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Abstract
In the present study, sequence and structural aspects of five bacterial chromate reductase-related enzymes from Escheri-
chia coli, Pseudomonas putida, Shigella flexneri, and Synechocystis sp. have been investigated. Comparative sequence 
analyses of different chromate reductase family enzymes showed that Ser13 in E. coli quinone reductase remains con-
served among most of the homologous proteins and plays an important role in Flavin mononucleotide (FMN) binding. 
Comparative protein–ligand binding energy calculation from the docking of all the five modeled complexes of bacterial 
chromate reductase-related enzymes depicted that quinone reductase from S. flexneri has the highest binding affinity 
(−7.97 kcal/mol) with FMN. Molecular interactions study suggested that the quinone reductase from P. putida has the 
highest number of bonded interactions with FMN. In silico mutation design (Y85N) in E. coli ChrR confirmed the significant 
role of Tyr85 residue in maintaining the network established at the tetramer interface of this enzyme during substrate 
interaction. Analyses from molecular simulation trajectories also suggested that the mutant E. coli ChrR is much stable 
than the wild-type form during the interaction with substrate FMN. The present study revealed the interrelationship 
between the structure and function of bacterial chromate reductase-related enzymes which will help to understand 
their importance in chromium bioremediation.
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1 Introduction

Global industrialization and urbanization along with sev-
eral natural processes have led to a serious threat to the 
ecosystem due to the contamination of toxic heavy metal 
ions. Heavy metals being a major category of globally-
distributed pollutants, as well as detrimental to both 
humans and other living organisms. Chromium, a naturally 
occurring heavy metal commonly used in many industrial 
manufacturing processes is responsible for major indus-
trial and environmental pollution. The main chromium 
industries include metal plating and finishing, leather and 
textile manufacturing, electro-painting industries which 
discharge huge quantities of toxic metal ions to the sur-
rounding environment [1–3]. Being non-degradable, chro-
mium gets accumulated and persists in nature for a long 

time and may enter into the food chain causing remark-
able health damage.

Chromium has been ranked as 17th among the most 
hazardous substances according to the Agency for Toxic 
Substances and Disease Registry (ATSDR) USA, 2017 [4]. 
Chromium occurs in different valency states, but sta-
ble states of chromium in the environment are Cr(VI) 
and Cr(III). Mining and industrial activities are the major 
sources of hexavalent chromium (VI) in the environment. 
Chromium (VI) is toxic to all forms of living systems includ-
ing microorganisms which cause oxidative stress, DNA 
damage, and altered gene expression. Besides, Cr(VI) has 
been found to exhibit carcinogenicity, teratogenicity, and 
mutagenicity. Cr(VI) exposure in the environment causes 
serious health problems such as skin allergies, vomiting, 
diarrhea, brain damage, and premature death in mammals 
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as well as in plants it causes metabolic alterations, poor 
seed germination, stunted root growth, photosynthetic 
impairment, and death [5]. On the other hand, the triva-
lent chromium, Cr(III) is less toxic and relatively stable in 
the environment. Therefore, a reduction of Cr(VI) to Cr(III) 
is an immediate measure to undertake for the bioremedia-
tion of hexavalent chromium and reduce environmental 
pollution [6, 7].

Several reports have shown the characteristics of micro-
organisms and their enzymes in the biological reduction of 
Cr(VI) from different contaminated sources [8]. The biologi-
cal reduction of Cr(VI) to less toxic Cr(III) has been consid-
ered to be one of the most practical and useful methods 
[9, 10]. The detailed Cr(VI) reduction mechanism has been 
elaborated by different groups of microorganisms, and the 
potential of the enzyme chromate reductases in bioreme-
diation of Cr(VI) has also been investigated [11]. As com-
pared to physicochemical and other treatments, biological 
reduction of Cr(VI) is an economical and environmentally 
friendly process. However, chromium bioremediation is a 
challenging task as Cr(VI) remains at a high concentration 
in groundwater and deeper soil [12]. Another ultimatum in 
the way of chromium bioremediation is that the Cr(VI) can 
easily disperse through the cell membrane with high solu-
bility. A variety of Cr-resistant bacteria with high Cr(VI)-
reducing potential have been reported to reduce Cr (VI) 
to Cr (III) which include Pseudomonas, Bacillus, Enterobac-
ter, Deinococcus, Shewanella, Agrobacterium, Escherichia, 
Thermus, and many other species; thus, reduction by these 
enzymes affords a means of chromate bioremediation [13, 
14]. The enzyme chromate reductase participates in the 
transfer of electrons during the reduction process and is 
an important candidate for bioremediation program [15].

Some chromate reductases alternatively called FMN 
reductases like nfrA2 from Bacillus subtilis are also able to 
reduce chromate [16, 17]. This class of enzyme reduces 
 FMNH2 to FMN, with the help of NADH or NADPH as 
reductant as well as also can reduce nitroaromatic com-
pounds (hydroxybenzaldehyde), quinones, chromates, 
and azo dyes. FMN plays important role in binding with 
the active site in the enzymes of the chromate reductase 

family such as FMN reductase, N-ethylmaleimide reduc-
tase, and quinone reductase. FMN remains mainly involved 
in the reduction of Cr(VI) to Cr(III) through electronic trans-
mission from NADPH to Cr(VI) [18, 19].

Enzymes and its activity can be investigated in a sim-
ple manner and in a shorter time with the help of In silico 
study, whereas experimental techniques are laborious, 
time-consuming, and also demand sophisticated and 
expensive infrastructures [20]. In silico structure-based 
study of proteins has now been widely and most fre-
quently used in modern scientific world along with both 
the in vitro and in vivo experimental works. In this view 
to understand the mechanism by which FMN-depend-
ent chromate reductases efficiently reduce toxic envi-
ronmental chromium contaminants, different standard 
in silico approaches have been performed for a class of 
various bacterial chromate reductase-related enzymes. 
Sequence conservativeness in substrate (FMN) binding 
sites and phylogeny interrelationship have been deter-
mined for those enzymes. Three-dimensional structures 
of enzymes are crucial for understanding the correlation 
between their structure and function. Homology mod-
eling was applied for the 3D structure prediction, impor-
tant domains, and motifs analysis for different chromate 
reductase-related enzymes. Computer-based molecular 
docking is an important method to determine the inter-
action between enzymes and substrate and evaluate the 
binding modes and energy of the enzyme–substrate com-
plex [21, 22]. In the current study, molecular interaction 
between different chromate reductase-related enzymes 
and FMN was determined along with their binding energy 
based on the complex prepared from molecular docking. 
For more detailed and in-depth understanding of protein’s 
structure, function, and its actual reaction mechanism in 
real-time dynamical condition, a semi-empirical technique 
called molecular dynamics simulations (MDS) has now 
been mostly used. Therefore, in the current study, MDS 
has been performed to investigate comparative dynam-
ics behavior and the stability of the wild-type and mutant 
quinone reductase from E. coli during the interaction with 
FMN. The study of this structural and dynamic aspect 

Table 1  Template selected for homology modeling of different bacterial chromate reductase-related enzymes

Uniprot ID Enzyme name Organism name Protein sequence 
length

Reference template 
selected for model building 
(PDB ID)

P0AGE7 Quinone reductase Escherichia coli 188 IVYR
Q88FF8 Quinone reductase Pseudomonas putida 186 3SVL
P0AGE8 Quinone reductase Shigella flexneri 188 2Q62
P77258 N-ethylmaleimide reductase Escherichia coli 365 3U7R
P74312 Quinone reductase Synechocystis sp 206 3SVL
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would help in designing more potent chromate reductase-
related enzymes in the future which could have effective 
use in the reduction of environmental chromate pollution.

2  Materials and methods

2.1  Comparative sequence alignment 
and molecular modeling

Five amino acid sequences of bacterial chromate reduc-
tase-related enzymes have been taken from UniprotKB 
database (https ://www.unipr ot.org/). These amino 
sequences of these enzymes were selected based on the 
status as reviewed (high quality manually annotated) and 
also their crystal structures have not been solved yet; 
therefore, these protein sequences were taken for pre-
dicting their three-dimensional structure. All the retrieved 
sequences of the chromate reductase-related enzymes 
have been taken for comparative sequence alignment in 
Multalin server [23]. The sequence of quinone reductase 
from E. coli (Uniprot ID: P0AGE6) has been used as a ref-
erence to study the sequence conservativeness of flavin 
mononucleotide (FMN) binding site as the sequence has 
solved crystal structure bound with the ligand FMN [24]. 
For the molecular modeling and identification of FMN 
binding site in different bacterial chromate reductase-
related enzyme, we have used existing crystal structure 
as the reference obtained from BLAST search and based 
on the highest sequence similarity the template structure 
has been chosen as a reference for individual sequence 
[25] (Table 1). All the chromate reductase-related enzymes 
have been modeled using the fold recognition server, 
Phyre2 [26]. All the modeled structures were energy mini-
mized using steepest descent algorithm to obtain the 
lowest energy and stable conformation in NOMAD-REF 
server [27]. The quality of the models of different enzymes 
has been evaluated using PROCHECK [28] in terms of 
Ramachandran plot. ERRAT [29] was used to verify patterns 
of non-bonded atomic interactions and VERIFY3D [30] for 
assessing the compatibility of each amino acid residue in 
their favorable positions.

2.2  Protein–ligand interactions study

Knowledge-based docking approach has been under-
taken to make the protein–ligand complex by using the 
binding grid of flavin mononucleotide (FMN) from the qui-
none reductase (YieF) bound reference structure from E. 
coli (PDB ID: 3SVL) [31] in Autodock Vina [32]. For the muta-
tional study, the Asn85 residue present in the YieF of E. coli 
was mutated with tyrosine residue using in-silico residue 
mutation technique. The resultant docked complex was 

refined using Crystallographic Object-Oriented Toolkit 
(COOT) [33]. In addition with these modeled structures, 
we have also analyzed the structures of five other bacterial 
chromate reductase-related enzymes retrieved from the 
BRENDA database [34]. The molecular interaction of cofac-
tors like FMN and FAD with these enzymes has also been 
studied. For visualization and analysis of the structural 
features and detecting substrate interactions, we have 
used COOT, PyMol [35], and Chimera [36]. Binding affinity 
between chromate reductase-related enzymes and FMN 
has been individually computed using a parallelized meta-
docking method implemented in the DINC server [37].

2.3  Functional domain identification 
and phylogenetic analysis

For the identification of protein families, domains, and 
functional sites in all the modeled and minimized enzymes, 
InterProScan tool was used [38]. For phylogenetic analy-
sis of the modeled and FMN docked chromate reductase 
like enzyme, the amino acid sequences of those proteins 
have been deposited in the MEGA 7.1 software [39]. In the 
MEGA software, all the sequences were aligned pairwise 
firstly and then multiple basis using ClustalW. Phylogeny 
tree of the sequences was built using construct/test maxi-
mum likelihood (ML) statistical model which is based on 
nearest-neighbor-interchange (NNI) algorithm.

2.4  Molecular dynamics simulations

Two complex structures of E. coli ChrR in both its wild-type 
and Y85N mutant form bound with FMN were taken to per-
form MD simulation. All MD simulations were performed 
using the GROMACS 5.1.2 [40] and GROMOS96 43a1 force 
field [41] implemented on Intel Xeon Quad Core W3530 
2.8 8 M 1366 Processor with LINUX environment. Both 
the complexes were solvated in a cubic box each with a 
dimension of 104.940 X 104.940 X 104.940 nm3 containing 
34,644 and 34,652 SPC216 water molecules [42]. All pro-
tein atoms were maintained at a distance of 1.0 nm from 
the box edges during the simulation. MD simulations of 
100 ns were performed at 300 K temperatures for both 
the complex systems. Periodic boundary conditions were 
applied using Berendsen coupling algorithm to maintain 
the isothermal and isobaric conditions with a relaxation 
time of 0.1 and 0.2 ps, respectively [43]. To constrain the 
bond lengths of protein–ligand complexes, LINCS algo-
rithm was used [44]. Electrostatic interactions of the com-
plex systems were calculated using the particle mesh 
Ewald method, while the Van der Waals and coulombic 
interactions were calculated with a cutoff at 1.0 nm [45]. 
The tools provided by GROMACS program package were 
utilized to perform different analyses like RMSD, RMSF, Rg, 

https://www.uniprot.org/
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and SASA from MD trajectories. PyMOL and XMGrace [46] 
programs were used to analyze the results and to prepare 
figures from MD simulation. The covariance matrices of the 
positional fluctuations of Cα atoms during the dynamism 
of proteins were analyzed with PCA [47, 48].

3  Results and discussion

3.1  Comparative sequence alignment

To compare the differences between the retrieved chro-
mate reductases sequences from NCBI and Uniprot data-
base, multiple sequence alignment was performed. From 
the comparative sequence alignment between the chro-
mate reductase-related enzymes from E. coli, P. putida, S. 
flexneri, Synechocystis sp., it has been observed that the 
FMN binding site Ser13 of E.coli (QR_Ec_POAGE6) is fully 
conserved in all the aligned sequences. Another FMN 
binding site, Arg15 of E. coli quinone reductase is shown 
to be conserved in all the compared sequences of chro-
mate reductase-related enzyme except N-ethylmaleimide 
reductase of E. coli (NER_Ec_P77258). In NER_Ec_P77258, 
leucine is present in place of Arg15. As seen from the 
comparative sequence alignment, glycine is present in 
NER_Ec_P77258 in place of Ser18 of QR_Ec_POAGE6. How-
ever, Ser18 from QR_Ec_POAGE6 is shown to be conserved 
among the rest of the aligned bacterial chromate reduc-
tase-related enzymes. The cellulose binding residue, Phe19 
of QR_Ec_POAGE6, has shown its conservativeness in qui-
none reductase of E. coli (QR_Ec_POAGE7) and S. flexneri 
(QR_Sf_P0AGE8). Multiple sequence alignments depicted 
the conservativeness of Asn20 of QR_Ec_POAGE6 among 
the quinone reductase of E. coli (QR_Ec_POAGE7), P. putida 
(QR_Pp_Q88FF8), and S. flexneri (QR_Sf_P0AGE8). NER_
Ec_P77258 and NQR_Ssp_P74312 have been reported to 
retain arginine and serine, respectively, in place of Asn20 
of QR_Ec_POAGE6. The FMN binding site, Glu82 of QR_Ec_
POAGE6 found to be fully conserved in QR_Ec_POAGE7, 
QR_Pp_Q88FF8, QR_Sf_P0AGE8, and NQR_Ssp_P74312. 
NER_Ec_P77258 is only differed according to the con-
servativeness of Glu82 in QR_Ec_POAGE6 as it contains 
Serine in that place. The FMN interacting residues of QR_
Ec_POAGE6, namely Tyr83, Asn84, and Ser117 are shown 
to be conserved in QR_Ec_POAGE7, QR_Ec_POAGE6, 
and QR_Sf_P0AGE8. Comparative sequence alignment 
revealed the presence of serine and methionine in NER_
Ec_P77258 and NQR_Ssp_P74312, respectively, in place of 
Tyr83 of QR_Ec_POAGE6. In the case of NQR_Ssp_P74312, 
histidine is present in place of Asn84 in QR_Ec_POAGE6. 
In place of Tyr85 of QR_Ec_POAGE6, arginine, histidine, 
and glycine were found to be present in QR_Pp_Q88FF8, 
NER_Ec_P77258, and NQR_Ssp_P74312, respectively. Both 

the NER_Ec_P77258 and NQR_Ssp_P74312 were reported 
to contain valine in place of Ser117 of QR_Ec_POAGE6. It 
can be concluded from the result obtained from overall 
comparative sequence alignment that Ser13, Arg15, Ser18, 
Asn20, Glu82, and Asn84 (according to QR_Ec_POAGE6) 
remain conserved among most of the bacterial chromate 
reductase enzyme; hence, these conserved residues might 
have an important role in FMN binding and oxidoreduc-
tase activity of the enzyme (Fig. 1, Table 2). In a similar 
type of study conducted by Deng et al. [49], where com-
parative sequence alignment revealed that the amino acid 
sequence of FMN_red from Serratia sp. CQMUS2 has 99 
and 94% identity to the enzymes from Klebsiella pneumo-
nia and Raoultella ornithinolytica, respectively. In addition, 
their study also reported about the conservativeness of 
some residues, Tyr128, Glu146, Arg125, and Tyr85 which 
are associated with forming hydrogen bond networks to 
play a critical role in enhanced chromate reductase activ-
ity [49].

From the sequence alignment, it can be seen that the 
FMN binding residues are mostly conserved in the ChrR 
from Gluconacetobacter hansenii and P. putida, FerB from 
Paracoccus denitrificans, and YieF from E. coli. Most interest-
ingly, ChrR from Thermus scotoductus and NemA from E. 
coli share more number of common FMN binding residues. 
NemA from E. coli has an FMN binding site 182HSAH185 
which is nearly conserved in ChrR from T. scotoductus 
where the sequence of FMN binding site is 172HMAH175 
(Fig. S1). The patches of conserved sequence in T. scoto-
ductus 172HMAH175 seem to play important role in the 
structural stability of the enzyme which is also deduced 
by the experimental study of Opperman and Heerden [50]. 
It was reported that the enzyme remains stable as well 
as active at a pH of 6.5 and temperature 65 °C with a Km 
and Vmax value of 55.5 ± 4.2 µM and a 2.3 ± 0.1 µmol Cr(VI) 
 min−1 mg−1 protein, respectively [50].

3.2  Phylogenetic analysis

According to phylogeny analysis, chromate reductase 
from Synechocystis sp. is closely related to the chromate 
reductase enzyme from Bifidobacterium moukalabense 
and Bifidobacterium subsp. Oxygen-insensitive NADPH 
nitroreductase of E. coli and FMN reductase of B. sub-
tilis are the two enzymes shown to be distantly related 
to the chromate reductase from Synechocystis sp. Chro-
mate reductase of Synechocystis sp. is also related to the 
outgroup N-ethylmaleimide reductase and chromate 
resistance protein from E. coli and Candidatus Jettenia 
caeni, respectively. According to the sequence homol-
ogy of N-ethylmaleimide reductase of E. coli with all other 
aligned chromate reductase-related enzyme from other 
organisms, it was shown that the chromate resistance 
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protein of Candidatus jettenia is in close proximity with E. 
coli N-ethylmaleimide reductase. Quinone reductase of P. 
putida is evolutionary belongs to the in-group consortia of 
Pseudomonas sp. N-ethylmaleimide reductase, P. japonica 
chromate reductase, and P. simiae chromate reductase. 
Quinone reductase of E. coli and S. flexneri is evolved under 
the same evolutionary branch with E. fergusonii chromate 
reductase (Fig. 2). Like this analysis, Deng et al. [49] con-
structed a phylogenetic tree of the FMN_red members, 
including ChrT using the neighbor-joining method with 
MEGA software [49]. According to the phylogenetic tree 
deduced from this study, ChrT was found to be closely 
associated with FMN_red members from the bacteria 
including K. pneumonia, R. ornithinolytica, and K. oxytoca.

3.3  Structures of chromate reductase family 
enzymes from different bacterial species

From the three dimension structure prediction, it can 
be shown that all the modeled chromate reductases 
like enzymes of different bacterial species have a similar 
type of α/β secondary content. Results from the molec-
ular docking study of all these chromate reductase like 
enzymes with the substrate, FMN revealed that the bind-
ing sites of the cofactor (FMN) are position towards the 
surface of the protein. There is significant similarity in 
the overall three-dimensional structure of chromate 
reductase-related enzymes from Synechocystis sp, E. 
coli, P. putida, and S. flexneri, whereas N-ethylmaleimide 

Fig. 1  Comparative sequence conservativeness analysis in FMN binding site of different bacterial chromate reductase-related enzymes

Table 2  FMN binding sites in different bacterial chromate reductase-related enzyme

*Yellow highlighted residues are mostly conserved in all types of bacterial chromate reductase-related enzymes

Enzyme name FMN binding sites

QR_Ec_ P0AGE6 Ser13 Arg15 Ser18 Phe19 Asn20 Glu82 Tyr83 Asn84 Tyr85 Ser117

QR_Ec_ P0AGE7 Ser13 Arg15 Ser18 Phe19 Asn20 Glu82 Tyr83 Asn84 Tyr85 Ser117
QR_Pp_ Q88FF8 Ser13 Arg15 Ser18 Tyr19 Asn20 Glu80 Tyr81 Asn82 Arg83 Ser116
QR_Sf_ P0AGE8 Ser12 Arg14 Ser17 Phe18 Asn19 Glu81 Tyr82 Asn83 Tyr84 Ser116
NER_Ec_P77258 Ser124 Leu126 Gly129 Thr130 Arg131 Ser196 Ser197 Asn198 His199 Val235
NQR_Ssp_P74312 Ser16 Arg18 Ser21 Tyr22 Ser23 Glu81 Met82 His83 Gly84 Val117
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reductase of E. coli has a typical aldolase-type TIM barrel 
structure. Electrostatic potential surface analysis of all the 
chromate reductase like enzymes bound with FMN sug-
gested that there is notable diversity in the chemical envi-
ronment of the substrate binding groove in each of the 
complex modeled system. In the case of quinone reduc-
tase of Synechocystis sp., the amine group (-NH) containing 
dioxobenzo[g]pteridin moiety of FMN shown to be placed 
within a hydrophobic patch, whereas the 7,8-dimethyl 
attached dioxobenzo[g]pteridin moiety of FMN is shown 
to be positioned within a groove enriched in positively 
charged amino acids. The phosphate group containing 
chain of FMN remains packed under a pocket consist of 
positively charged amino acids (Fig. 3).

Riboflavin ring of FMN is shown to be placed com-
paratively more hydrophobic cleft in the quinone reduc-
tase of E. coli. The phosphate group containing chain of 
FMN is also placed under a binding groove consists of 
positively charged amino acids. Likewise, in the case of 

quinone reductase of Synechocystis sp., the amine group 
(-NH) containing dioxobenzo[g]pteridin moiety of FMN is 
also shown to be positioned inside a patch of negatively 
charged amino acids in P. putida quinone reductase. The 
7,8-dimethyl attached dioxobenzo[g]pteridin moiety of 
FMN has been noted to be situated inside a hydrophobic 
patch of the enzyme. The phosphate group of the ligand 
FMN reported to interact with the residues under a nega-
tively charged canal of the enzyme (Fig. 3).

The FMN binding site in N-ethylmaleimide reductase of 
E. coli is significantly differed from the binding site of FMN 
found in other complexed models. Electrostatic surface of 
FMN binding site in these enzymes reveals that the ligand 
extensively interacts with the residues that are hydropho-
bic in nature. In the quinone reductase of S. flexneri, the 
7,8-dimethyl attached dioxobenzo[g]pteridin moiety of 
FMN is shown to be placed within a binding pocket con-
sist of a combination with both the hydrophobic and posi-
tively charged residues. The phosphate group of the ligand 

Fig. 2  Phylogenetic tree of the modeled bacterial chromate reductase-related enzyme
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is shown to be inserted under a groove assembled with 
positively charged amino acids (Fig. 3). Structural analysis 
of the enzymes as conducted in the present study is similar 
to the work of Deng et al. [49] where they predicted the 
3-D structure of ChrT using the SWISS-MODEL program 
based on a known crystal structure of the E. coli ChrR 
enzyme. From the structural analysis of ChrT protein, it was 
shown that the protein contains 40.96% α-helix, 11.70% 
extended β-strand, and 47.34% random coil [49].

The structures of five other chromate reductase like 
enzymes from different bacterial species have been 
retrieved and analyzed in the current study (Fig. S2). 
From the structural analysis, it can be shown that all the 
enzymes have a common α/β secondary structure con-
tents as we have found in the above described all the 

modeled chromate reductase like enzymes. Among these 
five structures, a typical α/β TIM barrel structural motif has 
been found in the case of tryptophan repressor binding 
protein WrbA from Deinococcus radiodurans (PDB ID: 1YRH) 
[51] (Fig. S2(a)) and the old yellow enzyme (OYE) from T. 
scotoductus (PDB ID: 3HF3) (Fig. S2(c)) [52]. But for the rest 
of the structures, the β-sheets are shown to be in a dis-
persed position and rather found adjacent towards the 
surface of proteins (Fig. S2(e,g,i)). Comparative analysis of 
all the structures of these five different chromate reduc-
tase like enzymes reveals the presence of different folds 
in their three-dimensional conformation. The phosphate 
moiety of the cofactor FMN is shown to retain common 
binding motifs in the WrbA from D. radiodurans (Fig. S2(b)) 
and chromate/uranium reductase of G. hansenii (PDB ID: 

Fig. 3  Cartoon (left) and electrostatic potential surface (right) representation of FMN bound chromate reductase like enzymes
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3S2Y) (Fig. S2(f )) [18] which is mostly composed of serine 
residues as found in the previously described modeled 
structures of quinone reductase of E. coli, P. putida, and 
S. flexneri. Significantly different binding sites have been 
reported in the case of FAD interaction with the enzyme 
NADPH-specific quinone oxidoreductase (Smu. 1420) from 
Streptococcus mutans UA159 (PDB ID: 3LCM). The binding 
site of FAD in the enzyme Smu. 1420 reported containing 
residues, namely His9, Phe15, Asn16, Ile83, Trp85, Ser86, 
Thr130, Tyr141, and Arg174 (Fig. S2(j)) [53].

WrbA from D. radiodurans reported to belong from the 
flavodoxin family of enzyme and was recognized as the 
first enzyme classified under this family [51]. The OYE from 
T. scotoductus along with its characteristics α/β TIM bar-
rel structure is also shown to contain a capping domain 
that is constructed by two small antiparallel β-sheets. This 
capping domain was reported being responsible for chan-
neling the cofactor FMN inside the active site during the 
enzymatic catalysis and also might have some role in the 
thermal stabilization of the enzyme [52]. WrbA-related 
protein A (WrpA) from Brucella abortus (PDB ID: 5F4B) 
has been reported to be classified under the flavodoxin 
family [54]. In case of WrpA from B. abortus, FMN shown 
to be bound at the outer surface of the enzyme has only 
retained a single bonding interaction with the residue 
His134 (Fig. S2(h)).

3.4  Model validation of different chromate 
reductase‑related enzymes

Ramachandran plot analysis of the modeled quinone 
reductase of Synechocystis sp. depicted that 82.9% resi-
dues are in most favor region which is responsible for the 
construction of most compact secondary structure con-
tents like α- helix and β-sheets. 14.9% residues from the 
total amino acid sequence of Synechocystis sp. quinone 
reductase are in additional allowed regions that form  310 
helices, β-turned, and loops. In the case of quinone reduc-
tase of E. coli, 84.1% of residues are in the most favored 
regions of the Ramachandran plot derived from the model 
validation. An additional allowed region in the predicted 
structure of this enzyme contains 13.4% residues. Mod-
eled quinone reductase of P. putida has 81.1% residues in 
most favor region, while 15.7% amino acid is in additional 
allowed regions. N-ethykmaleimide reductase of E. coli 
retains 80.3% residues belong to the most favored region 
and 18.0% of the residues from additional allowed regions. 
Ramachandran plot depicted that the modeled quinone 
reductase of S. flexneri has 83.1% of residues plotted inside 
most favored regions, whereas 14.3% residues are from the 
additional allowed regions (Fig. S3).

3.5  Functional domains, motifs, and active site 
in different chromate reductase‑related enzyme

Different types of domains and motifs have been identi-
fied in the modeled chromate reductase-related enzymes 
from the analysis by InterProscan server. Quinone reduc-
tase enzymes of Synechosystis sp. are shown to have three 
different domains called flavoprotein like superfamily 
domain, NADPH-dependent FMN reductase like domain, 
and arsenate resistance (ArsH) domain which range within 
the amino acids numbering from 1–205, 8–151, and 1–204, 
respectively. N-ethylmaleimide reductase from E. coli 
reported containing aldolase-type TIM barrel and NADH-
flavin oxidoreductase/NADH oxidase, N-terminal domain. 
The residue number from 4–350 belonged to the aldolase-
type TIM barrel. NADH-flavin oxidoreductase/NADH oxi-
dase, N-terminal domain of this enzyme is constructed by 
the residues ranges from 5 to 338. Quinone reductases of 
E. coli, S. flexneri, and P. putida share domains that are com-
mon between them. These domains are called Flavopro-
tein like superfamily domain and NADPH-dependent FMN 
reductase like domain. The length of these two domains 
in the quinone reductase of E. coli and S. flexneri is exactly 
the same, which is 1–188 and 6–148 for flavoprotein like 
superfamily and NADPH-dependent FMN reductase like 
domain, respectively. Quinone reductase of P. putida has 
these two domains ranges from 6–185 and 7–149 residues 
(Fig. 4). Ball et al. [55] annotated the functional domains 
of nitronate monoxygenase which reveals a new class of 
NADH dependent quinone reductases from P. aeruginosa 
PAO1. Six conserved motifs from these enzymes have been 
identified which defines a new class of NADH dependent 
quinone reductases. Among these six, motifs I and V are 
reported to have possible binding efficacy with the cofac-
tor and modulate the redox potential. Motif II and Motif III 
both are reported to be a part of the TIM barrel domain 
[55]. Thus, it can be concluded from the current study and 
the work done by Ball et al. [55] that the TIM barrel domain 
and its fold along with the motifs I, II, III, and V of quinone 
reductase enzyme classes have an important role in struc-
tural stability and enzymatic activity.

3.6  Molecular interactions of different bacterial 
chromate reductase‑related enzymes with FMN

Molecular interaction study from the docked complex pre-
sented that the side-chain OG atom of Ser16 in quinone 
reductase of Synechocystis sp. makes bonded interaction 
with the O3P atom of the phosphate group in the bound 
ligand flavin mononucleotide (FMN) with a bond distance 
of 3.32 Å. The O2P atom of this ligand phosphate moiety is 
shown to remain bound with the side-chain OG atom and 
main-chain nitrogen of Ser23 of the enzyme with a bond 
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Fig. 4  Functional domains 
and motifs in different bacte-
rial chromate reductase like 
enzymes
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length of 3.24 and 2.25 Å, respectively. The main-chain 
nitrogen atoms from His83 and Gly84 of this enzyme are 
shown to interact with one of the nitrogen of the central 
hexane ring and O4 atom of the dioxobenzo[g]pteridin 
ring of flavin mononucleotide with a distance of 2.5 and 
2.3 Å, respectively (Fig. 5, Table 3). The main-chain nitrogen 
atom of Gly119 of the same enzyme remains connected 
with the O2 atom of the ester chain of FMN that connects 
the flavin mononucleotide with the phosphate group. 

There are some hydrophobic contributions in the FMN 
binding site from the residues Arg18, Ser21, Tyr22, Pro80, 
Glu81, Met82, Val11, Ser118, and Ala151 of Synechocystis 
sp. quinone reductase (Table 3).

Analyzing the molecular interaction of N-ethylmaeim-
ide reductase from E. coli, it has been found that the side-
chain OG atom of Ser124 residue interacts with the N3 
atom of the dioxobenzo[g]pteridin moiety of flavin mono-
nucleotide head region with a bonding distance of 3.0 Å. 

Fig. 5  Molecular interaction of the substrate FMN with differet chromate reductase like enzyme
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Table 3  Molecular interactions 
and bond distances between 
the protein and ligand atom 
of the modeled complex 
between different bacterial 
chromate reductase like 
enzymes with FMN

Quinone reductase of Synechocystis sp.

Protein atoms Ligand atoms Distance Residues involved in hydrophobic interaction

Ser16OG O3P 3.32 Arg18,Ser21,Tyr22,Pro80,Glu81,Met82,Val11,
Ser118, Ala151Ser23OG O2P 3.24

Ser23N O2P 2.25
His83N N5 2.51
Gly84N O4 2.29
Gly119N O2 2.31
N-ethylmaleimide reductase of Escherichia coli
Ser124OG N3 3.00 Leu126, Met148, Ala151, Glu153, His199
Ala125O O4 3.02
Ala125O O2 2.99
Ser127OG O3P 3.04
Ser127N O3P 3.06
Ser127OG O2P 3.09
Quinone reductase of Pseudomonas putida
Ser13OG O3P 2.20 Pro79, Tyr81, Pro117, Ile120
Arg15NH1 O1P 2.73
Ser18OG O2P 2.01
Ser18OG O3P 2.04
Tyr19N O1P 2.79
Asn20N O2P 2.83
Asn20ND2 O2P 2.91
Glu80OE1 N3 4.16
Asn82N N5 3.17
Arg83N O4 2.35
Ser116OG O2 3.24
Ser116OG O2 2.80
Quinone reductase of Escherichia coli
Ser13OG O3P 3.10 Phe19,Pro81,Tyr83,Met118
Arg15NH1 O1P 2.77
Ser18OG O2P 3.11
Asn20N O2P 3.27
Glu82OE2 N3 3.20
Asn84N N5 2.90
Asn84N O4 3.02
Tyr85N O4 2.75
Ser117OG O2 2.53
Quinone reductase of Shigella flexneri
Ser12OG O2P 2.04 Arg14,Pro80,Tyr82,Ser116,Met117
Ser17OG O2P 3.33
Phe18N O1P 3.19
Asn19N O2P 3.13
Asn19 ND2 O2P 2.33
Glu81OE2 N3 3.22
Asn83N N5 3.00
Tyr84N O4 2.66
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Both the oxygen atoms (O2 and O4) of the linker ester 
chain between the flavin mononucleotide head group 
and phosphate moiety make their interactions with the 
main-chain oxygen atom of Ala125 with an interaction 
lengths of 2.99 and 3.02 Å, respectively (Fig. 5). Ser127 
of this enzyme has been marked as an important residue 
that forms three bonds with the O3P and O2P atoms of 
the phosphate group of the ligand FMN. Side-chain OG 
groups of Ser127 make two bonds with O3P and O2P atom 
of the phosphate with the interacting distance of 3.04 and 
3.09 Å, respectively (Fig. 5, Table 3). The main-chain nitro-
gen of this serine has interaction with the O3P atom of 
phosphate with a distance of 3.06 Å. The residues Leu126, 
Met148, Ala151, Glu153, and His199 make their hydropho-
bic contribution in the binding of FMN within the interact-
ing pocket of the enzyme N-ethylmaeimide reductase of E. 
coli. It can be seen from the hydrophobic interaction analy-
sis that the residue Leu126 is adjacent to the serine that 
is reported above as important for the phosphate group 
binding in ligand FMN. The hydrophobic contribution of 
Leu126 residue might have some regulatory role in the 
spatial arrangement of Ser127 in the binding site of FMN 
in this enzyme (Table 3).

From the comparative molecular interaction analysis of 
the five modeled complex of different bacterial chromate 
reductase like enzymes, it can be deduced that quinone 
reductase of P. putida possesses the most number of inter-
actions with the ligand FMN. A total of 12 protein–ligand 
interactions have been listed here from the interaction 
analysis. The phosphate moiety of FMN is shown to be 
involved in 7 interactions out of these 12. O3P atom of 
phosphate makes two interactions with the side-chain OG 
of both Ser13 and Ser18 residues of the enzyme with a dis-
tance of 2.20 and 2.04 Å, respectively. O2P atom of phos-
phate group has three numbers of interactions with the 
side-chain OG of Ser18 and both the side-chain ND2 and 
main-chain nitrogen of Asn20 residue of the enzyme with 
a bond length of 2.01, 2.83, and 2.91 Å, respectively. There 
are two bonded interactions that have been reported 
between the O1P ligand atom each with the side-chain 
NH1 of Arg15 and nitrogen of Tyr19 with a bond distance 
of 2.73 and 2.79 Å, respectively (Fig. 5, Table 3). Side-chain 
OE1 atom present in Glu80 involves in the interaction 
with N3 atom of the dioxobenzo[g]pteridin moiety in fla-
vin mononucleotide. The main-chain nitrogen of Asn82 
remains bound to the N5 atom of the central hexane 
ring of the dioxobenzo[g]pteridin moiety of flavin head 
group with a bond length of 2.35 Å. Side-chain OG atom 
of Ser116 has two interactions with ligand FMN: one of 
them is with oxygen (O2) atom from the dioxobenzo[g]
pteridin moiety of FMN head group and the other is with 
the oxygen (O2) atom from the ester chain with a bond 
distance of 2.8 and 3.24 Å, respectively (Fig. 5, Table 3). The 

residues of quinone reductase of P. putida shown to be 
involved in the hydrophobic interactions with ligand FMN 
are Pro79, Tyr81, Pro117, and Ile120 (Table 3). Among these 
residues, Pro79 seems to have some additional contribu-
tion to maintain the spatial arrangement of the side chain 
in Glu80 as these two residues are linked together by a 
peptide bond. Thus, Pro79 might be responsible for the 
proper positioning of the OE1 side-chain atom of Glu80 
so that it can interact with the N3 atom present at the 
dioxobenzo[g]pteridin moiety of FMN.

Study of molecular interaction from the docked com-
plex showed that quinone reductase of E. coli makes 
bonded interactions with the ligand FMN by the resi-
dues Ser13, Arg15, Ser18, Asn20, Glu82, Asn84, Tyr85, 
and Ser117. The phosphate group of FMN is shown to 
possess four interactions with the residues Ser13, Arg15, 
Ser18, and Asn20 of this enzyme. Side-chain OG of Ser13 
is shown to interact with the O3P atom of the phosphate 
group in ligand. The O2P atom makes two interactions 
with the side-chain OG atom of Ser18 and the main-
chain nitrogen of Asn20 with a bond distance of 3.11 and 
3.27 Å, respectively (Fig. 5, Table 3). Side-chain NH1 atom 
of Arg15 has an interaction with the O1P atom of FMN 
phosphate with a bond length of 2.77 Å. N3 atom of the 
dioxobenzo[g]pteridin moiety from the FMN head group 
region forms a hydrogen bond with the side-chain OE2 
of Glu82 with a distance of 3.20 Å. N5 atom of the mid-
dle hexane ring in the dioxobenzo[g]pteridin moiety is 
shown to interact with the main-chain nitrogen of Asn84. 
Both the main-chain nitrogen atoms of Asn84 and Tyr85 
are shown to interact with the oxygen (O4) atom situ-
ated in the dioxobenzo[g]pteridin moiety in FMN head 
group. Side-chain OG atom of Ser117 makes a connection 
with the oxygen (O2) atom of the dioxobenzo[g]pteridin 
moiety in the ligand, FMN with a distance of 2.53 Å. Resi-
dues Phe19, Pro81, Tyr83, and Met118 are found to be 
important in providing hydrophobic interaction with the 
ligand FMN. All these residues are shown to be in close 
proximity with some of the FMN interacting amino acids 
like Ser18, Glu82, Asn84, and Ser117. Above-mentioned 
residues involved in hydrophobic interactions might be 
responsible for the proper positioning of the residues that 
makes bonded interactions with the ligand FMN as they 
have been reported to originate from the same structural 
patches in quinone reductase of E. Coli (Table 3).

In the study of Jin et al. [18], it has been found that the 
ligand FMN binds in a pocket of chromate reductase of 
Gluconacetobacter hansenii near the dimer interface of 
this enzyme. The FMN binding pocket in this enzyme is 
composed of the residues, namely Ser15, Arg17, Ser20, 
Phe21, Asn22, Glu83, Asn85, and Tyr86. The residues such 
as Tyr51, Pro82, Tyr84, Arg101, and Pro119 are reported to 
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contribute to the formations of hydrophobic interactions 
with the ligand FMN [18].

Analyzing the molecular interaction of quinone reduc-
tase from S. flexneri with its ligand FMN, it was found that 

both the side-chain OG atoms from Ser12 and Ser17 form 
interactions with the O2P atom of the ligand phosphate 
group with an interacting length of 2.04 and 3.33 Å. The 
same O2P atom of the ligand was also shown to interact 

Fig. 6  Binding energy analysis of different bacterial chromate reductase family enzymes bound with the ligand flavin mononucleotide
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with the main-chain nitrogen from Asn19 with a bond dis-
tance of 3.13 Å. O1P atom of the phosphate moiety was 
reported forming interaction with the main-chain nitro-
gen of Phe18 with a bond length of 3.19 Å. Side-chain 
ND2 atom of Asn19 form a hydrogen bond with the O2P 
atom in the phosphate moiety within a distance between 
2.33 Å. Glu81 of the enzyme shown to form interaction 
with the N3 atom in dioxobenzo[g]pteridin moiety of 
FMN head region by the side-chain OE2 within a distance 
of 3.22 Å. N5 atom from the middle hexane ring of the 
dioxobenzo[g]pteridin head group in flavin mononucleo-
tide forms an interaction with the main-chain nitrogen of 
Asn83 with a range between 3 Å. The main-chain nitrogen 
of Tyr84 of this enzyme was found to involve in forming 
interaction with the O4 atom in dioxobenzo[g]pteridin 
moiety of FMN. The residues involved in hydrophobic 
interaction with the ligand FMN are reported as Arg14, 
Pro80, Tyr82, Ser116, and Met117. From these residues, 
Pro80 and Tyr82 are assumed to be important in the sense 
that they might have some impact in positioning their two 
adjacent residues Glu81 and Asn83 to come into the suita-
ble spatial arrangement so that they can make interaction 

with the dioxobenzo[g]pteridin moiety of FMN. Pradhan 
et al. [56] in their reports have been presented about the 
molecular interaction between FMN with different bacte-
rial chromate reductase family enzymes using proteomics 
and bioinformatic analysis like the studies undertaken in 
the current work.

3.7  Binding energy analysis

From the comparative binding energy analysis of the 
modeled bacterial chromate reductase family enzymes 
bound with the ligand flavin mononucleotide (FMN), it has 
been found that the highest ligand affinity of -7.97 kcal/
mol is recorded for the quinone reductase enzyme from 
S. flexneri. Second highest binding affinity for the ligand 
has been reported for the enzyme quinone reductase of 
P. putida with a value of −6.34 kcal/mol. Quinone reduc-
tase from Synechocystis sp., E. coli, and N-ethylmaleimide 
reductase of E. coli has the binding energy with a value of 
−5.17, −5.47, and −3.73 kcal/mol, respectively, when they 
interact with the ligand, FMN (Fig. 6). Borshchevskiy et al. 
[57] in their study determined the noncovalent binding 
of free FMN to NADH dependent quinone oxidoreductase 
from Vibrio harveyi by isothermal titration calorimetry [57]. 
The observed effect was <  < 0.1 kcal/mol of FMN (unpub-
lished data), which is more than 100-fold lower compar-
ing to FMN binding by flavoproteins [58, 59]. Reports from 
these previous studies along with our current study sug-
gest that the enzyme quinone reductase can bind with 
different ligands with variable affinities.

Table 4  Chromate reductase activity of ChrR mutant enzymes

Enzyme nM Cr(VI) reduced 
 min−1 mg−1 protein

Enhancement factor

Chr wild type 860 ± 50 –
Chr Y85N 11,496 ± 134 13 times increase

Fig. 7  Structure alignment 
of the FMN binding region of 
wild type and Y85N mutant 
of E. coli quinone reductase 
(A). Comparative molecular 
interactions of protein–ligand 
in two systems, wild type (left) 
and Y85N (right)
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3.8  Mutation studies for optimum chromate 
reductase activity

In the modeled quinone reductase of E. coli, Tyr85 has 
shown to be crucial among the FMN binding residues. The 
main-chain nitrogen atom of Tyr85 makes an interaction 
with the oxygen atom which is adjacent -meta positioned 
with the terminal –NH group present in the dioxobenzo[g]
pteridin of flavin nucleotide. Previous work has shown that 
substitution of this residue by asparagine in the mutant 
enzyme greatly improves chromate reductase activity of 
ChrR (Table 4) [31].

In the present study, increased chromate reductase 
activity in the Y85N mutant of E. coli quinone reductase 
enzyme has been investigated in light of the molecu-
lar mechanism responsible behind it. Difference in the 
molecular interactions was interpreted from aligning FMN 
bound complex structure of both the wild type and Y85N 
mutant of E. coli quinone reductase enzyme. In wild-type 
protein, main-chain nitrogen atom of Tyr85 was found to 
interact with one of the oxygen atom in the dioxobenzo[g]
pteridin moiety of ligand FMN. Interestingly, in the case 
of Y85N mutant, there are two interactions reported to 
form between the main-chain nitrogen and the side-chain 
OE1 atom with the same oxygen atom of the ligand FMN 
(Fig. 7). This increased number of protein–ligand interac-
tions might have some implications to fit the ligand FMN 
more firmly in its binding groove under the enzyme. This 
stronger binding of the ligand in Y85N mutant might 
address the cause of its enhanced chromate reducing 
efficacy than the wild type as already discussed in the 
experimental method.

In the present study, for an in-depth understanding of 
the overall dynamical aspect for the Y85N mutant of E. coli 
quinone reductase bound to FMN and the comparative 

structural stability with the wild-type form, MD simula-
tion has been performed for both the wild type and Y85N 
mutant of E. coli quinone reductase complexed with FMN.

4  MD simulation

4.1  Root mean square deviation

According to RMSD analysis, it has been found that FMN 
bound wild-type E. coli quinone reductase has less residual 
backbone deviation compared to the Y85N mutant up to 
7 ns timescale of MD simulation. After that, Y85N mutant 
quinone reductase of E. coli showed less RMSD value com-
pared to the wild-type quinone reductase up to 50 ns of 
the MD simulation trajectory. Within a timescale during 
50–55 ns of simulation, there is a sudden peak in the RMSD 
curve has been noticed for Y85N mutant which is even 
higher than the wild-type E. coli quinone reductase. But 
after 55 ns, the mutant form showed constant stability 
than the wild-type counterpart in respect to the RMSD val-
ues throughout the rest of the trajectory (Fig. 8). This result 
implicates that the mutant Y85N quinone reductase of E. 
coli is more stable than the wild-type form of this enzyme 
during the interaction with FMN. Eswaramoorthy et al. [31] 
in their study showed that Tyr85 has an important role in 
the interaction between two dimmers of the E. coli qui-
none reductase. They have also concluded that changes 
of amino acid in this position result in the enhancement 
of chromate reductase activity of the enzyme [31]. In line 
with this statement, our finding from the RMSD graph also 
suggested that Y85N mutation in E. coli quinone reductase 
helps in the structural integrity and thus it might increase 
the activity of this enzyme as well.

Fig. 8  RMSD of the proteins as 
functions of time calculated for 
wild-type quinone reductase 
from E. coli (black) and Y85N 
mutant (red)
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4.2  Root mean square fluctuation

Comparative RMSF value clearly shows the structural flex-
ibility of wild-type quinone reductase from E. coli than its 
mutant (Y85N) counterpart. In wild-type quinone reduc-
tase of E. coli, the RMSF value of Tyr85 residue was recorded 
as 0.49 nm, while in the mutant enzyme, the Asn85 residue 
was shown to retain comparatively lesser fluctuation with 
an RMSF value of 0.26 nm (Fig. 9). This result suggested 
that the Y85N mutation is a stable mutation which has a 
significant role in strengthening the protein structure dur-
ing the interaction with ligand FMN as the Tyr85 is a ligand 
binding site as well. Within the tetramer of E. coli quinone 

reductase, the dimers interact by a pair of two hydrogen 
bond networks which also involve the residue Tyr85 [31]. 
Result from the comparative RMSF graph implied that 
mutation of Tyr85 to Asparagine residue might have some 
role in strengthening the bonding network between the 
dimers of E. coli quinone reductase as a less RMSF values 
has been recorded in case of mutant (Y85N) enzyme. Paul 
et al. [60], in their study showed greater stability of human 
NF-κβ enzyme during its binding with a designed small 
molecule DRG7 according to the RMSF graph likewise the 
result presented from the RMSD analysis in the present 
study.

Fig. 9  RMSF of the proteins 
according to residue num-
bers calculated for wild-type 
quinone reductase from E. coli 
(black) and Y85N mutant (red)

Fig. 10  Rg of the proteins (left) as functions of time calculated for wild-type quinone reductase from E. coli (black) and Y85N mutant (red)
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4.3  Radius of gyration (Rg)

From the Rg graph, it can be shown that the wild-type 
E. coli quinone reductase has less Rg value compared to 
mutant one for first 5 ns timescale of MD simulation. After-
ward, up to 25 ns both the wild-type and mutant forms 
of E. coli quinone reductase showed the same kind of Rg 
pattern. After 25 ns timescale of simulation, mutant (Y85N) 
quinone reductase of E. coli represent less Rg value com-
pared to its wild-type form up to the 52 ns timescale. After 
that, the Rg peak of Y85N mutant gradually raised up to a 
value of approx 1.8 nm where it meets with the Rg peak of 
wild-type counterpart of E. coli quinone reductase at near 
about 55 ns of simulation. Within the timescale, 55–76 ns, 
both the wild-type and mutant forms of the enzyme main-
tain an overlapped Rg curve after which the Rg values of 
the mutant E. coli quinone reductase gradually started to 
decline compared to the wild type and finally reached at 
the value well below 1.8 nm, while the wild-type form ends 
at an Rg value near about 1.8 nm after the 100 ns of simu-
lation (Fig. 10). This result revealed that the mutant qui-
none reductase of E. coli is more stable than its wild type 
when interacting with FMN. In the study of Eswaramoor-
thy et al. [31], it has been reported that the movement of 
the Tyr85 side chain makes the tetramer of E. coli quinone 
reductase more stable and increase the accessible area of 
FMN [31]. In consent with the above report, the Rg result 
of current study implied that in the Y85N mutation, the 
Asn85 might become more flexible so that it able to make 
the accessible area of FMN even larger than that of wild-
type E. coli quinone reductase. Thus, binding of FMN within 
the cleft of mutant quinone reductase is more stable than 
its wild-type form.

4.4  Solvent accessible surface area

In this study, the solvent accessible surface area of FMN 
bound E. coli quinone reductase both in its wild-type 
and mutant forms (Y85N) has been determined up to the 

100 ns timescale of MD simulation. It has been shown from 
the result that the mutant (Y85N) form of E. coli quinone 
reductase has the less solvent accessible area compared 
to the wild type throughout the whole trajectory of MD 
simulation (Fig. 11). This result depicted that the mutant 
quinone reductase of E. coli has more compactness in 
its structure in relation to the wild-type form. Paul et al. 
[61], in their study, performed a similar type of analysis 
where they calculated comparative SASA of a bacterial 
chemotaxis protein CheY from both the mesophilic E. coli 
and thermophilic Thermotoga maritime [61]. In this study, 
SASA determination according to time for both the CheY 
systems concluded that thermophilic CheY has less SASA 
value in comparison with mesophilic CheY which implied 
that thermophilic CheY has greater stability. SASA analysis 
from the present study is thus in concurs with the hypoth-
esis presented by Paul et al. [61].

4.5  Principal Component Analysis (PCA)

In PCA, the movement of protein backbone has been 
determined throughout the simulation along two eigen-
vectors which are called first eigenvector (PC1) and is 
second eigenvector (PC2). According to the compara-
tive PCA graph of wild-type and mutant (Y85N) quinone 
reductase from E. coli, it can be observed that there has 
more conformational spaces sampled in the case of FMN 
bound mutant quinone reductase in related to its wild-
type form. These conformational spaces are compact and 
very close to each other in case of mutant protein while 
in wild-type form the sampled conformational spaces 
are scattered from each other and are distantly related 
(Fig. 12). As sampled conformational space and their dis-
tance are significantly related to the flexibility of protein 
and that a protein will be more stable if it has more confor-
mational space with a less intermediate distance between 
them, the mutant (Y85N) form of E. coli quinone reductase 
appears as comparatively stable than wild type. Cunha 
et al. [62], in their study, hypothesized a relation of protein 

Fig. 11  SASA of the proteins 
(right) according to residue 
number for wild-type quinone 
reductase from E. coli (black) 
and Y85N mutant (red)
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conformational sampling with its structural stability via de 
novo design and molecular dynamics simulations. They 
also stated that the secondary structure of a protein is also 
coherently associated with the changes of conformational 
sampling during the protein dynamism [62]. In the current 
study, it has also been reflected from the PCA that in the 
case of mutant (Y85N) form of E. coli quinone reductase 
secondary structure integrity is maintained throughout 
the simulation trajectory compared to its wild-type form as 
the conformational spaces are linked more adjacent with 
each other alongside the two eigenvectors (PC1 and PC2).

4.6  Gibb’s energy landscape (GEL)

In the present study, GEL was analyzed for the wild-type 
and mutant (Y85N) quinone reductase from E. coli bound 
with the ligand FMN. 2D Gibbs free energy plots have been 
generated by using the two eigenvectors (PC1 and PC2), 
obtained from the principal component analysis. From the 
comparative GEL plots of the wild-type and mutant forms 
of E. coli quinone reductase, it can be showed that the 
mutant form of the enzyme has more number conforma-
tional spaces with low energy state (blue patches), while 
the wild-type form of the enzyme has less number of con-
formational space highlighted with blue patches which 
depict that the wild-type protein is comparatively less sta-
ble during the interaction with FMN. The energy hotspot 
bar also resulted from that wild-type quinone reductase 
has a higher maxima of -12.5 kJ/mol in comparison with 

the mutant form of the enzyme which has an energy max-
ima of -11.6 kJ/mol. These energy values also represent 
that mutant (Y85N) quinone reductase has more integrity 
in its structure compared to the wild type (Fig. 12). The 
structural integrity of protein–ligand complex is notably 
related to free energy terms, and it has been well estab-
lished. Bharatiy et al. [63], in their study, have designed 
an industrially sustainable α-carbonic anhydrase (α-CA) 
and studied its dynamics behavior using MD simulation 
[63]. In this study, they have analyzed the free energy land-
scape from the MD simulation trajectories of the simulated 
systems of the wild-type mesophilic, thermophilic, and 
mutant α-CA to present the highest stability of mutant 
counterpart. In their study, they have shown the stabil-
ity of the mutant enzyme in light of Gibb’s energy plots 
which is well relevant with the result of stability-energy 
co-relationship as depicted from the present study.

5  Conclusion

There are several classes of bacterial chromate reductase 
like enzyme, namely quinone reductases, FMN-reductase, 
nitroreductases, and NADPH-dependent, which help in the 
chromate bioremediation. Sequence conservativeness 
study has identified important residues in these classes of 
enzyme which play important role in substrate specific-
ity. Domain and motif analyses also suggested that these 
enzymes share a significant similarity in their secondary 

Fig. 12  Principal Component 
Analysis (PCA) [Left panel] 
and Gibb’s Energy Landscape 
(GEL) [Right panel] for wild 
type (upper) and Y85N mutant 
(lower) quinone reductase 
from E. coli 
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structure components. Investigation of FMN binding with 
these classes of enzyme depicted that FMN plays a crucial 
role in enzymatic catalysis. In reference to the previous 
literature, in vitro mutational studies of FMN binding and 
its specificity in regulating the enzymatic reaction have 
been validated through molecular docking. MD simula-
tion study revealed that the Y85N of E. coli quinone reduc-
tase is more stable compared to the wild-type form of the 
enzyme during the interaction with ligand FMN. The pre-
sent study based on these structural and dynamics aspects 
would help to draw ideas about the tailor-made design of 
enzyme which can efficiently reduce environmental chro-
mate pollution.
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