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Abstract

Azoreductases belong to the family of oxidoreductases and are characterized with detoxification of azo dyes.
Azoreductases are involved in bioremediation, to eliminate the color effluents found in waste waters. In this study,
the effectiveness of azoreductase in bioremediation was analysed, and the aim was to find a way to increase the
efficiency of the enzyme towards toxic compound degradation, more rapidly. To estimate this, the structure function
relationship was determined by evolutionary trace (ET) analysis at ligand binding site. The class specific site of ET
analysis was mapped with the crystal structure of azoreductase (1NNI). Site directed mutagenesis was performed at
the residues, in very close proximity to the active site residues, hydrogen bonded to ligand. Based on the work done,

it was found that Glycine at 106" position plays a crucial role in enzyme activity.
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Introduction

The ease of synthesis and chemical stability of azo dyes possessing
one or more azo groups helps them to be widely used in textile,
printing, cosmetics, pharmaceutical, food and many other industries
[1]. Azoreductase catalyses the reductive cleavage of the azo bond, and
acts as the key enzyme expressed in all azo dye degrading bacteria [2].
Under anaerobic conditions, the reductive cleavage of azo dyes results
in decolorization, which was suggested in many reports [3]. Many
bacterial strains contain cytoplasmic enzymes, though unspecific, act as
azoreductase and under anaerobic conditions; transfer the electrons to
azo dyes via soluble flavins. Bacillus sp OY12 transforms azo dyes into
colorless compounds, and this is mediated by azoreductase activity,
in the presence of NADH [4]. Bacillus subtilis is considered to be a
widely spread bacterium, commonly recovered from water, soil, air and
decomposing plant residue. This bacterium produces an endospore,
which allows it to overcome extreme conditions of heat and drying
up in the environment. B. subtilis produces a variety of enzymes that
will degrade a variety of natural substrates and contribute to nutrient
cycling, and under most conditions but exists in the form of spore [5].
Site-directed mutagenesis is of potential interest for engineering the
enzyme to become active so that it is more suitable for biotechnical
applications [6]. In this protein (INNT), four residues namely Asp (33),
Tyr (74), His (75), and Lys (83) were identified as catalytic residues,
where Tyr (74) and Lys (83) play a crucial role in azobenzene reductase
extracted from Bacillus subtilis [7]. Olivier Lichtarge in 1996 developed
the evolutionary trace (ET) analysis [8]. This method depends on both
sequence and structural information in order to analyze functional sites
of a protein or group of proteins. It determines the conserved amino
acid residues in an alignment, and the information is mapped onto
known 3D protein structures. This method gives importance to the
residues which are important to the structure or function of a protein
and tends to be conserved across species. This method gives ranking of
the relative amino acids functional importance in a protein sequence,
by correlating their variations during evolution, with divergences in
the phylogenetic tree of that sequence family. The best-ranked residues
are then clustered spatially in the protein structure and thereby reveal
the location of functional sites [9].

Methodology
Dataset

Azoreductase from Bacillus subtilis with accession number 007529
was obtained from SWISSPROT database and homologous sequences
of the enzyme are retrieved [10]. BLASTP is performed and twenty
six protein sequences were more than of 50% identity [11]. All the
sequences are aligned together with ClustalW [12], using the Gonnet
protein weight matrix [13]. Using the neighbor joining algorithm, a
rooted phylogenetic tree was constructed from the multiple sequence
alignment and visualized by Phylodraw [14]. The protein crystal
structure of azoreductase from Bacillus subtilis is complexed with
flavo mononucleotide (FMN) taken from the protein data bank (PDB
IDINNI) [15]. The corresponding Swiss Prot ID is 007529 [16].

Evolutionary trace (ET) analysis

For this purpose, we use multiple sequence alignment and
phylogenetic tree available in the dataset [8]. The sequences present on
different branches were allowed to form clusters. An early node defines
a larger cluster, whereas the later forms a smaller cluster. The cluster
defined by the first node to the right of vertical line, is considered to
partition the entire tree. Thus, by partition identity cutoffs (PICs)
which are the minimum percentage identity within the cluster,
generates three different PICs, P1 to P3 based on the phylogram [17].
Sequences are aligned based on the partition identity. The consensus
sequence from each cluster was obtained. The consensus residues can
be classified as conserved, neutral, group specific residues. Conserved
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residues are the amino acids that are conserved in the multiple
sequence alignment, whereas neutral residues are those amino acids
that are not conserved. Then, the trace residues are obtained which are
mapped onto the protein structure of azoreductase (INNI), which can
be done by Jalview [18] and the mapped structure can be visualized by
Rasmol [19].

Active site prediction

The crystal structure of azoreductase 1NNI complexed with
flavin mononucleotide (FMN) and is visualized in Rasmol for amino
acid residues at active site. The amino acids within 5A distance from
FMN are alone considered for the prediction. Amino acids within this
distance are referred as active site region.

Site directed mutagenesis

Using PyMOL, the residue can be modified to any other residue
of interest, in order to perform site directed mutagenesis [20]. We
docked the ligand FMN with the protein INNI using “Induced fit
docking” module of the Glide. The active residues are generally used
for mutational studies. Glide (Grid-based Ligand Docking with
Energetics) is a program to perform ligand database screening and high
accuracy docking with Glide. Glide is run primarily from the Maestro
graphical user interface, but can also be run from the command line.
Glide searches for favorable interactions between one or more ligand
molecules and a receptor molecule, usually a protein. The glide score or
docking score, glide energy, glide emodel before and after performing
mutation are analyzed. By default, Schrodinger’s proprietary GlideScore
multi-ligand scoring function is used to score the poses. If GlideScore
was selected as the scoring function, a composite EModel score is
then used to rank the poses of each ligand, and to select the poses to
be reported to the user. EModel combines GlideScore, the nonbonded
interaction energy and for flexible docking, the excess internal energy
of the generated ligand conformation. Glide energy is the Modified
Coulomb-van der Waals interaction energy [21].

Results and Discussion
Active site residues

The result of binding site analysis when 1NNTI is complexed with
FMN, predicts 14 active residues as ligand binding site region. The
amino acids in (Table 1) are considered as active residues in our analysis.
Among these amino acids, 9Thr, 11Arg, 15Arg, 16Thr, 76Ser, 104Val,
105Ala and 106Gly are involved in hydrophilic interactions with
the ligand, whereas the remaining residues 73Glu, 74Tyr, 75His and
105Ala exhibit hydrophobic interactions too. 110Gly was discovered to
have no interactions with the ligand. The distance between the atoms
ofligand and residue, as well as contact surface area and the trace status
are mentioned (Table 1).

Phylogenetic tree and ET analysis

The 26 homologous sequences retrieved from 007529 of Bacillus
subtilis were used to draw the phylogenetic tree. The length of these
sequences varies from 171 to 173. Geobacillus stearothermophilus and
Bacillus subsp are closely related to each other and distantly related to
seed sequence, Bacillus subtilis. After the clustal alignment the rooted
tree was drawn, which is further used in the ET algorithm to derive
the clusters. Based on the identity P1, P2, P3 are clustered; P1 with
59%, 70%, 75% as shown (Figure 1). Some sequences are withdrawn
like Bacillus sp (E5W4C5), as it does not show any relation with the
other branches. The trace status shows conserved and neutral residues.
75His and 106Gly form hydrogen bond at the ligand binding site of

Residue Dist Surf HB | Arom Phob DC Trace status
9 THR’ 3.0 12.0 + - - - Conserved
11 ARG’ 2.7 58.9 + - - + Neutral
14 GLY’ 2.8 24.6 - - - - Conserved
15 ARG’ 25 50.3 + - - - Neutral
16 THR’ 2.5 44.0 + - - - Conserved
72 PRO’ 3.1 121 - - - Neutral
73 GLU 2.9 411 + + Conserved
74 TYR 2.7 68.4 + + + - Conserved
75 HIS 29 58.6 + + + + Conserved
76 SER’ 29 274 + - - Neutral
104 VAL’ 3.0 371 + - - Neutral
105 ALA’ 3.3 33.6 + - + Neutral
106 GLY" 3.1 30.4 + - - - Neutral
110 GLY" 3.5 12.4 - - - - Conserved

Table 1: Active residue shown in 1NNI showing their trace status

Dist- nearest distance (A°) between atoms of the ligand and the residue

Surf- contact surface area (A°) between the ligand and the residue

HB- hydrophobic-hydrophilic contact (hydrogen bond)

Arom- aromatic-aromatic contact

Phob- hydrophobic-hydrophobic contact

DC- hydrophobic-hydrophilic contact (destabilizing contact)

+/- - indicates presence/absence of a specific contacts

* - indicates residues contacting ligand by their side chain (including CA atoms)

azoreductase, and it was proved in our analysis that they are conserved.
Trace residues at the ligand binding

Weanalyzed the amino acid sequence alignment of all azoreductases
at the binding site, to search for possible amino acid positions that
could be manipulated by site-directed mutagenesis experiments, to
design laccase with broader substrate spectrum. The trace residues
which are neutral at the ligand binding site, are both polar and non-
polar in nature. The non-polar residues 104 Val, 105 Ala, 106 Gly are
non-polar amino acids, which can be shown in the alignment (Figure
2). These are the good sites for mutations. And it is really true that
106Gly was aligned with much more smaller non-polar amino acids
like valine and alanine. This suggests us that non-polar property is
more important than the aliphatic property of glycine at this position.
This can be observed by performing induced fit docking.

Modification of Gly at 106 position with Val, Ala by “Induced
fit docking”

It was considered that 106Gly can be a good site for mutagenesis
and can be replaced with valine or alanine, which are small non-polar
amino acid residues. Schrodinger is used for induced fit docking.
The Figure 1 shows the induced fit docking before mutation. The
“Red” color coding denotes a decrease in the value with respect to the
reference value (i.e. value obtained before mutation) and the “Yellow”
color coding represents the increase in value with respect to the value
obtained before mutation.

Before mutation (wild)

Entry . Docking  Glide Glide
. Title
residue score EModel energy
106Gly azoreductase -5.917 -51.534  -33.316
After mutation with valine
Entry . Docking  Glide Glide
. Title

residue score EModel energy
106 Val Azoreductase  -6.147 -67.701  -31.295
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After mutation with alanine

Entry . Docking  Glide Glide
. Title
residue score EModel energy
106 Ala Azoreductase -6.060 -64.086  -36.585
Discussion

The Evolutionary trace analysis at the ligand binding site suggests
that glycine at 106™ position to be the effective candidate for the site
directed mutagenesis. Substitution of the amino acid with other smaller
amino acid might result in paving way for the entry of larger substrates
for degradation. The ligand binding site of azoreductase from Bacillus
subtilis is different from the catalytic or active site of the enzyme, hence

site directed mutagenesis carried out in the ligand binding site, is not
going to affect the catalytic activity of the enzyme azoreductase. The
reason for selecting this position for mutational studies is that it lies
in the active site. Valine and alanine are the amino acids substituted
in 106 position of glycine. The results obtained after substitution of
valine (Figure 3 and 4) possess a low score of glide model and docking
score, whereas the glide energy increased slightly suggests that,
the activity of the protein is high though it inhibits the protein. The
substitution of alanine (Figure 5), determines all our three parameters
simultaneously (Docking score, Glide emodel, Glide Energy) to reach
an overall low score (as usual by comparing with the results obtained
before mutation). Since a better binding at the active site would ensure,
quicker degradation of the toxic compounds bounded to azoreductase,
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Figure 1: Phylogenetic tree of all azoreductases.
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Figure 2: Multiple sequence alignment of azoreductases at the ligand binding site.
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Figure 5: Induced fit docking with alanine.

we hope that in vitro lab experiments would get along with our
hypothesis of “increasing the efficiency of azoreductase through site
directed mutagenesis” (the reason is that these Insilco trials are carried
out using Glide, which mostly gives a result close to the experimental
observations). Hence, we could conclude by saying that the active site of
azoreductase is modified to degrade toxic compounds more efficiently.
However, the cavity enclosing FMN is rather wide, thus allowing the
accommodation of substrates of various sizes to get into this cavity and
get degraded after all, the substitution further provides more space for
bigger toxic ligands to get in.
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