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Abstract

Nitro aromatic compounds are the potential toxic organic pollutant released into the environment and are often
resistant to degradation under normal environmental conditions. The biotransformation and/or detoxification of these
compounds can be possible by microbial azoreductase enzyme. Azoreductase enzyme has an ability to reduce the
toxic nitro group to corresponding amino group. In present report, the flavin-free NADH azoreductase was isolated
and purified from alkaliphilic bacteria Bacillus badius. The enzyme was purified by a combination of ammonium
sulphate precipitation and size exclusion chromatography. The purified azoreductase has efficiently demonstrated
both azoreductase and nitroreductase activities. The biochemical properties of the azoreductase including cofactor
requirement, substrate specificity and enzyme inhibition have been studied. The biotransformation of some selected
nitro aromatic compounds like 3-nitro benzoic acid, 4-nitro toluene, 3-nitro toluene and 1-chloro-2-nitro benzene
by purified azoreductase was carried out at 37°C. The reduction products of these nitro aromatic compounds were
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analyzed by IR and NMR spectroscopy.
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Introduction

Nitro aromatic compounds are major group of environmental
pollutantsreleased into the environmentexclusivelyfrom anthropogenic
sources. They are mainly produced from incomplete combustion of
petroleum and natural gasses. Nitro compounds are mostly utilized as
synthetic intermediate in chemical, pharmaceutical industries. Some of
them are routinely used in industrial solvents, dyes, agrochemicals and
explosives. The direct discharge of these compounds as an industrial
waste into the ecosystem is harmful to the biological system as well
as human beings. Many of these compounds have mutagenic and
carcinogenic potential. These compounds can be converted to nontoxic
compounds in the environment by microorganisms [1,2]. Nitro
aromatic compounds such as nitrobenzene, nitrophenol, nitrotoluene
and nitrobenzoate are common precursors for the synthesis of
complex synthetic and industrial nitrogen containing aromatic organic
compounds. Upon ingestion of nitro compounds into the human body,
it can be converted to toxic metabolic intermediates. These metabolic
intermediates can be further converted into the non-toxic compounds
by various enzyme systems including some oxidases and reductases [3].

It was previously shown that the nitro aromatic compounds can
be easily reduced under anaerobic conditions to aromatic amines by
different kinds of microorganisms [4]. Complete mineralization of
the nitro aromatic compounds under aerobic condition has also been
demonstrated in several bacterial strains. Moreover, the involvement
of reductase enzymes in the aerobic/anaerobic reduction mechanism of
the nitro aromatic compound remains to be noteworthy. The reduction
is mediated by single or two-electron system in the organisms. Single-
electron reduction reactions of nitro aromatic compounds are catalyzed
by flavin containing reductases such as NADPH: cytochrome P-450
reductase, ferredoxin: NADP* reductase and bacterial oxygen-sensitive
nitroreductases [5-7]. It was also well known that the two-electron
reduction of nitro aromatic compounds to nitroso (NO) compounds
and, subsequently, to hydroxylamines is specifically catalyzed by
bacterial oxygen-insensitive nitroreductases [7,8]. Some of the specific

nitroreductases have been isolated and characterized from anaerobic
human intestinal bacteria [9].

Azoreductases are widely present in the microorganisms which
can specifically catalyze the reduction of azo (-N=N-) bond and
NO, group of the complex organic compound. The reduction and /
or biodegradation of toxic azo dyes by microorganisms have been
extensively studied, and the primary role of azoreductases is explored
[10,11]. Raffi and Cerniglia (1993) demonstrated that the azoreductase
and nitroreductase activities were indistinguishable [12]. The
azoreductase catalyze the reduction of azo dyes in presence of flavin
and/or nicotinamide adenine dinucleotide/ nicotinamide adenine
dinucleotide phosphate (NADH /NADPH) as an electron equivalent
[13,14]. In our previous reports, we demonstrated that some of the nitro
aromatic compounds can also be reduced by neutrophilic azoreductase
by two electron reaction mechanism to its respective amines [15,16].

Alkaliphilic microorganisms are mostly ignored due to their rare
occurrence and complex growth conditions. These microorganisms
can grow in highly alkaline conditions and can also tolerate the elevated
temperature. Many alkaliphilic bacterial strains have been isolated and
proven to be vital for the biotechnological and industrial applications.
The alkaliphiles are largely known for its highly stable proteolytic and
hydrolytic enzymes; these enzymes have wide industrial applications
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[17]. The azoreductases from alkaliphilic microorganism were not
studied in this point of view so far.

However, different forms of azoreductase and nitroreductases
are also isolated from several aerobic and anaerobic bacteria [18-20].
Numerous azoreductases have been characterized from variety of
fungal and bacterial strains, but alkaliphilic azoreductases are still not
well explored. In our previous efforts, we isolated various alkaliphilic
bacterial strains from alkaline Crater Lake of Lonar and studied different
types of azoreductases and nitroreductases [13,14,21]. Since these
enzymes are the key enzymes in biotransformation and biodegradation
processes of xenobiotic, very little data is available on azoreductases
which have the highly stable properties such as temperature and pH.

Thus, the present report demonstrates the properties of flavin-
free NADH-azoreductase from alkaliphilic bacteria B. badius and its
ability to transform some selected nitro aromatic compounds to its
corresponding amines.

Materials and Methods

Chemicals

Yeast extract, peptone (Hi-Media, India), DEAE-cellulose (Sigma,
USA), Sephadex G-100 (Pharmacia Fine Chemicals, Sweden), EDTA,
DTT, NADH, NADPH, FADH,, FMNH,, Dichloromethane (DCM),
3-nitro benzoic acid, 4-nitro toluene, 3-nitro toluene, 1-chloro-2-nitro
benzene were purchased from Sisco Research Laboratory, India.

Microorganism isolation and growth conditions

The B. badius D1 was isolated from alkaline Crater Lake of Lonar,
India. The strain was identified by 16S rRNA gene sequencing method
[13]. The bacterial culture was grown in 500 ml Erlenmeyer flask
incubated in orbital shaker at 250 RPM and 37°C for overnight. The 1 L
culture medium contains: 5.0 g yeast extract, 10.0 g peptone, 5.0 g NaCl
with trace elements KH,PO, 170 mg, Na,HPO, 980 mg, (NH,),SO,
100 mg , MgSO, 0.87 mg, MgO 0.1 mg, FeSO, 0.05 mg, CaCO,0.2 mg,
ZnS0,0.08 mg, CuSO, 0.016 mg, CoCl, 0.015 mg and boric acid 0.006
mg. The pH of the medium was adjusted to 9.0 with sodium carbonate.
Azo dyes were added from stock solutions at the final concentration of
1000 mg/1.

Enzyme purification

The bacterial cells were grown in 1 L cultivation medium for 24 hr
at 37°C. The culture was centrifuged at 8000 x g for 15 min to obtain the
pellet. This pellet was thoroughly washed twice with 100 mM sodium
phosphate buffer (pH 7.4). The cells were resuspended in 100 mM
sodium phosphate buffer, 1 mM of EDTA, DTT, lysozyme and 20%
(v/v) glycerol and sonicated by Sartorius ultrasonic homogenizer for
30 s, 60 Hz, 6 times. The soluble fraction of cytosol was separated by
centrifugation at 15000x g for 20 min at 4°C in a DuPont Sorvall RC-
5B refrigerated centrifuge. The clear yellowish supernatant obtained
constitutes the crude bacterial extract and used for further studies.

The azoreductase enzyme was purified by ammonium sulphate
precipitation and size exclusion chromatography with modifications in
the procedure already described [13]. The crude extract was initially
subjected to ammonium sulfate precipitation by addition of 40 %
solid ammonium sulfate. The mixture was constantly stirred for 5-6
hrs at 4°C. The precipitated proteins were separated by centrifugation
at 15,000 x g for 20 and then solid ammonium sulfate concentration
was further increased up to 80 %. Each fraction was collected by
centrifugation and dissolved in the fresh minimal volume of 100 mM

sodium phosphate buffer, pH 7.4. The excessive salt was removed by
dialyzing the precipitated proteins against the same buffer without
salt for 12 hours. These fractions were analyzed by its enzyme activity
assays and SDS PAGE. The fraction which showed azoreductase
activity was further concentrated and loaded on a Sephadex G-100
column (2 cm x 30 cm) already equilibrated with two bed volume of
100 mM sodium phosphate buffer, pH 7.4. The protein was eluted at a
flow rate of 1 ml/min and fractions of 2 ml were collected and analyzed
for its UV absorbance and azoreductase activity. The fractions showed
higher azoreductase activity were pooled together and concentrated for
further characterization.

In order to determine the apparent molecular mass of the purified
azoreductase, the pre-calibrated Sephadex G-100 column (2x30 cm)
was used. The elution volumes of the standard proteins were compared
with the azoreductase. The molecular mass was estimated by plotting
the graph Kav versus log of molecular mass of proteins. The protein
standards used were f-amylase, alcohol dehydrogenase, bovine serum
albumin, carbonic anhydrase and lysozyme [14].

The total protein concentration during purification steps was
measured by modified Lowry’s method [22] using BSA as a standard.
The protein content in the fractions of size exclusion chromatography
was determined by measuring its absorbance at 280 nm by UV-visible
spectrophotometer.

The native and denatured gel electrophoresis was performed to
determine the homogeneity of purified enzyme. In native and SDS-
PAGE, 10 % resolving polyacrylamide gel and 4.5 % stacking gel was
used as described by Laemmli [23]. The relative molecular mass of the
azoreductase was determined by using standard protein molecular
mass markers (BioEra, India). The gels were stained with Coomassie
brilliant blue R-250 dye.

Azoreductase activity assay

The azoreductase activity assays were performed with slight
modifications in the procedure already described by Zimmermann
et al. [18] with UV-visible spectrophotometer (Jasco V 630) at 37°C
by monitoring the decrease in absorbance of amaranth dye at 520 nm
(€= 21.5 mM /cm). The 1 ml reaction mixture contained 0.25 mM
NADH, 0.05 mM amaranth dye and 50 pl of enzyme solution in 100
mM sodium phosphate buffer (pH 7.4). One unit of activity is defined
as the amount of azoreductase required to reduce 1 pmol of amaranth
dye per minute.

Analysis of prosthetic group

The purified azoreductase samples with the concentration of 500
ug was denatured by heating at 95 °C for 10 min in boiling water bath.
The samples were allowed to cool naturally to room temperature and
centrifuged at 10000xg for 20 min to remove the denatured protein.
The resulting supernatant was analyzed by thin layer chromatography
(TLC) and UV-visible spectroscopy. The TLC was performed on a
silica gel plate (2 mm thickness) in the solvent phase of chloroform,
glacial acetic acid and water (6:7:1, v/v). FAD and FMN were used as
standards, and the migration of the samples was monitored by the
characteristic fluorescence in UV light.

The other aliquots of a supernatant were analyzed by UV-visible
spectrophotometer by recording the spectra at different concentrations
to check the presence of bound flavin to the enzyme.

Effect of cofactor

The effect of cofactor on azoreductase activity was assayed using
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amaranth dye as a substrate. The activity assay for each cofactor was
performed separately in 1 ml reaction mixture contained 0.25 mM
cofactor (NADH/ NADPH/ FADH, /FMNHZ), 0.05 mM amaranth
dye and 50 pl of enzyme solution in 100 mM sodium phosphate buffer
(pH 7.4). Change in the absorbance of amaranth dye at 520 nm was
monitored by UV-visible spectrophotometer at 37°C.

The effect of various metal ions on azoreductase activity was
assayed with various metal ions such as MgSO, MnSO, FeCl, CuSO,
and HgCl, and different concentration of EDTA, SDS. The activity
assay was performed with 2 mM of metal ions and keeping other
components similar as described above.

Reduction of nitro aromatics

The reduction reaction was carried out at 37°C, in 20 ml of reaction
mixture contained 1 mM nitro aromatic compounds, 1 mM NADH
and 2 ml of enzyme solution (2 mg/ml) in 0.1 M sodium phosphate
buffer (pH 7.4). The reaction was started with the addition of NADH
and was monitored with constant stirring for 12 hrs. The absorbance
of the reaction mixture was measured at each hour by UV-visible
spectrophotometer. Immediately, after 12 h, the 20 ml reaction mixture
was diluted with 20 ml of DCM. The dissolved organic compounds
were recovered from DCM and separated on silica gel column
chromatography. The purity of the transformed products were checked
by thin layer chromatography with hexane/ethyl acetate (4:1, v/v)
and visualized under UV light. The pure transformed products were
analyzed by IR and NMR spectroscopy.

Results and Discussion

Purification of azoreductase from B. badius D1

The flavin-free NADH-azoreductase has been purified from
B. badius D1 by two-step procedure summarized in Table 1. The
purified azoreductase appeared to be a single band on SDS and native-
PAGE corresponding to a molecular mass of approximately 43 kDa
(Figure 1a). Moreover, the single peak was obtained during the size
exclusion chromatography elution of azoreductase corresponding to
the molecular size of 43 kDa (Figure 1b). It suggests the monomeric
nature of azoreductase. Previously, azoreductase was reported to be
a monomeric in nature from Pseudomonas sp., Bacillus sp. bacterial
strains. Furthermore, the homodimer and homotetramer form
of azoreductase was shown from Shigella dysenteriae type 1 and
Staphylococcus aureus respectively [13,19,24,25].

Characterization of azoreductase

The effect of pH, temperature on azoreductase activity and thermal
stability is already described [13]. The optimum activity of the purified
enzyme was observed at pH 7.4 and 60°C. This enzyme has wide
substrate specificity including mono and di azo dyes. The substrate
specificity was further studied with some nitro aromatic compounds.

Analysis of cofactor requirements and substrate specificity of
azoreductase

Some azoreductases are flavin containing, or they require flavins
as a cofactor for electron transfer [26,27]. These types of azoreductases
are categorized as flavin dependent azoreductases. In the present study,
thorough analysis by TLC and UV-visible spectroscopy signified that
the purified enzyme does not contain flavin as a cofactor. In addition,
the externally added reduced flavins did not enhance the azoreductase
activity (Table 2a). It clearly demonstrates that this azoreductase is
neither flavo-protein nor flavin dependent. The flavin-free monomeric
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Total Total Specific Purification
Purification step | protein activity  activity (U/ fold % Yield
(mg) (Units) mg)
Cell lysate 1871 929 0.49 1 100
0,
80% (.NH")%SO4 743 655 0.88 1.8 71
precipitation
Sephadex G-100
size exclusion 27 138 5.11 10.4 15
chromatography

Table 1: Purification summary of azoreductase from B. badius.
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Figure 1a: SDS PAGE gel of protein samples during purification steps:
M-protein molecular mass markers, (1) Crude extract, (2) Ammonium sulfate
precipitation, (3) Size exclusion chromatography of purified azoreductase.
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Figure 1b: Molecular mass estimation of purified azoreductase: The protein
molecular mass standards (B-amylase: 200 kDa, alcohol dehydrogenase:
150 kDa, bovine serum albumin: 66 kDa, carbonic anhydrase: 29 kDa, and
lysozyme: 14 kDa) were used. Kav is calculated for each standard marker
protein by the formula: Kav = (Ve - Vo)/(Vt - Vo). The Kav values are then
plotted versus the log of protein molecular mass to make a standard curve. (o:
Azoreductase, e: Protein standards).

Sr. No Cofactor Km (pM) Vmax (U/mg protein)
1 NADH 1.02+0.07 16.5+2.05
2 NADPH 6.12+0.35 13.2+1.2
3 FADH, 4.71+0.81 10.8+1.75
4 FMNH, 414 +£0.76 10.3+1.42

The Km and Vmax values were determined by Lineweaver-Burk plot. + is the
standard deviation of the mean of three independent experiments.

Table 2a: Cofactor requirement for azoreductase activity.
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HgClz2

CuS04.5H:0

FeCls.6H20

Mn$04.4H.0

Metal salts

MgS04.7H:0

Control

Inhibition studies of azoreductase

The effect of various metal ions and its inhibitory action on
azoreductase was studied. The activity assays were performed with
various metal ions such as MgSO, MnSO, FeCl, CuSO, and HgCl,
and different concentration of EDTA, SDS. The summary of inhibition
studies is given in Figure 2 and Table 2b. It was previously reported
that the Hg has inhibitory action on azoreductase enzyme [29]. In our
study, we found the 50 per cent inhibition in azoreductase activity
at 2 mM of Hg and Fe ions. However, the addition of Cu and Mg
ions has no significant inhibitory action (Figure 2). The addition of
2-Mercaptoethanol and DTT showed about 50 per cent azoreductase
activity inhibition at 2 mM concentration. Moreover, the 2 mM Triton
X-100 showed 20 percent inhibition. The EDTA and SDS at higher

Relative azoreductase activity (%) Inhibitor Concentration (mM) Relative azoreductase activity (%)

Figure 2: Effect of metal salts on azoreductase activity: The effect of various 2-Mercaptoethanol 2 62

metal ions on the activity of azoreductase was evaluated by comparing with Triton X-100 2 78

the control (without metal). The activity was measured with 2 mM of metal DTT 2 53

salt solution. EDTA 08 76

1 71

1.4 63

nature of azoreductase was first reported from P. kullae K24, but it 18 56

showed a preference for NADPH as an electron donor [28]. 2 "

The effect of externally added NADH, NADPH, FADH, and SDS 0.8 7

FMNH, for the azo-reduction activity was analyzed using amaranth as 1 64

a substrate (Table 2a). The decolorization rate was faster with NADH 1.4 52

than NADPH. Moreover, the turnover rate with NADH is 1.2 fold 1.8 46

more than NADPH, it clearly indicating that azoreductase preferred 2 39
NADH as a source for reducing an equivalent. Table 2b: Inhibition study of azoreductase.

Name of nitro compound Bio transformed product FTIR (cm™) "HNMR (300 MHz, CDCI,)

2970 (broad, N-H stre) 57.5(d, J=7.9 Hz, 1H)

3-Nitrobenzoinc acid 3-Aminobenzoic acid

1685 (weak, C=0 stre) 874 (s, 1H)
1633 (med, C=C aromatic) 57.2(m, 1H)
1572 (med, C=C aromatic) 5 6.9 (d, J=7.8 Hz, 1H)
1450 (med, C=C aromatic) & 3.5 (bs, 2H)

766 (sharp, 1,3-disubstituted)

3417 (medium, N-H symt)

57.0 (d, J=8.0 Hz, 2H)

3340 (sharp, N-H asymmetric)

5 6.6 (d, J=8.0 Hz, 2H)

3022 (med, C-H aromatic)

53.5(s, 2H)

4-Nitro toluene p-Toluidine

2918 (weak, C-H aliphatic)

52.2 (s, 3H)

1620 (med, C=C aromatic)

1518 (medium, C=C aromatic)

813 (sharp, 1,4-disubstituted)

3433 (med, N-H symmetric)

57.0 (t, J=8.0 Hz, 1H)

3354 (sharp, N-H asymmetric)

56.5(d, J=1.5 Hz, 1H)

3-Nitro toluene 3-Amino toluene

3034 (med, C-H aromatic) 6 6.4 (m, 2H)
2918 (weak, C-H aliphatic) 0 3.5 (bs, 2H)
1622 (med, C=C aromatic) 822 (s, 3H)

1591 (med, C=C aromatic)

1492 (med, C=C aromatic)

1417 (med, C=C aromatic)

775 (sharp, 1,3-disubstituted)

3471 (med, N-H symmetric)

67.2(d, J=8.0 Hz, 1H)

3391 (sharp, N-H asymmetric)

67.1(d, J=7.8 Hz, 1H)

3070 (weak, C-H aromatic)

5 6.8 (m, 2H)

1-Chloro 2-nitro benzene 2-Chlorobenzenamine

1614 (med, C=C aromatic)

54.0 (s, 2H)

1485 (med, C=C aromatic)

1450 (med, C=C aromatic)

Table 3: IR and NMR analysis of bio transformed products.
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The final products were identified by IR and NMR spectroscopy (Table 3a)

Figure 3: Proposed reaction mechanism of nitro reduction.

concentration resulted in concentration dependent decrease in the
activity of azoreductase (Table 2b).

Analysis of transformed products

The FTIR and NMR spectra of transformed products of nitro
aromatic compounds clearly showed the presence of NH, group. It
conclusively demonstrating that under aerobic conditions the nitro
aromaticcompoundswere converted efficiently into their corresponding
amines by purified flavin-free NADH-azoreductase (Table 3 and
Figure 3). Based on properties, the enzymes of monomeric flavin free
azoreductases seem to have a different origin but have same chemical
function of azo and nitro reduction, suggesting convergent evolution
[30]. This flavin-free NADH azoreductase from B. badius contributes
to nitro aromatic and azo dye degradation. The azoreductase is quite
heat stable and use a wide range of azo dyes and nitro compounds as
a substrate. These factors are of prime importance when choosing an
enzyme for an industrial process. Stability of an enzyme at extreme
conditions is economically and industrially significant.

Nitro aromatic compounds, which are priority pollutants and
toxicant, sometimes become more reactive upon biotransformation.
The toxicity of the nitro aromatic compounds is due to the nitroso
and hydroxylamino groups. It has been previously shown that the
nitro aromatics compounds can be easily reduced under anaerobic
conditions to aromatic amines by different kinds of microorganisms
[4,9]. In present study, we demonstrated the aerobic biotransformation
of -nitro benzoic acid, 4-nitro toluene, 3-nitro toluene and 1-chloro-2-
nitro benzene by purified azoreductase from alkaliphilic B. badius D1
in the presence of NADH at pH 7.4 and 37°C.

The nitro group consists of two highly electronegative elements,
N and O making the N-O bond more polarized. The partially positive
charge of nitrogen atoms, combine with its high electro-negativity,
makes the nitro group easily reducible [9]. The established route of
reduction of nitro groups occurs as a series of two electron transfer,
which yields the nitroso compounds and subsequently, to hydroxyl
amine intermediates to the corresponding amino derivatives of parent
compounds. In the azoreductase catalyzed reduction reaction, the two
pairs of electrons are donated by NADH (Figure 3).

Conclusions

In conclusion, nitroreductase activity is not only limited to
nitroreductase enzymes as we have clearly demonstrated it with
the flavin-free NADH-azoreductase. This enzyme has dual major
roles in biotransformation, it can reduce (-N=N-) and N=O groups.
The stability of azoreductase at higher temperature and pH makes it
more favorable for wide biotechnological and industrial applications.
In addition, it could also play a leading role in the detoxification
mechanisms. The azoreductases could act as a potential biocatalyst for
synthesis of valuable drug molecules.
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