, a flexible protein linker, and a large 

transmembrane beta-barrel domain. The 

beta-barrel and cytochrome-like haem-

binding domains connect via a flexible 

protein linker. The cytochrome-like domain 

may be present in three possible places (in 

the periplasm or outer cell space, and within 

the β-barrel domain) (Abriata, 2018) to 

oxidize Fe
2+

 and obtain electrons from it, 

then give it to proteins such as RCy in the 

periplasm. The secondary structure likely 

includes an N-terminal alpha-helix that 

aligns with the presumed targeting signal, 

followed by three shorter helices and 

multiple β-strands (Abriata, 2018). Due to 

various interactions between haem and the 

surrounding amino acids, haem-containing 

proteins carry out many biological 

functions. In A. ferrooxidans, the haem C 

group of Cyc2 performs an important 

biological function in transporting the 

electrons released by Fe
2+

 oxidation. One of 

the residues, Phe312 of the outer membrane 

resided cytochrome C, performs an 

important part in the diffusion of the stream 

of electrons from haem C group to Asp73 of 

RCy (Patra et al., 2013). The hydrophobic 

residues on the external side of the barrel, 

along with the polar residues at its surface 

are introduced as an integral membrane 

protein (IMP). Cytochrome-like domain has 

three sizes of 25, 20, and 20 Å; hence it 

could fit inside the β-barrel domain or in the 

periplasm, either resting or with the liberty 

to skip through the region in the 

extracellular membrane localization. In the 

first case, the static ferrous oxide enters the 

barrel and delivers the electrons from its 

base to the periplasmic surface, so the 

downstream electron receptor protein 

should be placed there. In the second 

situation, the dynamic Cyt-like domain can 

float about in the barrel to catch ferrous 
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oxide ions from the outside, after which 

releases them across the barrel in the 

direction of the periplasm. In other words, 

the Cyt-like domain is in two feasible 

places: exposed to the periplasm or outer 

cell space, or docked inside the β-barrel 

domain. It is essential that the two electron 

receivers from Cyc2, RCy, and Cyc4 would 

not be placed in the Cyc2 barrel (Yarzábal 

et al., 2002; Valdés et al., 2008; Patra et al., 

2013; Abriata, 2018). 

Gooley et al. (1992) demonstrated that 

converting Tyr to Phe through mutation 

resulted in a decrease of 59 mV in the 

redox potential (Gooley et al. 1992). 

Similarly, Kolling et al. (1993) found that 

substituting Tyr with Phe156 led to a 

reduction of 45 mV in the redox potential 

(Kolling et al., 2007). Given the above 

two sentences, the mutation of Phe to Tyr 

can increase the redox potential. We 

selected this specific mutation due to the 

extra hydroxyl group in tyrosine 

compared to phenylalanine, which can 

enhance intramolecular hydrogen 

bonding. Also, The Hot Spot server 

suggested F312Y for mutation. Therefore, 

there is a greater tendency to receive 

electrons from heme C and, improve the 

electron transfer speed. 

 

2. Materials and Methods 
2. 1. Homological Based Modeling and 

its Validation  
The sequence of Cyc2 protein containing 

485 amino acids was obtained out of the 

Universal Protein Resource (UniProt, 

http://www.uniprot.org) (Id code: B7JAQ7). 

But it has no crystallographic structure. A 

template structure of Cyc2 protein (PDB ID: 

2WJQ) with a resolution of 2.00 Å was used 

for homology modeling using Modeler 

software (version 9.1.2). The best pdb file 

was selected according to DOPE. To 

validate the structural integrity of both the 

wild-type and mutant forms, several servers 

were utilized, including ProSA-web 

(https://prosa.services.came.sbg.ac.at), 

QMEAN 

(http://swissmodel.expasy.org/qmean), 

Verify 3D 

(http://servicesn.mbi.ucla.edu/Verify3d/) 

along with RAMPAGE 

(http://mordred.bioc.cam.ac.uk/~rapper/ram

page.php) (Ghasemi et al., 2016). 

 

2. 2. In Silico Mutation Analysis 

The web-version of DUET 

(http://biosig.unimelb.edu.au/duet/stability), 

iStable 

(http://predictor.nchu.edu.tw/iStable/), I-

Mutant2.0 (http://folding.biofold.org/cgi-

bin/i-mutant2.0.cgi) along with MUpro 

(http://mupro.proteomics.ics.uci.edu/) 

servers were used for the prediction of 

protein stability upon point mutations 

(single amino acid substitution). 

DUET is a web server that predicts the 

changes in protein stability (ΔΔG) via an 

integrated computational approach (Pires 

et al., 2014). The server iStable is an 

integrated analyzer of protein stability 

modifications upon single mutations 

(Chen et al., 2013). MUpro functions as a 

server that predicts protein stability 

variations for single-site mutations from 

sequences (Cheng et al., 2006). I-

Mutant2.0 acts as a tool for prediction of 

protein stability upon single point 

mutations from the protein sequence and 

structure (Capriotti et al., 2005). 

 

2. 3. Simulation System Setup 

Cytochrome c2 was inserted into a lipid 

bilayer consisting of 38592 POPC lipids 

followed by equilibration for 100 ns MD 

simulations using GROMACS (v 2021.2). 

The Simulation of POPC bilayer was 

performed applying Amber force field 

ff99SB. Proteins wild and mutant were each 

placed separately in a simple cubic box with 

dimensions of 17.38×17.38×17.38 nm 

(Pearlman et al., 1991). Additionally, 

through the deletion of POPC molecules, a 

https://prosa.services.came.sbg.ac.at/
http://swissmodel.expasy.org/qmean
http://servicesn.mbi.ucla.edu/Verify3d/
http://mordred.bioc.cam.ac.uk/~rapper/rampage.php
http://mordred.bioc.cam.ac.uk/~rapper/rampage.php
http://biosig.unimelb.edu.au/duet/stability
http://predictor.nchu.edu.tw/iStable/
http://mupro.proteomics.ics.uci.edu/
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hole with an identical proportion as the 

protein location was created in the lipid 

bilayer (Faraldo-Gómez et al., 2002). Then, 

a computer simulation run was performed 

wherein the lipid molecules at the perimeter 

of the hole were faced with forces 

perpendicular to a molecular surface, 

brought about from the protein insertion. 

Then, Na
+
 and Cl

-
 ions with SPC water 

molecules were added to neutralize all 

systems (Berendsen et al., 1981). After 

5000 steps of energy minimization (Jafari 

and Mehrnejad 2016), MD simulation was 

run in NVT and NPT groups. Periodic 

border settings were engaged in all three 

directions (x, y, and z).  

The SPC model represented water. 

Temperature was kept constant at 300 K 

while 1 bar pressure was fixed using the 

modified Berendsen algorithm (Berendsen 

et al., 1984). To confine bond lengths, the 

atomic positions and velocities were saved 

every 50,000 ps using the LINCS 

algorithm. A time step of 2 fs was used to 

determine the conformational changes of 

Cyc2 protein (Hess et al., 1997).  

 

2. 4. Trajectory Analysis 

Molecular dynamics simulation data were 

analyzed using the obtained trajectory files 

together with structural behavior. Moreover, 

a comparative analysis for the wild and 

mutant types was conducted. During the 

simulation root-mean-square deviation 

(RMSD), root-mean-square fluctuation 

(RMSF), radius of gyration (Rg), solvent-

accessible surface area (SASA), hydrogen 

bonds (H-bond), distance and thickness, 

Define Secondary Structure of Proteins 

(DSSP) analysis, principal component 

analysis (PCA), essential dynamics (ED), 

dynamic cross correlation map (DCCM) 

and free energy landscape (FEL) were 

determined. Principal components analyses 

(PCA) of Cα atoms of all systems were 

performed to distinguish the crucial motions 

following the simulation of conformational 

transitions. The analyses were performed 

using the approach from Amadei et al., and 

de Groot et al., in which a covariance 

matrix of Cα atomic fluctuation (C) was 

constructed to give eigenvectors and the 

corresponding eigenvalues, where 

eigenvectors indicate the direction of 

motion along the principal components, and 

the corresponding eigenvalues denote the 

mean square fluctuations related to the 

principal components (Bekker et al., 1993, 

Berendsen et al., 1995, Lindahl et al., 2001, 

Van Der Spoel et al., 2005). Essential 

Dynamics (ED) is a common application of 

principal component analysis (PCA). 

Subsequent to the determination of 

dispersion matrix made from fluctuations of 

atomic positions in the trajectory, a set of 

eigenvectors and corresponding eigenvalues 

were generated. Essential dynamics is a 

powerful analysis to compare ED 

characteristics of two simulations on almost 

identical systems. In our research, we 

conducted combined ED on a trajectory 

made by concatenating the F312Y-mutant 

together with wild-type from the MD 

trajectories. Comparing and analyzing the 

properties of various sections of the 

projection throughout the length of the 

combined eigenvector impart a potential 

method to evaluate similarities and 

differences in equilibrium between these 

two systems (Amadei et al., 1993, Balsera 

et al., 1996). For the time correlation motion 

detection of all pairs of Cα atoms between 

the wild and F312Y-mutant systems, 

Dynamic cross correlation map (DCCM) 

analyses were employed (Ichiye and 

Karplus 1991). Free energy landscape 

(FEL) represents the possible distribution as 

an outcome of the varying element(s) of the 

protein system that assists one to envisage 

the permanence of different protein 

conformations. The permanence of the 

protein is explained in terms of Gibb’s free 

energy. It is a function of the enthalpy-

entropy compensation of protein that 
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analyzes the different conformational states, 

which plays a significant role in structure-

function correlation of proteins. 

Determinations of free-energy values for 

backbone atoms of both wild and F312Y-

mutant systems were executed using 

GROMACS (Amadei et al., 1993, De Groot 

et al., 1996). 

 

2. 9. Statistical analysis 

Our results were analyzed using SPSS 

v19.0 and presented as mean ± standard 

error of the mean (SEM). All facts and 

figures were assessed using a t-test, and 

statistically significant resluts were 

accepted at p<0.05. 

 

3. Results 
3. 1. Homology-Based Modeling of 

Wild-Type and Mutant Structures 

The results of PorSA-web and QMEAN Z-

score indicated that the models have the 

desirable qualities. Besides, Verify 3D had 

an averaged 3D-1D score≥ 0.2 and 

RAMPAGE showed residues in the allowed 

region (Ghasemi et al., 2016). 

Subsequently, protein stability was assessed 

using four servers including DUET, I-

Mutant2, MUpro, and istable that are 

presented in Table 1. The results illustrated 

the stability of the protein structure after 

mutation. The three-dimensional protein 

structures of the wild-type and F312Y 

mutant were visualized using PyMOL 

(http://sourceforge.net/projects/pymol/) 

following the MD simulations and 

subsequent analyses with GROMACS 

(Figure 1). 

 

3.2.TheResults of MD Simulation Analysis  

MD simulation study was performed for 

each of the wild and mutant variants to 

identify the structural modification of 

F312Y mutation on the Cyc2 protein in a 

dynamic system. To perform a search for 

structural modifications due to mutation, 

RMSD, RMSF, Rg, SASA, H-bond, 

DSSP, Mean smallest distance, APL-

thickness, PCA, ED, DCCM, FEL and 

EM were used. The results of RMSD, 

RMSF, Rg, SASA and H-bond show the 

stability of the protein structure after 

mutation (Figure S1, Table S1). The 

following images depict the modification 

of the Cyc2 protein secondary structure of 

both wild-type and F312Y mutant variants 

during the simulation (Figure 2). 

Alterations in the protein's secondary 

structure during the simulations are 

illustrated in Figures 2A-C. The DSSP 

method was utilized to determine the 

content of secondary structural elements 

of proteins. Analysis of Cyc2 secondary 

structure at the outer membrane shows 

that each of β-sheets, bends, and 310-

helices presented increases of +0.01. This 

was compensated by reduction of -0.02 

and -0.01 in the contents of coils and β-

bridges, respectively. According to the 

results, β-sheets, 310-helices, and bends 

were the dominant secondary structure 

elements in both systems (Table 2 and 3). 
 

3.3. Principle Component Analysis (PCA) 

The scatter graph constructed for the wild-

type and F312Y mutant, as displayed in 

Figure 3, indicates a slight variation 

between the two systems. The overall 

movement of the two systems, as displayed 

in the graph, is similar. The molecular 

alterations are represented in the atomic 

density plot (Figure 3A). 

 
Table 1. Prediction of protein stability changes upon point mutations at 30 

o
C and pH 2 

Parameters / Predictor 

G  Confidence Score 

DUET I-Mutant2  MUpro I-stable 

0.062 -0.42  1 0.825 

http://sourceforge.net/projects/pymol/
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Figure 1. Structural model of Cyc2 (A) Structure of wild-type Cyc2 (cartoon model) and Phenylalanine 

(CPK model). (B) Structure of F312Y-mutant Cyc2 (cartoon model) and Tyrosine (CPK model). 

 
Table 2. Percentage of secondary structure of wild and mutant protein (F312Y) during 100 ns of MD 

simulation 
      Secondary Structure (%) 

Strain 
Structure Coil β-sheet β-Bridge Bend Turn -Helix 310-Helix 

Wild-type 100 42 29 3 12 11 2 1 
F312Y Mutant 100 40 30 2 13 11 2 2 

 
Table 3. The average for the secondary structure of wild and F312Y mutant during 70 ns of MD simulation. 

The values of DSSP have been given in numbers 
Secondary Structure Structure Coil β-sheet β-Bridge Bend Turn A-Helix 3-Helix 

Wild-type 
F312Y Mutant 

100 
100 

93.33 
88.88 

62.22 
66.66 

6.66 
4.44 

26.66 
28.88 

24.44 
24.44 

4.44 
4.44 

2.22 
4.44 

 

 
 

 
Figure 2. The wild-type secondary structure compared to the hot spot mutant form (F312Y). (A, B, and C) 

The DSSP timeline plots (70 ns) of wild-type and F312Y mutant systems at 300 K. 

C 
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A slight variation in the density dispersal 

of the wild compared to the F312Y variant 

was observed. Besides, the mutant structure 

shows higher atomic density dispersal 

compared to the wild-type. Furthermore, the 

F312Y mutant complex populates an 

identical phase space and demonstrates a 

higher fluctuation compared to the wild-

type. The Cross-correlation matrix and a 

plot of the correlated and anti-correlated 

movements in the wild- type and mutant 

systems are shown in Figure 3A. 

Particularly, F312Y single mutation 

produced an alteration in the profile of the 

cumulative correlation movements. This 

impact shows that a partial folding of the 

mutant protein area has primarily anti-

correlated movement that is largely taking 

part in contact with other spheres. 

3. 4. Essential Dynamics (ED) 

Essential dynamics analysis of MD 

trajectories of the wild-type and F312Y 

mutant variant structures revealed that just 

a small number of eigenvectors have 

important eigenvalues (Figure 3B). 

Diagonalization of the covariance matrix 

indicated that the mutant system 

encountered a greater magnitude of 

fluctuation in the course of simulation. 

Specifically, every one of the first 3 

eigenvectors has a greater eigenvalue 

during F312Y variant simulation relative 

to the wild-type simulation (Figure 3B). 

The upper triangle of the correlation map 

observes only cross-correlations larger 

than 0.5 (absolute values). Therefore, the 

upper triangle shows merely the most 

correlated motions. 

  

     
 

   
 

Figure 3. Dynamic consequences of the F312Y mutation on Cyc2. (A) PCA scatter plot of the first two 

principal components, PC1 and PC2. (B) Essential dynamics analysis. (C and D) Comparison of cross 

correlation matrices of wild-type (C) and mutant variant (D). 

A 
B 
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3. 5. Mutation Induced Changes in 

Hydrogen Bond Formation and Their 

Function in Dynamic Cross Correlation  

In this study, the dynamic cross-correlation 

map (DCCM) was obtained for all the 

systems (Figure 3C and D) at 300 K. 

The authors related their findings with 

the impact of mutation-induced stabilization 

(or destabilization) of hydrogen bonds on 

the protein. The color sequence goes from 

blue (-1) via white (0) to red (+1). The 

negative values are representative of 

anticorrelated displacements (in the 

opposite direction), while positive values 

represent correlated displacements (in the 

same direction). The overall reduction in the 

positive correlation, seen in the wild-type 

system, could be mainly due to the 

destabilization of several hydrogen bonds. 

The above-mentioned findings indicate that 

both F312Y and wild variants presented a 

reduction in the positive correlation. They 

also demonstrated that the higher positive 

correlation in different areas of the mutant 

can be ascribed to local (in F312Y) impacts 

of combined mutations developed from the 

stabilization of various sets of hydrogen 

bonds. 

 

3. 6. Free Energy Landscape (FEL) 

As shown in Figure 4, FEL was generated 

for all Cα of both systems. The study of 

FEL using the first and second principal 

components (PC1 and PC2) revealed ΔG 

values of 0 to 6.71 kJ/mol for the wild-

type and 0 to 6.15 kJ/mol for F312Y 

mutant variant. The size and shape of the 

minimal energy surface (blue area) exhibit 

the stability of a system. Smaller and more 

condensed blue zones indicate a greater 

stability of the corresponding complex. 

The lowest energy for wild-type system 

was 0.28 kcal/mol and 0.256 kcal/mol for 

the mutant variant, revealing that F312Y 

mutation influences the overall 

conformational stability of the system 

(Figure 4A and B). 

 
 

 
 

Figure 4. Free energy landscape of wild and 

F312Y mutant variant conformational space onto 

PC1 and PC2 obtained from PCA. Free energy 

landscape of the first two principal components 

(PC1, PC2) for wild (A) and mutant (B). Dark blue 

and red display the lowest and the highest energy 

configurations, respectively. 

 

4. Discussion  
Cyc2 is the first enzyme of the respiratory 

chain which transfers electrons across the 

external membrane to proteins like 

rusticyanin in the periplasmic space. 

Cytochrome c gains the electrons through 

the oxidation of Fe
2+

. Molecular dynamics 

simulation of the wild-type and F312Y 

mutant variants revealed the effect of 

mutations at the atomic level. An analysis 

plan was used to calculate protein changes 

during the simulation. The trajectory 

analysis indicated minor changes in the 

protein’s conformational stability. 
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Molecular dynamics simulation provided 

a chance to also assess the role of this 

mutation in the intermolecular interactions 

that enhance electron transfer efficiency.  

Shojapour et al. indicated that Cyc and 

Cox are linked via water molecule No. 76, 

via two amino acids of His53 in Cyc, and 

Glu126 in Cox through hydrogen bonding. 

H53I mutation reduces the distance 

between isoleucine and water numbers 

2030 and 2033 (which is below the 

protein toward CoxB). Therefore, reduces 

the distance between isoleucine and the 

water molecule 76 compared to histidine, 

resulting in a stronger hydrogen bond 

between the two proteins Cyc1 and CoxB 

(Shojapour et al., 2021). As a result, the 

electron transfer rate increased between 

Cyc2 and Rus (Gooley et al., 1992). 

Increasing the H-band and decreasing the 

amount of both Rg and SASA indicates 

protein more compactness and greater 

structural stability. The changes in RMSD 

and RMSF are very small and did not affect 

protein instability (Er et al., 2011; Imani et 

al., 2018). 

In the mean smallest distance analysis 

we have characterized the mean inter-chain 

contacts of both wild Cyc2 and F312Y 

mutant obtained from MD simulation. Only 

slight variations are observed in the 

interdomain contacts of α3 and α3 chains. 

Therefore the residue‐residue contacts 

between wild Cyc2 and mutated F312Y do 

not show significant variations. From 

contact map analysis, it is obvious that 

contacts between residues are not disturbed 

in mutated F312Y indicates stabilization of 

Cyc2 structure after mutation (Imani et al., 

2018). Our results were similar to Pahari 

and his et al research (Pahari et al., 2013). 

The distribution of protein, protein-

POPC and POPC atoms before and after 

mutation, indicated  that the F312Y 

mutated protein structure occupied less 

space than the wild-type. This was a very 

small decrease. This was in parallel with 

the results of the alteration in the second 

structure of the protein after the mutation. 

By conversion of phenylalanine 312 into 

tyrosine, an α-amino acid with 

hydrophobic and nonpolar side chain is 

converted to an amino acid with a polar 

side group with an extra -OH group that 

ultimately increases intramolecular 

hydrogen bonds. Consequently, the 

structure of mutated proteins was more 

stable than the wild-type. Therefore, the 

protein structure can be relatively compact 

and occupy less space. In Rayapadi et al. 

study, it was observed that the mutated 

protein structure took up a slightly larger 

region than the wild-type after the D835N 

mutation in fetal liver tyrosine kinase 3 

(FLT3). The results from the mentioned 

study indicated that after converting an 

acidic amino acid to a hydrophilic one, the 

density increased and the protein structure 

became slightly more open and therefore 

occupied more space (Swetha et al., 2016). 

According to the secondary structure 

prediction studies, Cyc2 does not have 

any α-helices long enough to cross the 

internal membrane (IM) (Quatrini et al., 

2006). It contains a known outer 

membrane beta-barrel domain, with an N-

terminal expansion that probably has a 

small cytochrome-like domain containing 

a haem group. Phe312 receives an 

electron from haem C and gives it to 

Asp73 of rusticyanin. Therefore, based on 

the results from molecular dynamics 

simulations like Rg, SASA, Hbond, etc., 

we can conclude that the protein is more 

compact and stable after the mutation. 

Moreover, the electron transfer rate 

between phenylalanine 312 of Cyc2 and 

Asp 73 of rusticyanin may increase. As a 

result, the bioleaching rate will probably 

increase. Furthermore, based on MD 

results, it can be predicted that the 

stability of the Cyc2 upon F231Y 

substitution will increase. Therefore, the 

affinity of the Cyc2- rusticyanin 
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interaction could be modified and 

biological function of Cyc2 as the main 

protein in the electron transfer further 

activated.  

The stability and function of proteins are 

two important interdependent properties to 

consider in protein structure. Mutations that 

negatively affect either the stability or 

function of a protein directly affect the 

other. Hence, the stability of a protein plays 

a key role in maintaining its function 

(Sudhakar et al., 2016). 

Essential dynamics analysis was 

performed on the wild-type and F312Y 

mutant variant. This analysis is applied to 

control the overall strenuous motions of 

the complex. Our results show that the 

overall motion between the two systems 

was similar. It meant that anti-correlated 

motions were observed in both systems. 

There is a significant difference between 

our results and the data from previous 

studies. Imani et al. demonstrated that 

leucine-to-proline substitution showed 

higher fluctuation compared to the wild-

type (Imani et al., 2018). This was 

associated with two different types of 

amino acids in contrast to the present 

study, which addressed the substitution of 

similar amino acids (phenylalanine to 

tyrosine). Therefore, it can be deduced 

that attaining consistent distribution 

patterns between the wild-type and mutant 

variants is crucial. In order to compare the 

fluctuations of eigenvectors with 

eigenvalues in the wild and mutant 

systems, we used ED analyses of MD 

trajectories.  

Since Cyc2 interacts with Asp73 of 

rusticyanin to transfer the electron in the 

respiratory system, we can suggest that 

the increase of the first 3 eigenvectors 

leads to improved flexibility and the 

potential binding affinity between Cyc2 

and rusticyanin. 

It is commonly acknowledged that the 

computational and theoretical 

methodologies, such as molecular dynamics 

simulation, PCA, and FEL, serve as 

valuable tools for assessing the effects of 

point mutations on protein function and 

structure (Martin et al., 2011).  

To explore the local and universal 

physicochemical effects of the mutations 

on the conformational diversity and 

protein stability, we constructed the FELs 

of the wild and mutant systems in the 

course of simulation. Mutation of residues 

decreased the overall binding energy by 

~0.6 kcal/mol in addition to modifying the 

landscape of the protein. Our results 

showed that mutation of the key residue 

near the binding site of rusticyanin 

influenced the overall conformational 

landscape of the system. Our results were 

not consistent with the Imlimaong Aier et 

al. study, because they assessed the 

impact of the mutation on the enhancer of 

zeste homolog 2 (EZH2). Mutation of 

residues improved the overall binding 

energy by ~ −0.6 kcal/mol. In addition, 

the mutation modified the landscape of the 

protein and the atomic interaction among 

the ligand-protein and the involved 

residues. Imlimaong Aier et al. (2016), 

maintained that the mutation of two key 

residues near the active site impacts the 

general conformational landscape of the 

system and consequently alters the 

interaction network. However, F312Y 

caused a decrease in free energy landscape 

or Gibbs energy during the simulation 

time. Therefore, the conformational 

structure of the protein can be more stable 

compared to the wild-type.  

Also, the energy minimization (EM) 

value at position 312 in wild and mutant 

bacteria was 30.018 and -36.112, 

respectively. This decrease in EM after 

the mutation indicates greater stability of 

structure and the accuracy of other 

analyses (Xu and Zhang 2011). 

Differences in redox oxidation 

potential in chain components lead to 
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electron transfer in the chain. There is a 

direct relationship between electron 

reception and the amount of oxidation 

potential (Eo). The amount of Eo is 

managed by axial ligand mutation 

(Thomann et al., 1991). Due to the change 

in the dielectric constant around the axial 

location, the Eo value changes. The 

increase of the Eo value is directly related 

to the attenuation of axial ligand 

interaction (Tyr312). Therefore, it can be 

said, a weak axial ligand (Tyr) 

enhancement the redox potential (Kanbi et 

al., 2002). In addition, the results of the 

RMSF analysis show an increase in the 

flexibility of the ligands after mutation, 

where Tyr312 had an increase in the 

RMSF value than the wild-type (F312= 

0.01948, Y312= 0.01955). According to 

these results, the F312Y mutation reduces 

stability at the active site. Therefore, 

active site flexibility causes an increase in 

the value of Eo. 

The increase in the flexibility of the 

ligands in the active site as well as the 

increase in the hydrophobicity parameter in 

this region indicates significant instability at 

the active site of the mutant protein 

(Jafarpour et al., 2020). Δs Eo increases at 

the point of mutation, the tendency to 

receive electrons from previous parts of the 

electron transfer chain, followed by the 

bioleaching efficiency of the bacterium, 

increases. According to the ΔG equation, 

the value of ΔG is inversely related to the 

value of ΔS (1).  

ΔG = ΔH – TΔS                                     (1) 

ΔG is the change in Gibbs free energy, 

ΔH is the change in internal energies, T is 

the temperature in Kelvin and ΔS is the 

change in ligand flexibility and increasing 

with ΔG decreases. Also, according to the 

Nernst equation, the redox potential (Eo) is 

related to the change in free energy (ΔG) 

between the reactant and the product state in 

the redox reaction (Li et al., 2015).  

Eg= -ΔG/nF                                            (2) 

Where n is the number of electrons 

transferred and F is the Faraday constant 

(2). Thus, the calculation of the redox 

potential is correlated to the calculation of 

the free energy change. By decreasing 

ΔG, the amount of redox potential 

increases, and electron transfer and 

bioleaching are improved. 

 

5. Conclusions 
In general, the analysis results (hydrogen 

bonds, DSSP, mean smallest distance, 

density, RMSD, RMSF, Rg, SASA, H-

bond, PCA, ED, DCCM, FEL, and EM) 

show that the protein  structure has 

become more compact after the mutation 

(F312Y). The folding of the protein 

indicates its stability after mutation. Also, 

the stability of a protein plays a key role 

in maintaining its function. Comparison 

between previous studies and our research 

revealed the importance of tryptophan, 

tyrosine, and phenylalanine in electron 

transmission. 

The results of RMSF analysis were 

followed by increased Eo, and a more 

tendency to receive electrons. For future 

studies on mutation, we propose a careful 

investigation of electron transfer 

improvement through QM/MM 

calculations, as well as determine the Eo 

changes of mutant protein using MD and 

QM computational methods. Moreover, 

selecting the optimal mutant identified via 

bioinformatics methods could facilitate the 

cloning of bacteria with mutations, thereby 

enhancing the bioleaching process. 
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