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Abstract

Azoreductase is an FMN-dependent and NADH dependent enzyme of E. coli responsible for degrading azo
dyes. The crystal structure of the enzyme and commercially important azo dyes were retrieved from PDB and
NCBI PubChem. These azo dyes were then docked with the FMN-dependent NADH-azoreductase enzyme to
analyze the binding affinity of the azo dyes with the enzyme and to predict the catalytic sites. In this approach,
the catalytic residues of FMN-dependent NADH-azoreductase of E. coli was identified which were then
analyzed based on its function, conservation, hydrogen bonding, B-factor and flexibility. The results predicted
that the Phe-172, Glu-174, Lys-145, Asp-146 and Lys-169 contributes an important role as catalytic site
residues in the enzyme. This study mainly focuses on better understanding of the biodegradation of
commercially important and carcinogenic azodyes by azoreductase from E.coli. Furthermore, the catalytic site
study is essential for understanding and altering the substrate specificity and for the design of a harmless

azodye.
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Abbreviation

NADH Nicotinamide Aminidine dinucleotide

FMN  Flavin mononucleotide

EDO 1, 2 Ethanediol

IPA Isopropyl alcohol

PDB  Protein Data Bank

NCBI National Centre for Biotechnology Information

CDART Conserved Domain Architecture Retrieval Tool
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Introduction

Azo dyes are widely used for industrial, printing, and clinical purposes as well as textile dyeing because of its
chemical stability, ease of synthesis, and versatility. Their durability, however, causes pollution once the dyes
are released into the environment as effluent [1]. In addition, azo dye compounds are also the most commonly
used drugs in the treatment of inflammatory bowel disease. However, the release of these dyes into the
environment is undesirable, not only because of their colour, but also because many azo dyes and their by
products are toxic and mutagenic. Biological treatment of azo dyes by the use of bacteria has been studied
widely. Enzymes that catalyze the reduction of azo groups are termed azoreductases (EC 1.7.1.6). Utilizing
NADH/FMN and/or NADPH as an electron donor, azoreductase can decolorize azo dyes into corresponding
aromatic amines by reductive cleavage of azo bonds. The decolourization is a rate-limiting step, which was
followed by the aerobic mineralization of the colourless aromatic amines. Furthermore, azoreductase is also
involved in the site-specific delivery of azo prodrugs, which are therapeutically inactive in their intact form and
rely on azo reduction by azoreductases of intestinal microflora for activation. Proteins with azoreductase activity
have been identified and characterized from a wide variety of bacteria [2, 3].

There are at least two different types of bacterial azoreductases: Flavin dependepent and Flavin independent [4].
Flavin-dependent azoreductases can be further classified into two families according to their amino acid
sequences. Azoreductases from E. coli and Bacillus sp. strain OY1-2 are representative of the two flavin-
dependent azoreductase families, respectively. Although they are effective for an in vifro enzyme assay,
overexpression of these azoreductases in vivo results in little or no increase of bacterial decolorization activity.
Thus, the physiological role of azoreductase has recently been a subject of debate. As the introduction of azo
Dyes into the environment is due mainly to human activities, reduction of azo dyes may not be the primary roles
of these enzymes [6].

Azo dyes such as Sudan dyes are not legal for use as colourants in food, however, recently these dyes have been
detected as contaminants in the food supply [7]. The human health impact of exposure to azo dyes used in
certain food products has caused concern since they may have genotoxic properties. The environmental fate and
subsequent heath effects of the azo dyes released in textile and paper industry wastewater are increasing being
studied by the scientific community [8].

While azo dyes are generally considered to be persistent pollutants because they are typically recalcitrant to
aerobic biotransformation [9], they might be metabolized by azoreductases from commensal microorganisms,
mammalian liver cells, and soil microorganisms [10]. A variety of microorganisms, including bacteria and

fungi, are capable of decolorizing a diverse range of azo dyes. Some bacteria have the ability to degrade azo
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dyes both aerobically and anaerobically [11]. Bacterial degradation of azo dyes is often initiated by cleavage of
azo bonds by azoreductases which are followed by the aerobic degradation of the resulting amines [4].

To understand the biodegradation of the azo dyes mediated by the enzyme and to design harmless azo dyes, it is
essential to discover the catalytic site residues within the azoreductase enzyme and to perform flexibility
analysis of the catalytic residues [S]. In the present study, docking study of the FMN-dependent NADH-
azoreductase of E.coli and the industrially important dyes is carried out to understand the mechanism of
azoreductase catalyzed enzymatic reactions, the catalytic site residues and the binding affinities of the azodyes
and the enzyme. The industrially important dyes based on the related health hazards are chosen to study. In this,
an FMN-dependent NADH-azoreductase enzyme of Escherichia coli is chosen as the target protein or protein of
interest for the theoretical studies of biodegradation of azodye compounds. This enzyme was chosen to view the
interaction with azodyes, which are pollutant to the nature. This study is applicable for understanding and

altering the substrate specificity and for the design of a harmless azodye.

Materials and Methods

Data set

The enzyme molecule, FMN-dependent NADH-azoreductase of E.coli was obtained from Protein Data Bank
(PDB) [12]. The three-dimensional (3D) structure of this protein has been solved by X-ray crystallographic
techniques with 1.80 A° resolution. Commercially important azodyes with serious health hazards [13, 14] were

selected (tablel) and retrieved from the NCBI PubChem Compound (15) for the docking study.

Multiple sequence alignment

Multiple sequence alignment is an essential tool for protein structure and function prediction. It illustrates the
relationships between two or more sequences. When the sequences involved are diverse, the conserved residues
are often key residues associated with maintenance of structural stability or biological function. Multiple

sequence alignment was carried out using CLUSTAL W [16].

Computation of docking score between the ligands and the enzyme

Protein or ligand modification was carried out by removing water molecules from the protein and energy
minimization was carried out using Swiss PDB Viewer (SPDBV) [17] tool. Autodock Vina [18] was used for

docking studies of azoreductase (protein) and azodyes (ligands). The interactions between the different ligands
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with the protein of interest were viewed in PyMOL [19] and the analysis of the H-bond and its positions were

also done with PyMOL.

Functional site location

The catalytic or functionally important residues of a protein are known to exist in evolutionary constrained
regions. However, the patterns of residue conservation alone are sometimes not very informative, depending on
the homologous sequences available for a given query protein. Hence, the prediction of functional sites in newly
solved protein structures is a challenge for computational structural biology. Most methods for functional site
identification utilize measures of amino acid sequence conservation in homologous sequences, based on the
assumption that functional sites are relatively conserved during evolution. Protein structural information has
also been used to help identify protein functional sites. Ligand binding site prediction of the azoreductase
enzyme was carried out using Q-SiteFinder [20]. It works by binding hydrophobic (CH3) probes to the protein,
and finding clusters of probes with the most favourable binding energy. These clusters are placed in rank order

of the likelihood of being a binding site according to the sum total binding energies for each cluster.

Hydrogen bonding and B factor

The hydrogen bonding and the B-factor are the two vital parameters in the catalytic residue prediction. Catalytic
residue hydrogen bonding was investigated using the result obtained from the docking study. Catalytic residue
B-factors is a measure of residue flexibility. Catalytic residues tend to have lower B-factors than all residues.
Catalytic residues are very precisely positioned and held in place, as shown by their low B-factors and hydrogen
bonding. The hydrogen bonding information is obtained from the docking studies. The B-factors of the residues
interacting with the ligands and the active sites were taken from PDB file for each atom in a residue, and then

averaged over the whole residue.

Results and Discussion

PDB structure

The enzyme, FMN-dependent NADH-azoreductase of E.coli has a crystallized structure characterized by three
ligands FMN, EDO and IPA. The structure was obtained from PDB with the PDB id, 1V4B.

Multiple sequence alignment

Catalytic residues are more conserved than the average residues [21]. Hence the conserved residues were
investigated to have a relationship with the catalytic residues. A BLAST search along with a multiple sequence

alignment withrdve&igA STBRIM Roshio vard thtacnaskprb@omndof almost all the residues.
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Computation of docking score between the ligands and the enzyme

Proteins are the basis of life processes at the molecular level. The protein interaction is either with another
protein or with small molecules. Many biological studies will benefit from interaction predictions. Docking
study showed the binding affinity, number of hydrogen bonds and the binding residues. It is interesting to note
that the binding affinities have negative values. This reveals the high feasibility of this reaction. The docked
complexes were analyzed with the molecular visualization tools, PyYMOL as shown in fig 2. The docking
analysis showed that three dyes viz. (a) Sudan black B (61336), (b) Kayaku acid blueblack 10B (5473482), (c)
FD & C Yellow no.5 (25245842) formed H-bonds with the enzyme residues Asp-109, Arg-59 and Ala-112, and
Arg-59 of Site 7 respectively. Moreover, six dyes showed docking conformation with two of the natural ligands
of the target protein; 3.3’dichlorobenzidine (7070) with IPA, Methyl red (10303) with IPA and Glu-174, HABA
(5357439) IPA and Lys-145, Amaranth (FD & C red no. 2) (5473445) with IPA, Glu-174 and Phe-172, Grasal
orange (5858445) with IPA and Antipyrylazo III (9573878) with FMN and His-144. The variation in the
docking score indirectly gives the idea about the rate of decolourization. The rate of colour removal for trypan
blue is higher than any other azo dye. The amino acids, Phe-172;Glu-174;Asp-189;Asp-146;Lys-145;Asp-
109;Arg-59;Ala-112;Ala-200;Asp-146;Asp-150;Gly-174;Lys-169;Phe-170;Asp-167;Thr-166;Gly-131;Gly-

164;Lys-132;His-144;Arg-59 interact with different ligands and are taken into account for comparison with the

active sites obtained from active site prediction.

Functional site location

Active sites of the target protein were predicted using Q-SiteFinder and the output file was viewed under
Chimera. Ten active sites were obtained from the study along with the corresponding amino acid residues
present in each active site (Fig 1b). Each of the sites were analysed and compared with the amino acids
interacting with the ligands in the docking study. The amino acid residues were found to have lower B-factor
than the other residues. The 7™ active site consists of amino acids which are interacting with ligands in the
docking study. The docking result shows that the amino acids such as Phe-172, Glu-174, Lys-145, Asp-146 and
Lys-169 are very much repeated in the interaction with more than one ligand. This reveals that these amino
acids are catalytic residues. The active site variations suggest that the enzyme can decolourize a wide range of

azo dyes [22].

Hydrogen bonding and B factor
Both the Hydrogen bonding and the B-factors in the crystal structures were used as a measure of residue

flexibility. Analysis shows that the amino acids interacting with the ligands are involved in hydrogen interaction
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be it as a donor or as an acceptor. This shows that catalytic residues have a limited conformational freedom. The
docking result shows that the ligands have hydrogen bonding with amino acids and it is illustrated in table 2,
column 4. Catalytic residues tend to have lower B-factors than all residues, suggesting that they have to be more
rigidly held in place than the averaged over the whole residue [23]. B-factors were taken from the PDB file for
each atom in a residue, and then averaged over the whole residue. The B-factor for the residues, Phe-172 is

16.45, Glu-174 is 16.53, Lys-145 is 25.16, Asp-146 is 25.77 and Lys-169 is 31.8.

Conclusion

A major challenge in azo dye degradation and a harmless azodye design is the elucidation of biochemical and
biological properties of enzymes, including the determination of catalytic residues that belong to the ligand-
substrate binding site. Comparing the results from Q-Site Finder and docking studies, it indicates that the amino
acid residues Phe-172, Glu-174, Lys-145, Asp-146 and Lys-169 play an important role as catalytic site residues
in the azoreductase enzyme of E.coli. This docking study also provides information on the binding affinity of
the ligands with azoreductase enzyme. The rate of colour removal for trypan blue is higher than any other azo
dye. It is hoped that this information would provide a better understanding of the molecular mechanisms
involved in catalysis and a heuristic basis for predicting the catalytic residues in enzymes of unknown function.
The natural ligands (FMN, EDO and IPA) were also found to interact with some of the dyes and hence
definitely binding site for the dyes. In this work the catalytic residues are reported as well as the binding
affinities for some commercially important azodyes are also predicted. The study made in this project would
facilitate researchers a better understanding of enzyme mechanisms and also used to improve the designing

strategies of less harmful azodyes.
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Table 1: Detailed docking analysis result showing interaction of azodyes and azoreductase enzyme. Listed below is the binding
affinity, number of hydrogen bond formation of each azodye with azoreductase. The amino acid residue position of

azoreductase interacting with each azodye is also provided along with the azodye information.

Azo Dyes Common Names Uses Health Hazards
7070 | 3.3’ DICHLOROBENZIDI | Used in the production of
NE; Dichlorobenzidine | yellow, and some red and | Carcinogenic
base orange pigments for the
printing ink, textile,
paper, paint, rubber,
plastic, and related
industries.
7340 | O-Aminoazotoluene; C.I. | Used to color oils, fats, There is limited evidence for the
Solvent Yellow 3 and waxes. carcinogenicity of Disperse Yellow 3 in
experimental animals.
8411 | O-Dianisidine;3.3’- Used in iso- cyanate- Carcinogenic
DIMETHOXYBENZIDIN | based adhesive systems
E
1030 | Methyl red; O-METHYL | Used as indicator dye Carcinogenic to animals
3 RED
Used in automobile Induces immune response to restricted
1149 | 4-(Phenylamino)-3°- exhaust antigens
0 Sulfoazobenzene
6133 | Sudan black B; Solvent | Used in staining system Carcinogenic in rat
6 black 3
HABA;2-(4- Used in manufacturing Skin, eye irritation
53574 | Hydroxyphenylazo) laboratory chemicals
39 benzoic acid
UNII-37RBV3X49K; Used as food dye Carcinogenic in rat
54734 | Amaranth (FD & C red no.
45 2)
Amidoschwarz;  Kayaku | used to stain proteins in
54734 | acid blueblack 10B electrophoretic skin, eye, and respiratory tract irritant
82 techniques
54837 | D.C. Red no. 9; Pigment | Used for coloring in Ala-200
82 Red 53-1 cosmetics
58096 | Sudan (1); Solvent red 23 | Mainly oils, fats and The quantity of Solvent Red 23 that may
67 waxes also in alcoholic, be released to the environment is below
ester and hydrocarbon the level expected to cause harm to
solvents. Occasionally in | organisms.
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polystyrene also used in

cosmetics.
58584 | 1-Phenylazo-2-napthol; Used to There has been concern that this material
45 Grasal orange colour waxes, oils, petrol | can cause cancer or mutations but there is
solvents, polishes and not enough data to make an assessment.
foodstuffs
58765 | Scarlet red; Sudan IV Used for Have potential carcinogenic effect.
71 the staining of lipids,trigl
ycerides and lipoproteins
on
frozen paraffin sections.
Used to selectively The effects of trypan blue on the
59042 | Dianil blue; TRYPAN | colour expression of apoptosis related and cell
46 BLUE dead tissues or cells blue | cycle arrest gene expressions.
60686 | hexa-hydrchloride salt Lys-145(2),169, Phe-170(4), Asp-146(2)
28
Used in the manufacture | Highly toxic and has oncogenic effect
64533 | Dianisidine sulfate; 119- | of azo dyes under experimental conditions (PMID:
40 90-4 (parent) 969345)
95738 | Antipyrylazolll; Metallochromic indicator | Detrimental effect on muscle
78 EINEC3238988-2
Used in food, drugs,
FD & C Yellow no.5 cosmetics and medical Prolonged use leads to hypersensitivity
25245842 devices

Table 2: Target protein Docked With Natural Ligands.

Ligands | Affinity(kcal/mol) H-Bonds | Positions(residues)
EDO -33 6 Ser-15,17(2),139(2), GIn-16
FMN -10.5 15 His-144, Gly-142,141, Phe-98, Asn-97, Tyr-90,
Met-95, Ser-9,15,17(2),139(2), GIn-16(2)
IPA -3.2 5 Ser-15,17(2),139, GIn-16
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Table 2: Table showing the amino acid composition of the different active
sites predicted. The amino acid positions of the sites are also listed below.

Active Sites Residues
Site 1 ILE 143
SER 9,LEU 11, TYR 14,SER 15,
Site 2 GLN 16, SER 17, PRO 94, MET 95,

TYR 96, SER 139, ARG 140, GLY 141
PHE 24, TRP 28, VAL 88,LYS 133,

Site 3 ALA 134,ILE 135
MET 95,TYR 96, ASN 97, PHE 98,
Site 4 SER 139, ARG 140, GLY 141, GLY 142
PRO 48,LEU 54, ARG 68,GLU 71,
Site 5 ALA 72,LEU 75
Site 6 -

LEU 50, VAL 55,LEU 58, ARG 59,

Site 7 ASP 109, ALA 112, ARG 113, ALA 114,
PHE 118
GLN 19,LEU 20, ASP 22, TYR 23,

Site 8 GLU 26

Site 9 ILE 10, TYR 96, ASN 97, ASN 99, ILE
100, SER 101,THR 102, GLN 103

Site 10 PHE 98, ASN 99,ILE 100

Fig:1(a)

Figure 1: Figure 1(a) shows the three dimensional structure of the target protein (1V4B) obtained from
PDB and figure 1(b) shows the active sites displayed in the three dimensional structure of the target
protein predicted with the aid of Q-SiteFinder and viewed under Chimera.
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Fig 2: Docked conformations of (a) Sudan black B (61336), (b) Kayaku acid blueblack 10B (5473482), (c)
FD & C Yellow no.5 (25245842) in the active site. Fig 4: Docked conformations of (d)
3.3’DICHLOROBENZIDINE with IPA, (e) Grasal orange with IPA and (f) Antipyrylazo III with FMN and
His-144.
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